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IDENTIFYING AND UNDERSTANDING ANTI-INFLAMMATORY EFFECTS OF
18-CARBON FATTY ACIDS FROM PLANT SOURCES

Epidemiological studies and randomised control trials demonstrate an
association between high consumption of very-long chain (VLC) n-3
polyunsaturated fatty acids (PUFAs), specifically eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), and long-term health benefits. One
of the key actions of EPA and DHA is to reduce inflammation. The principal
source of EPA and DHA is oily fish. Current stocks of fatty fish are likely
not sufficient to meet the needs of humans for VLC n-3 PUFAs. Alpha-
linolenic acid (ALA), stearidonic acid (SDA), gamma-linolenic acid (GLA) and
pinolenic acid (PIN) may provide sustainable land-based sources of FAs to
promote human health, but their functionality has been underexplored,
including in relation to inflammation. Dysfunction of vascular endothelial
cells (ECs) plays a vital role in the development of atherosclerosis.
Incorporation of DHA, and to a lesser extent EPA, into EC lipids has been
shown to decrease cytokine-induced expression of adhesion molecules and
secretion of inflammatory mediators.

The research described in this thesis explores the effects of ALA, SDA, GLA
and PIN, in comparison with EPA and DHA, as well as different ratios of
linoleic acid (LA) to ALA on inflammatory responses of a cultured EC line
(EA.hy926 cells).

All FAs examined were incorporated into the ECs in a dose-dependent
manner, with several elongation products being synthesised; of these the
elongation product of PIN, eicosatrienoic acid (ETrA), was successfully
identified using GC-MS. Of the two marine-derived FAs DHA had the most
potent anti-inflammatory effect in EA.hy926 cells. Both EPA and DHA
decreased production of all inflammatory mediators studied, cell surface
expression of ICAM-1, and intracellular inflammatory proteins, and
significantly modulated the expression of various inflammatory genes.
DHA decreased adhesion of THP-1 monocytes to EA.hy926 cells under
static conditions. Of the plant-derived FAs, GLA and PIN caused the
greatest reduction in inflammatory mediator production. Gene expression
was altered by both GLA and SDA; additionally, SDA reduced cell surface
expression of ICAM-1. Lastly, all plant-derived FAs decreased THP-1
adhesion to EA.hy926 cells. FA effects were concentration dependent. No
plant-derived FA was as potent as DHA. Silencing of the elongase 5 gene



significantly inhibited the production of DGLA and ETrA in EA.hy926 cells
pre-treated with GLA and PIN. Furthermore, most of the anti-inflammatory
effects of GLA and PIN were abolished by silencing elongase 5 suggesting
that GLA and PIN act via their elongation products. ALA and ratios of LA to
ALA containing higher concentrations of ALA were anti-inflammatory in
EA.hy926 cells.

These findings confirm anti-inflammatory effects of EPA and DHA in ECs.
New anti-inflammatory actions of plant-derived FAs are identified, although
these FAs are less potent than DHA. Nevertheless, these findings suggest
that plant-derived FAs, especially GLA and PIN have potential as
sustainable anti-inflammatory alternatives to EPA and DHA. Further
research on these FAs is warranted.

By Ella Baker
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1.1  Fatty acids

Fatty acids (FA) are widely dispersed in nature and are major components of
triacylglyerols (TAG), phospholipids (PL) and other complex lipids [1]. They are
structural components of living cells and have biological activities that influence

cell and tissue metabolism and function.

1.1.1 Fatty acids - Chemical structure and nomenclature

FA consist of an acyl (i.e. hydrocarbon) chain, varying from 2 to 30 (or more)
carbons, with a carboxyl group at one end and a methyl group at the other. The
carbon of the carboxyl group is traditionally called carbon 1, and carbons 2 and 3
are usually referred to as the alpha (a) and beta (8) carbons respectively. The
carbon at the methyl terminal is named the omega (w or n) carbon. The carboxyl
group readily forms ester links with alcohol groups such as propan-1,2,3-triol (i.e.
glycerol) and in turn this forms acylglycerols (e.g. TAG and PL) and cholesteryl
esters [2]. Saturated fatty acids (SFA) and unsaturated fatty acids (UFA) are
distinguished by the absence or presence of carbon-carbon double bonds in the
acyl chain. Those without double bonds are SFA and those with double bonds are
UFA [3]. FA with two or more double bonds are referred to as polyunsaturated
fatty acids (PUFA). Using the standard nomenclature of the International Union of
Pure and Applied Chemistry (IUPAC) the number of carbons in the acyl chain
determines the systematic name for a FA. There are numerous potential double
bond positions and the bond may be in either a cis or trans configuration (also
known as (E/Z)-isomerism)) (Figure 1.1). Classically UFA are named by identifying
the carbons on which the double bonds occur, starting from carbon 1 (the
carboxyl carbon). An example is octadecadienoic acid, an 18 carbon FA with cis
double bonds between carbons 9 and 10 and 12 and 13; this is correctly
identified as cis9, cis12-octadecadienoic acid or as cis,cis 9,12-octadecaadienoic

acid.

—CH
HS _ -t 2 H
IC—C\ C=C
C15 tramns

Figure 1.1 Fatty acid configuration - cis and trans double bonds (Gurr et al.
2002).
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Short hand nomenclature for FAs is now more commonly used than systematic
names. This identifies the number of carbons in the acyl chain, as well as the
number and position of double bonds. In this naming system the first double
bond is counted from the methyl terminus (methyl carbon as number 1) of the
acyl chain and is identified as n-x, where x is the carbon on which the first double
bond occurs. Therefore the short hand name for cis,cis 9,12-octadecadienoic acid
is 18:2n-6. An example of a SFA is octadecanoic acid which is denoted as 18:0,

indicating an acyl chain length of 18 carbons without any double bonds.

FAs are also often described by common names, which may be considered to be
more concise compared to the much longer traditional naming system. This is
also how they are most frequently referred to in the literature. Examples include
oleic acid and linoleic acid, rather than cis 9-octadecenoic acid or cis,cis 9,12-
octadecadienoic acid. These common names often originate from their first
botanical or zoological origins. For example, oleic acid is found in the fruit of the

olive tree (Olea europaea) [2].

Double bonds in acyl chains are generally separated by a methylene group, but
can also be conjugated. Atoms that lie on the same side (cis) of the reference
plane in the molecule are more commonly found than those found on the
opposite (trans) side of the reference plane. Trans double bonds tend to occur in
intermediates in the biosynthesis of FAs, and in plant lipids, some seed oils and
ruminant fats (e.g. cow’s milk) [2]. The rotation of cis double bonds means a kink
is created within the acyl chain, creating a distinct molecular shape of UFA with

cis double bonds compared to SFA or UFA with trans double bonds.

Table 1.1 shows the names and structures of various common FAs



Table 1.1 FA nomenclature and double bond position

Docosahexaenoic acid

CH2)2COOH

acid

Common name Structure IUPAC name Short name
Palmitic acid CH3(CH2)14COO0H Hexadecanoic acid 16:0
Oleic acid CH3(CH2)7CH=CH(CH2)7COOH (92)-9-Octadecenoic acid 18:1n-9
Linoleic acid CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH (92,122)-9,12-Octadecadienoic acid 18:2n-6
Alpha-Linolenic acid CH3CH2CH=CHCH,CH=CHCH,CH=CHCH,(CH2)6COOH (92,127,157)-9,12,15- 18:3n-3
Octadecatrienoic acid
Gamma-Linolenic acid CH3CH2CH=CHCH,CH=CHCH,CH=CHCH,(CH2)6COOH (62,92,127) — 6,9,12-Octadecatrienoic acid 18:3n-3
Stearidonic acid CH3CH2CH=CHCH2CH=CHCH2CH=CHCH,CH=CH(CH2)4COOH (62,92,1227, 152) — 6,9,12,15 -Octadecatetraenoic acid 18:4n-3
Arachidonic acid CH3(CH2)4CH=CHCH2CH=CHCH2CH=CHCH2CH=CH(CH2)3COOH (52,82,117,142)-5,8,11,14- 20:4n-6
Eicosatetraenoic acid
Eicosapentaenoic acid CH3CH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CH(CH2)3COOH (52,82,117,147,172)-5,8,11,14,17-Eicosapentaenoic acid 20:5n-3
CH3CH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CH( (42,72,102,132,162,192)-4,7,10,13,16,19-Docosahexaenoic 22:6n-3

| 491deyd
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1.1.2 Fatty acids - metabolism and biosynthesis

FAs are naturally occurring molecules which can be provided through the diet
mainly in TAG form or, in many cases, produced de novo. FAs are transported
through the bloodstream mainly as TAG, PL or cholesteryl esters. Non-esterified
fatty acids (NEFA) also circulate within the bloodstream; these are often referred
to as free fatty acids (FFA). These different blood lipid pools contain a variety of
FAs based on diet and on the way in which the FAs and complex lipids have been
metabolised. These transport pools move FAs between tissues within the body.

FAs may serve functional, storage and metabolic roles.

After ingestion, a TAG is hydrolysed by gastric and pancreatic lipases to produce
a monoglyceride and two FFAs. These products are absorbed by enterocytes and
are re-esterified into TAG and then assembled into lipoproteins called
chylomicrons. Chylomicrons are initially released into the lymph and then into the
bloodstream from where they can be utilised [4]. For example, the FAs from

chylomicrons can be taken up by adipose tissue and stored.

An important metabolic role of FAs is as a source of energy which requires them
to be oxidised ultimately to CO, and water. All FAs can be oxidised and the
amount of energy yielded depends on the structure of the particular FA. FAs can

be used as an energy source by most aerobic tissues, other than the brain.

Phospholipids comprise of FAs linked to a phosphoglycerol backbone and are
found on the surface of circulating lipoproteins and within all cell membranes.
This is the major functional role of FAs. The FA composition of the cell membrane
varies depending on cell type, and is influenced by diet, metabolism, genetics,
and hormone fluctuation among other factors [1]. The relative abundance of FAs
within a membrane can then affect its physical nature, which in turn can influence
membrane protein functions and protein movement within the membrane.
Furthermore, membrane phospholipids are precursors of molecules involved in
cell signalling processes. The FA composition of these signalling molecules such
as ceramides, lyso-phospholipids and endocannabinoids has been shown to

modify their biological activity.
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1.1.2.1 Fatty acid biosynthesis de novo

SFAs can be synthesised from carbohydrates and proteins. The initial building
block, acetyl coenzyme A (acetyl-CoA), is produced from sugar and amino acid
metabolism, predominantly within mitochondria. FA biosynthesis occurs in the
cytoplasm, and a transport system exists whereby citrate formed from
mitochondrial acetyl-CoA and oxaloacetate in the citric acid (Krebs) cycle is
moved across the mitochondrial membrane to the cytoplasm [3]. Once in the
cytoplasm, citrate is cleaved to produce oxaloacetate and acetyl-CoA. Figure 1.2

depicts a simplistic cartoon of the synthesis of FAs within the cell.

Glucose

: FA import
- 00
Gl ‘ De novo synthesis Palmitate i
ucose
Glycolysis ® . - T
A Y
ycolysis N MCoA /
Pyruvate \ T
]
AcCoA Acyl-CoA
]
v -
Pyruvate ElongatmN
\ Desaturation
Citrate -==<- Citrate Other
sources
P
4-» akG §
Glutamine
Mitochondria Glutaimine i

0000

Glutamine Other
sources

Figure 1.2 Fatty acid synthesis in cells.

AcCoA, acetyl-CoA; OxAc, oxaloacetate; aKG, a-ketoglutarate; ACLY, ATP citrate lyase; MCoA, malonyl-CoA; FAS,
fatty acid synthase; FFA, free fatty acid (non esterified)
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De novo synthesis of FAs is catalysed by fatty acid synthase, a multi-enzyme
complex. The hydrocarbon chain is built up by the sequential addition of two
carbon units, donated by malonyl-ACP. Malonate linked to acyl carrier protein
(ACP) is formed from malonyl-CoA which itself is formed from acetyl-CoA. Acetyl-
CoA carboxylase catalyses this conversion of acetyl-CoA to malonyl-CoA which is
the rate-limiting enzyme of this pathway [3]. This rate limiting step is regulated
allosterically by hormonal changes. Insulin for instance can upregulate this
process meaning that insulin promotes FA biosynthesis [4]. The malonate group

of malonyl-CoA then condenses with ACP to produce malonyl-ACP.

FA biosynthesis begins with malonyl-ACP being condensed with acetyl-ACP to
form four-carbon acetoacetyl-ACP with the loss of one carbon as CO.,. After this
follows a sequence of reduction and dehydration steps to produce four-carbon
butyryl-ACP. It is this entire series of steps that is catalysed by fatty acid
synthase. The cycle is repeated with butyryl-ACP replacing acetyl-ACP from the
initial cycle so producing a six-carbon acyl-ACP. The cycle is repeated a further
seven times to produce 16-carbon palmitoyl-ACP, which is hydrolyzed from the
ACP to yield palmitic acid (16:0). The reductive steps in the FA biosynthesis
pathway use nicotinamide adenine dinucleotide phosphate (NADPH) derived from

the pentose phosphate pathway.

Shorter chain length SFAs can be created within some specific tissues. These
tissues contain enzymes which act to release FAs at an earlier stage within the
biosynthetic pathway than palmitic acid. For example, enzymes occurring in
mammary glands of some species release medium-chain saturated FAs such as

caprylic acid (8:0) and capric acid (10:0) [2].

In eukaryotes, enzymes termed elongases convert palmitic acid to longer-chain
saturated fatty acids (LC-SFA) through elongation reactions, which occur on the
endoplasmic reticulum or in mitochondrial membranes. The mitochondrial system
uses acetyl-CoA as the two-carbon donor, and there is also the requirement for
nicotinamide adenine dinucleotide (NADH) and/or NADPH. However, the
endoplasmic reticulum is the main location for FA elongation; this uses malonyl-

CoA as the two-carbon donor as well as NADPH.

Elongation converts palmitic acid to stearic acid (18:0), but a large number of FA
substrates may be elongated. A total of seven elongase enzymes, which differ in
their selectivity for FAs of different chain lengths and degrees of unsaturation,

have been identified. Elongases 1, 3, 6, and 7 catalyze the extension of saturated
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and monounsaturated fatty acids (MUFA), while elongases 2, 4, and 5 act mainly
on PUFA.

UFA are synthesised by desaturase enzymes some of which catalyse the insertion
of double bonds into a SFA chain. This process occurs under an oxidation
reaction and involves NADH and cytochrome B5 [3]. Delta-9 desaturase, also
known as stearoyl-CoA desaturase catalyses the conversion of stearic acid to oleic
acid (18:1n-9) [3].

Mammals lack the enzymes that insert double bonds beyond carbon 9 in the acyl
chain (counting from the carboxyl carbon). Therefore insertion of double bonds at
positions 3 and 6 which involve the enzymes delta-12 (D12D) and delta-15
desaturase (D15D) only occurs in plants. Insertion of a double bond between
carbons 12 and 13 of oleic acid by D12D vyields linoleic acid (LA; 18:2n-6), which
is further desaturated by D15D to yield alpha-linolenic acid (ALA; 18:3n-3). LA
and ALA are the simplest members of the n-6 and n-3 PUFA families (Figure 1.3).
These FAs are considered essential FAs, since they cannot be synthesied de novo

by mammals but are required by mammalian cells.

Although mammalian cells are unable to synthesise LA or ALA, these FAs are the
primary precursors for further desaturation and elongation. This process is
believed to mainly occur within the liver [5], but there is some evidence that other
tissues, including brain and testis, have high expression of the genes encoding
the relevant enzymes [6, 7]. Competition exists between the conversion of n-6
and n-3 FAs as both utilise these same enzymes. The initial conversion of ALA to
stearidonic acid (SDA; 18:4n-3) is catalysed by delta-6 desaturase (D6D) and is
generally considered to be the rate-limiting reaction in the pathway [8, 9]. D6D
has a preference for ALA over LA: the Km of rat D6D for ALA is between 29 and
33 uM while the Km for LA is between 43 and 92 uM [10]. However, greater
availability of LA than ALA in most situations means that the metabolism of the

former exceeds that of the latter.

The D6D reaction results in insertion of a double bond at the delta-6 position of
ALA to form SDA. SDA is converted to 20:4n-3 by the addition of 2 carbons by the
enzyme elongase-5. 20:4n-3 is then converted to eicosapentaenoic acid (EPA;
20:5n-3) by insertion of a double bond at the delta-5 position by delta-5-
desaturase (D5D). EPA can be elongated by elongase-2 to form docosapentaenoic
acid (DPA; 22:5n-3) and then to 24:5n-3 followed by desaturation that again uses
D6D activity to form 24:6n-3. This desaturation seems to be catalysed by the
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same D6D as in the first step of the pathway [5]. 24:6n-3 is then translocated
from the endoplasmic reticulum to the peroxisomes where DHA (22:6n-3) is
formed by removal of 2 carbons through B-oxidation. Recent mechanistic studies
suggest conversion of EPA to DHA may be limited by the elongation enzyme
product of elongase 2 which limits downstream elongation reactions and is

subject to substrate competition by EPA [11].

EPA biosynthesis from SDA is considered to be more efficient than that from ALA
due to it not requiring this first catalytic step, and SDA has been referred to as

‘pro-EPA’ because of this enhanced conversion [12].

Alternatively D6D inserts a double bond at delta-6 position of LA (see Figure 1.4).
This results in the formation of gamma-linolenic acid (GLA; 18:3n-6), which is
then elongated by the addition of 2 carbons by elongase 5 to form dihomo-
gamma-linolenic acid (DGLA; 20:3n-6). DGLA is then desaturated by D5D,
inserting a double bond at the delta-5 position yielding arachidonic acid (AA;
20:4n-6). AA can be further elongated by elongase 2 to form docosatetraenoic
acid (DTA; 22:4n-6). This can under-go further desaturation by D6D to form
docosapentaenoic acid n-6 (DPA; 22:5n-6).
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Figure 1.3 Pathway of conversion of alpha-linolenic acid to longer chain, more

unsaturated n-3 fatty acids
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Linoleic acid (LA; 18:2n-6)

Ab-desaturase (Fads2)

Gamma-linolenic acid (GLA; 18:3n-6)
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Arachidonic acid (AA; 20:4n-6)

Figure 1.4 Pathway of conversion of linoleic acid to longer chain more

unsaturated n-6 fatty acids

1.1.3 Fatty acids - sources and intakes

FAs in foodstuffs as well as in oils and fats are mostly esterified to a glycerol, as
TAG, but some are present as esterified components of phospholipids, glycolipids
and other lipids [2]. Ruminant milk contains higher proportions of short and
medium chain FAs and relatively lower proportions of PUFAs. Meats from animal
tissue commonly contain high levels of SFAs and MUFAs and again lower levels of
PUFAs. Meat from fish is classified as either ‘oily/fatty’ or lean; oily fish store lipid
as TAG in the flesh and are rich in the n-3 PUFAs EPA and DHA. The FA
composition of lipids in plant membranes is generally consistent among different
types of leaves and 90% of total FAs found in leaves is made up of ALA (ca. 56%),
LA (ca.16%), palmitic acid (ca.13%), oleic acid (ca. 7%), and palmitoleic acid (ca 3%)
[2].

11
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Rich dietary sources of LA include safflower oil (~75% of total FAs) and corn and
soybean oils (LA 50-60% of total FAs). Nuts and seeds with high LA content

include sunflower seeds, brazil nuts and pecans.

Sources of ALA included flaxseed and flaxseed oil (ALA >50% of total FAs),
soybean oil (ALA makes up 10% of total FAs), rapeseed oil, some nuts (including

walnuts) and green plant tissues.

When eating a varied diet most humans consume a wide range of FAs each day,
but this will vary between meals, days, seasons and will be different depending
on the geographical location and cultural preferences of the person. The majority
of the FAs consumed will be readily available to the bloodstream through efficient

digestion and absorption.

There are large differences in fat intake between countries due to the mix of fats
and oils used in food preparation and foodstuffs consumed. Average fat
consumption has changed over time and continues to change; developing
countries tend to have an increasing intake whereas developed countries have a
decreasing intake. However, the type of fat being consumed has also changed
over time, along with the proportions of different FAs in the diet. Much of this
change is likely due to the shift from animal fats to vegetable oils, for example
the use of margarine instead of butter. The main PUFA within the Western diet is
LA followed by ALA.

In the UK the average intake of LA, the major n-6 FA in the diet, has risen to 11
g/day and LA intake is even higher in some other countries. For example average
daily intake in Spain is 21.6 g. Typical intakes of ALA within the Western diet vary
from 0.5-2.3 g/d [13-15]. LC n-3 PUFAs (i.e. EPA and DHA) are consumed in much
lower amounts, because of the low quantities of fish and other seafood within the
diet.

UK Dietary Reference Values (DRVs) recommend an intake of dietary fat of < 35%
of daily food energy intake. The UK recommendations for adults for SFA, MUFA
and PUFA are < 10%, 13% and 6 to 10% of dietary energy, respectively. Various
authorities including The World Health Organisation (WHO), The Committee on
Medical Aspects of Food Policy (COMA) and Scientific Advisory Committee on
Nutrition (SACN) recommend consumption of fish once or twice a week. SACN

recommends a minimum intake of 0.45 g of LC n-3 PUFAs per day [16] .

12
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1.1.3.1 Omega-6/omega-3 fatty acid ratio

As indicated above, in more recent years the relative intake of n-6 to n-3 FAs has
drastically shifted in the Western diet, with higher intake of LA compared to ALA
[17]. These FAs compete for the enzyme D6D, which is responsible for the
synthesis of longer chain metabolites, which in turn lead to the production of a

variety of bioactive lipid mediators.

Metabolism of LA leads to the production of AA. AA is a precursor for synthesis of
eicosanoids (prostaglandins, leukotrienes and thromboxanes), which are all
involved in the inflammatory response. Larger quantities of AA have been linked
with pro-inflammatory status [18]. ALA is the substrate for the synthesis of EPA
and DHA. EPA and DHA are also the substrate for eicosanoids and docosanoids,
respectively, but those deriving from EPA and DHA have been shown to be less
inflammatory than those produced from AA and this may in part explain positive
health effects of EPA and DHA [19]. These pathways are described in greater

detail in section 1.2.6.

Some argue the ratio of n-6 to n-3 FAs in the human diet has led to a more pro-
inflammatory state and contributes to the prevalence of inflammatory diseases
including atherosclerosis [18]. It is argued that greater abundance of LA in many
diets today leads to the preferential metabolism of LA leading to the synthesis of
AA-derived eicosanoids, and therefore more inflammation. It is possible that
higher consumption of ALA or of EPA and DHA shifting the n-6 to n-3 ratio could
lead to a less inflammatory or pro-resolving state, although it is important to note
that some studies have reported an association of higher plasma levels of both

AA and n-3 FAs with lower levels of inflammatory markers [20].

Though it is hard to estimate the amounts of ALA and LA in the diet, since these
come from such varied sources, Table 1.2 shows the estimate of dietary ratios in
different countries for men and women [21]. Italy, Spain and Portugal are among
the countries with the highest dietary ratio of LA to ALA, whereas Finland, Sweden
and Germany are consuming much lower amounts of LA. This may be an

important factor when considering recommendations for n-3 FA intake.

13
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Table 1.2 Mean daily intakes and ratios of alpha-linolenic acid (ALA) and linoleic

acid (LA) in different countries for men and women (Baker et al. 2016

[21])

Country Alpha-linolenic acid Linoleic acid (LA) LA:ALA ratio
(ALA) g/d g/d
Men Women Men Women Men Women

Australia/New 1.4 0.9 12.8 9.1 9.1 10.1
Zealand
Austria 15 1.3 13.6 12.4 9.1 9.5
Belgium 1.7 1.4 16.6 12.8 9.8 9.1
Denmark 2.2 2.1 14.3 10.9 6.5 5.2
Finland 1.8 1.3 8.1 5.8 4.5 4.5
France 0.9 0.7 8.3 6.3 9.2 9
Germany 1.59 1.32 9.3 8.0 5.8 6.1
Greece 0.6 0.7 9.3 9.9 15.5 14.1
Iceland 2.5 1.4 NA NA NA NA
Italy 0.8* 14.5% 18.1%*
Netherlands 1.95 1.26 17.8 12.0 9.1 9.5
Norway 1.6 1.0 12.2 7.8 7.6 7.8
Portugal 0.7* 12.1%* 17.3*
Spain 0.8* 21.6* 27*
Sweden 1.6 |12 9.7 |78 6.1 [6.5
UK 1.4* 11.4* 8.1*
USA 1.7 |13 16.8 | 14 9.9 [ 108

* Data for men and women were combined.

1.2 Inflammation

1.2.1 Mechanisms involved in the inflammatory response

Inflammation is a part of the early response to infection and as such is an

important component of host defence. Inflammation is also induced in response

to tissue injury and metabolic stress. It involves enhanced movement of cells

between body compartments, cellular activation and altered cellular

responsiveness, altered cellular interactions, and the production of a vast number

of chemical mediators. Inflammation is designed to be a destructive process. The

classic signs of inflammation are redness, swelling, heat, pain and loss of

function. These are each caused by or related to the influx of cells into the site of
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inflammatory activity and the release of chemicals at that site. Activation of the
inflammatory response triggers a biochemical cascade to up regulate vascular
permeability and attract immune cells to the site of infection or stress. Although
the chemical mediators produced as part of the response act to damage
pathogens they can also affect the host environment. In healthy people this
response is well regulated so as not to cause excessive damage. Negative
feedback mechanisms such as anti-inflammatory cytokines and pro-resolving lipid
mediators inhibit pro-inflammatory signalling cascades, while there is also
shedding of inflammatory mediator receptors rendering cells unresponsive and
activation of regulatory cells. However if the usual regulatory processes
malfunction, irreparable damage to the host can be caused by the ongoing

inflammation.

Inflammation can be classified as acute or chronic. The initial response known as
acute inflammation is defined by the increased movement of plasma and
leukocytes from the blood into a site of infection or injury [22]. This response is
short term and will usually resolve within hours to days. If the inflammation
becomes prolonged it is known as chronic, whereby there is a shift in the cell
types present at the sight of infection or injury. Chronic inflammation is
characterised by the simultaneous destruction and healing of the tissues by the
on-going inflammatory process. In some cases destruction of the host

environment dominates over healing, and disease occurs [22].

1.2.2 Chemotaxis and cell migration

Under normal physiological conditions, the endothelial lining of the vasculature is
both anti-thrombogenic and anti-adhesive allowing blood and its components to
be free flowing. However in an inflammatory state the endothelium is rendered
adhesive for circulating leukocytes, initiating the process of leukocyte migration
[23]. Figure 1.5 depicts the adhesion, activation and migration of leukocytes. This
process is controlled by adhesion molecules and chemokines expressed on the
surface of the venular endothelium in inflamed tissues. The precise pattern of
leucocyte migration is determined by the exact nature of the interaction between
circulating leukocytes and the endothelium. Chemokines activate the circulating
cells causing them to bind to the endothelium initiating leucocyte migration
across the endothelium. Once in the tissues, the leukocytes migrate towards the
site of infection or injury by a process called chemotaxis which is a process of

chemical attraction along a concentration gradient. Monocyte chemoattractant
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protein (MCP-1) and regulated on activation, normal T cell expressed and secreted

(RANTES) are examples of chemoattractants.

Regulatory T cells (Tregs), have been shown to play a role in inflammatory control
and homeostasis during endothelial activation. This cell type carry out their
immunosuppressive functions via several mechanisms. One suppressive
mechanism of Tregs is the secretion of anti-inflammatory cytokines including IL-
10, TGF-B, and IL-35 [24]. Both IL-10 and TGF-B have been shown to have
atheroprotective properties [24], Ait-Oufella et al. demonstrated that depletion of
peripheral Tregs by anti-CD25 monoclonal antibodies increased atherosclerotic
lesion size and vulnerability in the atherogenic mouse model apolipoprotein E

gene deficient (ApoE-/-) mice [25].

Vascular lumen

Tethering and rolling
P-selectin

E-selectin Adhesmn
VCAM-1

ICAM-1 Migration

Monocyte

RANTES
O MCP-1

© dothelial
E cells

ey

£

— oxLDL
Imrerentiation O
Foam Cell

Macrophage

S

Figure 1.5 Overview of the process of adhesion of monocytes to the endothelium

and migration into the sub-endothelial space

Inflamed endothelial cells express cell adhesion molecules and inflammatory cytokines, these recruit monocytes
to the site of inflammation. Monocytes then begin to roll along the monolayer forming weak interactions, once
firmly attached they begin to cross into the intima where they differentiate into macrophage. These then take up
oxidised LDL (oxLDL) becoming lipid-laden or ‘foam cells’ Baker et al. [26].
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Leukocyte recruitment involves their rolling, adhesion and migration into the

intima controlled by various chemokines and adhesion molecules.

The earliest step of leukocyte transmigration involves tethering to and rolling of
leukocytes along the vascular endothelium; initially these molecular interactions
are weak and reversible between the endothelial and leukocyte selectins (E-
selectin, P-selectin and L-selectin) and their counter ligands, such as PSGS-1 (P-
selectin glycoprotein-1) and ESL-1 (E-selectin ligand-1) [27-30]. Leukocyte slowing
during the rolling promotes the attachment of specific high affinity G-protein
coupled receptors by endothelial cell (EC) activating factors such as chemokines.
This strengthens ligand binding of integrins by increased affinity of the molecules
[31]. Integrin activation is critical for leukocyte migration, by mediating the firm
adhesive interaction of leukocytes to ECs as well as the flattening of leukocytes
over the endothelium [23]. The B2 and B1 family of integrins are the major
integrins that are involved in this stage of leukocyte/EC interaction. Integrins bind
to EC counter ligands such as intercellular adhesion molecule 1(ICAM-1) and
vascular cell adhesion protein 1 (VCAM-1). Table 1.3 shows examples of adhesion

molecule pairs.
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Table 1.3 Examples of adhesion molecule pairs.

granulocytes

Adhesion molecule Tissue distribution Ligand

Immunoglobulin superfamily

ICAM-1 Endothelial cells, monocytes, T and B cells, dendritic cells, | LFA-1
keratinocytes, chondrocytes, epithelial cells

VCAM-1 Endothelial cells, kidney epithelium, macrophages, VLA-4
dendritic cells, myoblasts, bone marrow fibroblasts

PECAM-1 Platelets, T cells, endothelial cells, monocytes, PECAM-1, aVB3

Selectin Family

E-selectin Endothelial cells ESL-1
L-selectin Lymphocytes, neutrophils, monocytes CD34
P-selectin Megakaryocytes, platelets and endothelial cells PSGL-1

| 493deyd
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Integrin Family

VLA-1 to VLA-4

Endothelial cells, resting T cells, monocytes, platelets and

epithelial cells

Various molecules including
laminin, fibronectin, collagen,
and VCAM-1

Bla7 Endothelial cells Laminin

Bla Platelets and megakaryocytes Fibronectin

B2 Widely distributed Collagen, Laminin, vitronectin
LFA-1 Leukocytes ICAMs-1 to 3

| 493deyd
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Once adhered, leukocytes become activated, causing then to de-adhere and
migrate through the vessel wall by traversing the EC layer and the basement
membrane, two distinct but adjacent and interacting barriers [23]. Migration of
leukocytes between ECs is described as diapedesis, and is initiated by the
integrin-dependent phase of adhesion [22]. The shedding of L-selectin from the
leukocyte must occur for this to happen and this is promoted by the release of
certain factors including IL-8. A major leukocyte integrin is leukocyte-function
associated antigen (LFA)-1 which binds to ICAM-1 and ICAM-2 and triggers the

leukocyte searching of endothelial boundaries [22].

1.2.3 NF-kB

NF-kB is a transcription factor family which modulates several homeostatic cell
functions including inflammation. NF-kB is formed from five family member
protein monomers (RelA (p65), RelB, cRel, p50 and p52) [32]. It is a key
transcription factor involved in inflammatory responses and regulates various
genes encodoing pro-inflammatory proteins including adhesion molecules,
cytokines and cyclooxygenase-2 (COX-2) [33, 34].

Figure 1.6 NF-kB signalling pathway [40], which is activated by a plethora of
stimuli including cytokines, pathogens and oxidants. Under normal conditions
NF-kB dimers are inhibited by an inhibitory subunit called inhibitor of NF-kB (IkB)
in the cytoplasm. IkBa prevents NF-kB subunits from migrating to the nucleus,
displaces them from promoter sites and induces their proteolysis. When the cell is
stimulated, IkB kinase becomes activated which acts to liberate NF-kB dimers
through phosphorylation of IkBa on Ser32 and 36. These dimers are then free to
interact with kB promoter regions in the nucleus and therefore initiate gene

transcription.

It is suggested n-3 PUFAs act on the NF-kB pathway to decrease expression of
adhesion molecules and production of inflammatory cytokines and COX-2
metabolites [35]. EPA has been shown to decrease phosphorylation of IkB in
human monocytes and to decrease endotoxin-induced activation of NF-kB [36,
37]. DHA has also been shown to reduce NF-kB activation in stimulated
macrophages [38] and dendritic cells [39] again via decreased IkB

phosphorylation [38].
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Figure 1.6 NF-kB signalling pathway [40]

1.2.4 Chronic inflammation

Despite inflammation playing a key role in the host’s defence, chronic
inflammation has been recognised as a contributor to the pathology of many
destructive conditions, including rheumatoid arthritis, inflammatory bowel
disease, asthma, and psoriasis [22]. Concentrations of inflammatory mediators
have been shown to be significantly elevated at sites of disease and in the

systemic circulation in these diseases [41].

Recently chronic inflammation has been identified as playing a role in other
conditions such as obesity and atherosclerosis. Patients with these conditions
have been shown to have moderately elevated levels of inflammatory mediators in
the systemic circulation and an infiltration of inflammatory cells within disease
sites such as the blood vessel wall and adipose tissue [42]. This inflammation is

termed low grade chronic inflammation.
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1.2.5 Atherosclerosis

Atherosclerosis, which is a “hardening” (or narrowing) of the arteries, is a major
cause of cardiovascular disease (CVD). Inflammation caused by endothelial
dysfunction and leukocyte infiltration into the blood vessel wall plays a central
role in all stages of atherosclerosis development and progression. Initial lesion
development begins with focal endothelial dysfunction [43] induced by chronic
inflammatory processes within the arterial wall. Figure 1.7 shows the processes
involved in atherosclerosis and the interaction between ECs and inflammatory

cells.

Arteries are tubular vessels comprising of 3 layers; an inner endothelium layer, a
middle intimal layer and a tunica externa. The outer layer contains connective
tissue and the vasa vasorum, the middle layer comprises primarily of smooth
muscle cells, and the inner layer vessel is lined by ECs which are in direct contact
with free flowing blood [44].

Trapping of low-density lipoproteins (LDL) in the sub-endothelial layer of the
arterial wall triggers inflammation. The LDL is retained by the intima by binding
to the proteoglycan and undergoes oxidative modification to form oxLDL [45].
oxLDL causes a low-grade chronic inflammatory response in the vessel wall,
leading to increased expression of cell-adhesion molecules, chemokines and pro-
inflammatory cytokines, causing a cascade of events. Cell adhesion molecules
promote the adhesion of blood monocytes to the endothelium and increased
secretion of chemokines including MCP-1 which in turn promotes the migration of
these monocytes into the intima where they undergo differentiation into
macrophages [46]. Macrophages in the intima then proceed to engulf and modify
oxLDL through scavenger receptors forming lipid-laden cells termed ‘foam cells’.
These cells are characteristic of an atherosclerotic plaque [46]. The chronic
inflammatory response is then sustained through the macrophage secretion of
various cytokines including interleukin-1 (IL-1), interleukin-6 (IL-6) and tumour
necrosis factor-alpha (TNFa). These enhance endothelial permeability, allowing
entry of more LDL and monocytes. As the inflammation advances, macrophages
and ECs release a variety of peptide growth factors, such as vascular endothelial
growth factor (VEGF), platelet-derived growth factor (PDGF) and fibroblast growth

factor (FGF), which act as fibrogenic mediators. These promote smooth muscle
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cells to proliferate and migrate to the site of early lesions. Here they form a dense

extracellular matrix that acts as a cap which covers the accumulating lesions [47].

Increasing levels of IL-1 and TNFa continue to drive the inflammatory response,
and stimulate the production of IL-6. This sustains the inflammation and induces
distal inflammatory responses, including hepatic synthesis of acute phase
cytokines such as C-reactive protein (CRP) and serum amyloid A (SAA) [44]. Thus,
inflammation seems to be central to the initiation and progression of
atherosclerosis [48-50]. In accordance with this, a recent meta-analysis showed
that risk of mortality from vascular disease is greater in those with a higher CRP
concentration [51]. Table 1.4 gives a summary of the key mediators involved the

atherosclerotic process.

Advanced atherosclerotic lesions may not be stable. The underlying inflammatory
processes act to simultaneously decrease collagen production, which is
stabilising, and increase the activity of matrix metalloproteinases which degrade
the dense extra-cellular matrix of the lesion cap. This potentially leads to lesion
weakness and cap rupturing. Plaque rupture exposes the pro-thrombotic plaque
interior to blood and initiates platelet aggregation and clot (thrombus) formation.
IL-6 can also contribute to thrombus formation through stimulation of expression
of the potent procoagulant tissue factor [47, 52]. Extensive clotting may cut off
blood flow to the affected organ initiating a cardiovascular event (e.g. myocardial

infarction, stroke) and may be fatal.
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Figure 1.7 Events in the development of an atherosclerotic plaque

Monocytes adhere to endothelial cells expressing adhesion molecules and begin to migrate across the
endothelial monolayer into the initima where they differentiate into macrophages. LDL is oxidised within the
intima forming oxidised LDL (oxLDL). oxLDL is then taken up by the macrophages via scavenger receptors
forming lipid-laden ‘foam cells’. Macrophages exert both pro-atherogenic effects causing movement of smooth
muscle cells from the media which begin to secrete extracellular matrix proteins. This then forms a fibrous

plaque.
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Table 1.4 Summary of key inflammatory mediators involved in atherosclerosis

cells, Sooth muscle cells

Mediator Abbreviation | Source Target cells and Effects Relevant to Atherosclerosis
Interleukin 6 IL-6 T cells, B cells, Proliferation and migration of smooth muscle cells via mediating
Macrophages, Fibroblasts, | VEGF and TNFa effects
Smooth muscle cells,
Endothelial cells
Interleukin 8 IL-8 Macrophages, Smooth Induces chemotaxis in target cells and is a promoter of
muscle cells, Endothelial angiogenesis
cells, Monocytes, T cells
Interleukin 1 IL-1 Macrophages, Stimulates endothelial and smooth muscle cells through NF-kB and
Lymphocytes, Endothelial | MAPK pathways [53]
cells, Smooth muscle cells
_ Promotes Th1 immune response/secretion of Th1-associated
Interferon y IFN-y Th1 cells, Natural killer

cytokines, inhibits extracellular matrix synthesis by smooth

muscle cells [53]
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Tumour TNFa T cells, B cells, Stimulates expression of intercellular adhesion molecule-1,
necrosis factor Monocytes, Macrophages, | vascular cell adhesion molecule-1, E and P-selectin and MCP-1
a Smooth muscle cells, through NF-kB pathway [54] and thus promotes chemotaxis and
Natural Killer cells adhesion
Promotes smooth muscle cell proliferation and neointima
formation after arterial injury [55]
TRAIL
TNF related
apoptosis-
inducing ligand
Vascular VEGF Endothelial cells, Stimulates proliferation and survival of endothelial cells and
endothelial Macrophages, Platelets promotes angiogenesis and vascular permeability [56]
growth factor
Monocyte MCP-1 Endothelial cells, Chemoattractant and activates monocytes and T cells. Responsible
chemoattractant Fibroblasts, Smooth for the transmigration of monocytes into the intima at sites of
protein-1 muscle cells lesion formation [57].
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Regulated on
activation,
normal T

expressed and

RANTES/CCL5

Expressed in
atherosclerotic plaque,

Adipose tissue

Chemoattractant towards monocytes and memory T cells.

Adhesion of monocytes to the luminal surface of the endothelium
[58].

secreted

Intercellular ICAM-1 Endothelial cells, Adhesion of monocytes to the luminal surface of the endothelium

adhesion Leukocytes [58]

molecule 1

Vascular cell VCAM-1 Endothelial cells Mediation of leukocyte-endothelial cell adhesion and signal

adhesion transduction as well as augmenting the production of ICAM-1. It

molecule 1 may also have a role in the monocyte transmigration into
atherosclerotic plaques [58]

E-selectin E-selectin Endothelial cells Rolling and recruitment of leukocytes [58]

P-selectin P-selectin Endothelial cells - Weibel | Rolling and recruitment of leukocytes [58]

Palade bodies, Platelets
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L-selectin L-selectin Leukocytes (neutrophils, Tethering, rolling of leukocytes [59]
monocytes, subsets of T
cells)

Platelet and PECAM-1 Leukocytes, Endothelial Stimulates diapedesis of leukocytes [59]

endothelial cell
adhesion

molecule

cells
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1.2.6 Functions of fatty acids in inflammatory processes
1.2.6.1 Saturated fatty acids

SFAs are distributed across cell membrane phospholipids which can contain high
levels of palmitic and stearic acids. Gangliosides often have high levels of stearic
acid and SFAs are also found in ceramides, sphingolipids and diacylglycerols

which are all signalling molecules [1].

Plasma membrane microdomains known as lipid rafts are generally dense in
phospholipids and sphingolipids containing SFAs. These domains have been
shown to act as signalling platforms, and therefore the makeup of these will

influence cell signalling and function [60].

Fatty acylation of proteins is a way in which FAs may exert their function; this
mechanism helps to both traffic proteins among different organelles and to
anchor proteins to the inner leaflet of the plasma membrane [61, 62]. Both
palmitic and myristic acids can covalently modify certain proteins involved in
signalling. Palmitic acid links to internal cysteine residues via thioester bonds [62]
and myristic acid links via an amide bond to an N-terminal glycine residue of the

substrate protein [61].

SFAs actions on transcription factors can influence gene expression. Sterol
response element binding proteins (SREBPs) are a family of transcription factors
which regulate at least 30 genes involved in synthesis and metabolism of FAs,
TAG phospholipids and cholesterol [63]. As well as genes for low-density
lipoprotein (LDL) receptor, fatty acid synthase and stearoyl-CoA desaturase,
SREBPs also regulate genes in the liver involved in the packaging of lipids and
lipoproteins for export into bile. It has been reported that certain SFAs of 10-18
carbon chain length can upregulate levels of mRNA for PGC-Ta a cofactor for
these SREBPs, therefore having the ability to modulate lipid metabolism [64]. SFAs
are also known to bind to the transcription factor hepatocyte nuclear factor 4
(HNF4) [65] and may also act as coactivators of the heterodimeric nuclear
receptor liver X receptor/retinoic acid X receptor (LXR/RXR) [66] which promote

hepatic secretion of very low density lipoproteins (VLDL).

Cell culture models have demonstrated induced activation and translocation of
the inflammatory transcription factor NF-kB by palmitic and lauric acids [38, 67].
This promotes upregulation of expression of several genes involved in

inflammation including various pro-inflammatory cytokines and COX-2. It is
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suggested that the actions of SFAs on the NF-kB pathway may involve toll-like
receptor 4 (TLR4) activation, as it is demonstrated that SFAs induced lipid raft

arrangement can facilitate TLR4 signalling [1, 68].

Thus, SFAs play an important role in normal cellular function. As described above
they influence cell signalling in many cell types through their roles in lipid rafts,
phospholipids, sphingolipids, gangliosides and in covalent modification of
proteins. They also influence FA, cholesterol and TAG biosynthesis as well as
inflammatory processes through effects on regulation of transcription factors
involved in lipid metabolism and inflammation. Through these actions they can
also affect various factors in determining risk of cardiometabolic disease. SFA
intake has been linked to increased risk of cardiovascular disease; this effect may

in part be due to upregulation of inflammation by SFAs.

1.2.6.2 EPA and DHA

EPA and DHA predominately exert their functional effects through incorporation

into cell membrane phospholipids [69, 70].

The incorporation of PUFAs into phospholipids have been shown to disrupt
membrane order which leads to greater membrane fluidity [71]. As a result they
can also influence the activity of membrane bound proteins such as signalling
enzymes, receptors and ion channels [72] leading to modulation of cell
responses. EPA and DHA have been shown to modify raft platforms leading to
modulation of intracellular signalling pathways, altered transcription factor
activation, and, ultimately, different gene expression patterns [72]. Regulation of
inflammation by EPA and DHA may be due to effects on transcription factors such

as NF-kB [36], and peroxisome proliferator-activated receptors (PPAR) [73].

Higher quantities of EPA and DHA within cell membrane phospholipids can also
influence inflammatory responses through modification of lipid mediator
production. Healy et al demonstrate that dietary supplementation of EPA and DHA
lead to increases of both these n-3 PUFAs within neutrophil phospholipids,
partially at the expense of AA [74]. This can change inflammatory responses since
EPA can be metabolised by the same enzymes as AA generating an alternative
series of bioactive lipid mediators. AA is the dominant substrate for synthesis of
eicosanoids - these include prostaglandins, leukotrienes and thromboxanes

(Figure 1.8). These eicosanoids play a role in inflammatory regulation, platelet
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aggregation and immunity [75]. Eicosanoids are produced via the COX and
lipoxygenase (LOX) pathways. When there are higher levels of EPA and DHA within
cell membrane phospholipids it is has been shown that there is a decrease in
production of the AA derived eicosanoids and an increase in the EPA and DHA
derived mediators [1]. These alternative mediators act in a less inflammatory or

perhaps even an anti-inflammatory manner.

Arachidonic acid in
cell membrane phospholipids

l Phospholipase A,

Free arachidonic acid

COX-1 15-LOX 12-LOX 5-LOX
COX-
PGG, 15HIETE 12-HPETE 5-HPETE
PGH, 15-HETE 12-HETE LTA , 5-HETE

AR LN

i . LTC, LTB,
PGD, PGE, PGl, TXA, PGF,, LipoxinA,

| ]
1

LTE,

Figure 1.8 Overview of the pathway of eicosanoid synthesis from arachidonic acid
[76].

EPA and DHA are also substrates for the generation of resolvins, protectins and
maresins. EPA derived mediators are termed E-series resolvins and are formed via
a series of reactions involving COX-2 and 5-lipoxygenase (Figure 1.9). DHA
derived resolvins are termed D-series resolvins and are derived via LOX pathways.
DHA is also the substrate for synthesis of protectins and maresins. These EPA and
DHA derived mediators have both been shown to exert anti-inflammatory effects
in cell culture and animal models [77-79]. An example of the inflammation
resolving properties of these substrates are the inhibition of transendothelial

migration of neutrophils by resolvin E1, resolvin D1 and protectin D1 [78, 79].
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Figure 1.9 Outline of the pathway of resolvin and protectins produced by EPA and
DHA via LOX and COX.

The way in which these alternative mediators act to modulate and resolve
inflammatory and immune function may be a predominant activity of EPA and
DHA.

Finally, free EPA and DHA can also act to modulate inflammation through binding
to plasma membrane bound and cystolic receptors [80]. The G-protein-coupled

receptor GPR120 has been shown to have a greater affinity for long chain n-3 FAs
compared to other FAs [81]. GPR120 is expressed on the surface of macrophages

and adipocytes [80].
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1.3 Long chain n-3 fatty acids in CVD

The findings of many epidemiological studies and randomised control trials
(RCTs) demonstrate a positive association between consumption of VLC n-3
PUFAs, specifically EPA and DHA, and long-term health benefits [82], including a
reduction in cardiovascular disease (CVD) morbidity and mortality [83-85], better
visual and neurological development [86] and improvements in inflammatory
conditions including arthritis [87] and asthma [88]. Such effects may be mediated
by modification of the biophysical properties of cell membranes [89-92], changes
in specific cell signalling pathways and altered gene expression [93, 94]. The
primary dietary source of EPA and DHA is seafood especially oily fish, although

they are found in lower amounts in many other foods of animal origin.

The first evidence of the efficacy of EPA and DHA in CVD originated from early
epidemiology studies carried out among the Greenland Inuits, native Alaskans
and the Japanese, who all consumed high levels of EPA and DHA. These studies
consistently showed an inverse relationship between incidence of CVD and other
chronic diseases and the amounts of LC n-3 PUFAs within the diet, leading to the
theory that dietary marine n-3 PUFAs may be protective against chronic diseases
including CVD [95, 96]. Many of the conditions which n-3 PUFAs protect against,
including CVD, have an inflammatory component, suggesting that the anti-

inflammatory effects of EPA and DHA might be important in disease prevention.

1.3.1 Evidence

The ability of n-3 PUFAs to down-regulate various inflammatory mechanisms
suggests they may be significant in controlling development and severity of
inflammatory diseases and that they may also be able to alleviate some

inflammatory conditions.

One such disease which is influenced by a (low grade) inflammatory state is CVD.
Following an observed lower risk of CVD in populations where high levels of EPA
and DHA are traditionally consumed such as Greenland, Alaska and Japan, studies
were carried out to examine the effect of fish, fatty fish and n-3 PUFAs on those
who consumed a ‘western diet’, looking at various cardiovascular risk factors,
such as blood lipids, blood pressure and thrombosis, and on disease outcomes,
such as coronary heart disease rate and mortality, cardiovascular mortality,

myocardial infarction and stroke incidence [97, 98].
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Meta-analyses investigating coronary heart disease have been carried out on
these studies. He et al. analysed frequency of fish consumption and relative risk
of coronary heart disease mortality among 13 cohorts and 11 independent
studies. They reported a significantly reduced risk of developing coronary heart
disease (by 38%) in those who ate more fish portions, up to 5 per week, compared

to those who ate less than 1 portion of fish a month [99].

In another meta-analysis He at al analysed data from 9 cohorts and 8
independent studies where they examined fish consumption on stroke incidence.
Again higher fish consumption was associated with a decreased risk of stroke, in
those eating >5 portions of fish a week there was a 31% reduction in risk

compared to those who rarely or never ate fish [100].

Chowdhury et al. also concluded higher consumption of EPA and DHA was

associated with lower risk of coronary disease [101].

Several intervention studies have been carried out in individuals who have
existing CVD examining the effect of n-3 PUFA supplementation, with varying

results reported.

The Diet and Reinfarction Trial (DART) was the first controlled trial that examined
the effect of dietary fish (~300 g/week) or fish oil (500-900 mg EPA + DHA/day)
on the secondary prevention of myocardial infarction. A total of 1015 men who
had survived a myocardial infarction had a supplemented diet of either 2 portions
of fatty fish or fish oil a week. Compared to the control group there was a 29%

reduction in all-cause mortality risk during the first 2 years [102].

The GISSI-Prevenzione trial examined 11,324 patients who had recently survived a
myocardial infarction [103]. Subjects were randomised into 4 diet groups; n-3
PUFAs (850 mg EPA + DHA (1:2 ratio EPA/DHA)), n-3 PUFAs with vitamin E (300
mg), vitamin E or no supplementation. It was found that n-3 PUFAs significantly
decreased the primary endpoint, which was non-fatal myocardial infarction,
stroke and death, by 15%. There were also significant reductions in the secondary

outcomes.

The GISSH-HF study examined the effect of n-3 PUFA supplementation on
mortality from heart failure; 7,000 patients were randomised into 2 groups, 850
mg EPA + DHA /d or control (placebo). A reduction of 9% in all-cause mortality

was observed in the n-3 PUFA supplemented group [104].
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Another study which tested the hypothesis that EPA could be an effective
preventative measure against major coronary events was the Japan EPA lipid
intervention study (JELIS). The intervention was carried out in 18,645
hypercholesterolaemic Japanese patients taking statins. They observed a
reduction of 19% in risk of mortality in groups which were supplemented with 1.8
g/d EPA plus 5 mg/d simvastatin or 10 mg/d pravastatin compared to statins
alone [84].

These large RCTs indicate positive outcomes of n-3 PUFA supplementation on
CVD mortality. However some recent trials describe a lack of effect of n-3 PUFAs

on the same CVD outcomes.

The Alpha Omega trail examined the effect of supplementation with a fortified
margarine for 40 months in 4,837 patients who had survived a myocardial

infarction. Two of the margarines provided 400 mg/d EPA + DHA, a lower dose
than used in the positive studies described above. EPA + DHA had no effect on

rate of major CVD events [105].

The SU.FOLOMS3 trial supplemented 2,501 patients who had history of myocardial
infarction, ischaemic stroke or unstable angina with folate B vitamins and/or 600
md/d EPA +DHA, again a fairly low dose compared with many other studies. It
was reported that supplementation with n-3 PUFAs had no significant effect on
fatal and non-fatal CVD events [106].

Lastly the Omega trial followed a year long supplementation of 900 mg/day EPA +
DHA in 3,851 patients who had survived myocardial infarction [107]. The
supplementation was shown to have no effect on major CVD events, total

mortality or sudden cardiac death.

However these newer studies show some limitations, including low sample size
and using low doses of EPA and DHA. Yates et al. also suggest that background
medication may influence the efficacy of n-3 PUFAs in secondary prevention of

CVD events and mortality [108].

Though CVD encompasses many conditions the most common underlying cause
is the formation of atheromatous plaques. Libby et al. describe these plaques as
having lipid and inflammatory components [109]. As described previously, they
develop when ECs become dysfunctional and promote an influx of leukocytes,

especially monocytes, into the intimal layer of the artery wall. Many studies have

examined the effect of EPA and DHA on endothelial and leukocyte function. These
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studies have examined the effects on adhesion molecule expression and on
production of cytokines involved in inflammation. Several cytokines which induce
EC adhesion molecules involved in leukocyte recruitment can be measured as
markers of anti-inflammatory properties of n-3 PUFAs. These studies have
examined several different exposure durations and concentrations of n-3 PUFAs

with different stimuli.

De Caterina et al. describe reduced E-selectin and VCAM-1 protein and mRNA
levels in human saphenous vein endothelial cells (HSVEC) treated with 10 yM DHA
for 24 hr prior to 6 hr TNFa stimulation compared to TNFa stimulation alone
[110]. Another study reported that 65 pM DHA and EPA decreased IL-IB induced
ICAM-1, VCAM-1 and E-selectin mRNA in human umbilical endothelial cells
(HUVEC) [111]. Wang et al. also saw inhibition of TNFa induced VCAM-1 and
ICAM-1 protein expression in human aortic endothelial cells (HAEC) after
exposure to 20-160 uM DHA [112].

Leukocyte adhesion assays can examine the significance of the modulation of
adhesion molecules expressed by ECs. In vitro adhesion assays carried out in the
absence of hemodynamic factors imposed by flow demonstrate that DHA inhibits
the adhesion of both monocytes [112] and neutrophils [113] to ECs. Yates et al.
also describe DHA and EPA as modulating different stages of leukocyte
recruitment. DHA inhibited E-selectin surface expression after TNFa stimulation
and therefore reduced the recruitment of neutrophils from flow. EPA however did
not affect neutrophil recruitment, but adherent neutrophils were unable to
migrate across the EC monolayer efficiently [114]. Since EPA and DHA have been
described as modulating both ECs and leukocyte function this may be their

mechanism of action in CVD risk reduction.

1.3.2 Recommendations for intake of fish, fatty fish and long chain n-3
PUFA

Due to the significant health benefits provided by the n-3 PUFAs EPA and DHA,
outlined above (section 1.3.1) there is potential for these FAs to be used both in a
therapeutic setting but also for general health, and so various authorities have
made intake recommendations. In the UK, The Committee on Medical Aspects of
Food Policy (COMA) and Scientific Advisory Committee on Nutrition (SACN)
recommend consumption of two portions of fish per week, one of which to be
oily, providing the equivalent of approximately 450 mg/day n-3 PUFAs (SACN
2004/COMA) [16]. The current Dietary Guidelines for Americans 2015 (DGA)
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recommend consumption of 230 g of cooked seafood per week, including fish
that is rich in n-3 FAs, such as salmon [115]. The American Heart Association
(AHA) recommends the consumption of at least two 100 g portions of fish a
week, particularly oily fish (e.g. Salmon, mackerel or herring) for risk reduction of
CVD [97]. For those with established CVD, the recommendation is for
approximately 1 g of EPA and DHA daily, preferably from oily fish. European
recommendations for n-3 PUFAs and fish, primarily for the prevention on CVD,
are approximately 250-500 mg/day preferably through consumption of oily fish
[116].

1.4 Sustainability

The importance of the LC n-3 PUFAs in human health means there is increasing
demand for fish and fish-derived products within the human diet, and the
evidence suggesting that LC n-3 PUFAs are beneficial for certain aspects of
cardiovascular health has meant n-3 LC PUFAs therapies have expanded rapidly.
The suggested recommendations of between 250 and 1000 mg/day of EPA and
DHA, as summarised above (section1.3.2) cannot be met from the current global
supplies of EPA and DHA [117] .

Phytoplankton are responsible for biosynthesising EPA, DHA and other LC FAs.
These are then consumed by zooplankton and from here enter the marine food
chain. The principal sources of dietary EPA and DHA in humans are fish and fish
oil supplements. The total estimated global production of EPA and DHA is around
530,000 metric tons (The Global Organisation for EPA and DHA n-3s (GOED)).
Only a portion of this, however, contributes to human usage with the total
available EPA/DHA for human consumption being only 200,000 metric tons which
is 15% of the calculated global human requirement (1.3 million metric tons) based

on recommendations for intake [117] .

Approximately 75% of the global wild fish stocks are rated as fully overexploited
[118]. Fish farming (aquaculture), now provides over half of all fish for human
consumption, according to the United Nations Food and Agriculture Organisation
(FAO), and this needs to expand in order to meet the needs of humans. However,
aquaculture faces problems such as disease, and the build-up of carbon dioxide
in the aquaculture systems. Dealing with these issues causes an annual losses of
billions of pounds. Aquaculture systems also use fish oil, which adds to the

increasing burden on fish and fish oil stocks. Decreased dependence on fish oil in
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aquaculture results in lower levels of EPA and DHA within the farmed fish,

meaning they are less nutritious to humans.

Furthermore, fish oil product quality is dependent on the season and location of
the fish from which the oil is derived, and can be affected by ocean pollution.
Many consumers are worried about the build-up of chemicals, such as mercury, in
some types of fish and what harm this can cause. This can be off putting leading

to people choosing not to eat fish.

Others simply do not find fish palatable, or have a vegan or vegetarian diet and
therefore do not eat fish. This group of people would benefit from a more readily

viable alternative plant source.

Non-fish sources of supplemental EPA and DHA are fermented algal oils and krill
oil [117]. However these contribute a very small percentage of total available EPA
and DHA. There are arguments that krill harvesting and krill oil production are

not environmentally friendly [119].

The lack of readily available sources of preformed EPA and DHA to meet the
needs for human nutrition indicates a very clear demand for alternative sources
of n-3 FAs and perhaps other FAs that have similar biological properties. Plants
may provide a sustainable alternative source of bioactive FAs that can support

human health.

1.4.1 Alternative sources of bioactive fatty acids

There are new sources of n-3 PUFAs including marine algal or algae-like microbial
oils, which could eliminate many of the taste and odour problems associated with
fish and avoid the environmental issues with the fish oil-based processes. For
some time Crypthecoduinium cohnii has been used as a source of DHA for infant
formula [120]. Another algal source, Schizochytrium, produces both EPA and DHA
and is currently used to create commercial oils for the food market an use as
supplements [121]. Algal sources are both environmentally friendly and without
ocean borne contaminants, though at present they represent <2% of human
EPA+DHA consumption [117], possibly as refining of algal oils is still an

expensive process.

Another alternative includes n-3 PUFAs derived from plants, including ALA and
SDA. ALA is a metabolic precursor of EPA and DHA, whilst SDA is an intermediate

on this same pathway (Figure 1.3).
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Sources of ALA include green plant tissues, various nuts (e.g. walnuts), rapeseed
oil (also known as canola oil), soybean oil (in which ALA contributes 10% of total
FAs), and flaxseeds and flaxseed oil (in which ALA contributes > 50% of total FAs)
[21]. ALA is the predominant n-3 PUFA consumed by those who do not regularly
take VLC n-3 PUFA supplements or eat oily fish. Consumption of ALA in Europe,
Australia and North America typically ranges from 0.6 to 2.3 g/d in adult men
and 0.5 to 1.5 g/d in adult women [116, 122-126]. Despite a higher dietary
intake of ALA relative to EPA and DHA (approximately 25- and 15- fold greater
[122]), concentrations of ALA within plasma and cell and tissue lipids are lower

than those of EPA and DHA, apart from in adipose tissue stores [21].

There are few natural sources of SDA,; it is found in Echium oil, where it
contributes about 9-16% of FAs [127-129]. Levels of SDA can be substantially
increased in soybean oil by genetic modification [130]. SDA is potentially a better
substrate than ALA for the biosynthesis of VLC n-3 PUFAs. SDA levels in human

blood, cells and tissues are normally very low.

These precursor FAs represent potentially safe and sustainable sources of health
benefiting n-3 FAs.

Plants can also provide n-6 PUFAs which may have beneficial properties. These
include GLA.

GLA is found in some leafy green vegetables, vegetable oils and nuts, including:
evening primrose (Oenothera beinnis) oil [131] and borage (Borage officinalis) oil
where is comprises up to 25% of total FAs [132]. It is also found in hemp seed,
oats and barley. GLA is found on the same metabolic pathway as LA and can be
synthesised de novo from LA. GLA can be further elongated to produce DGLA.
DGLA is a precursor of eicosanoids via COX and LOX oxidation, producing series
1 prostaglandins (prostaglandin E1(PGE,)) and thromboxanes as well as series 3
leukotrienes [133]. PGE, has been found to exert anti-inflammatory properties
including inhibition of smooth muscle cell proliferation associated with

atherosclerotic plaque development [134, 135].

Another FA is pinolenic acid (PIN) which is found in pine nut oil (present at about
15% of FAs) [136]. PIN is an isomer of GLA and is part of a group of unusual
PUFAs known as poly-methylene-interrupted polyunsaturated fatty acids (PMI-
PUFA). These PMI-PUFAs contain two or more double bonds of the cis-
configuration separated by at least one polymethylene group [137]. There has

been little exploration into the functionality and potential benefits of these types
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of FAs. Szu-jung Chen et al. describe incubation of microglial cells with PIN to
reduce several LPS stimulated pro-inflammatory mediators including IL-6,
prostaglandin E, (PGE,) and TNFa [137].

The latter of these FAs have been less explored and so may present an alternative

source of biologically beneficial PUFAs.

1.5 Aim and Objectives

Inflammation plays a key role in the progression of atherosclerosis and CVD. N-3
PUFAs from marine sources have been shown to reduce both inflammation and
cardiovascular mortality. Due to these health benefits various bodies have
recommended an intake of oily fish once to twice a week. Global supplies of fish
are not sufficient to achieve this intake and so a sustainable source of health
benefiting PUFAs need to be found. Plants provide some n-3 and n-6 PUFAs that
may be of human health benefit but their effects on inflammation have been

under explored.

This project aims to further explore the anti-inflammatory effects of plant-derived
18-carbon PUFAs using an inflammatory cell model. It compares the anti-
inflammatory effects of marine-derived n-3 PUFAs (EPA and DHA) to those of
plant-derived PUFAs (ALA, SDA, GLA and PIN) using an EC line, with an emphasis
on the inflammatory responses involved in atherosclerosis development. Further
exploration will be carried out to investigate the possible mechanisms involved.
The overall objective of the project is to identify plant-derived PUFAs that may be
sustainable sources of anti-inflammatory FAs to replace EPA and DHA in the

promotion of human health.

Figure 1.10 depicts the structures of plant-derived FAs used in this research (ALA,
SDA, GLA and PIN) alongside the structures of the marine-derived EPA and DHA.
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Figure 1.10 Chemical structure of FAs to be used in this project
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Chapter 2: Establishing an Inflammatory
Endothelial Cell Model
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2.1 Introduction

ECs play a crucial role in inflammation related to the vessel wall as they are the
main barrier of exchange and contact between the blood and the tissue. The
adhesion of leukocytes to ECs influences atherosclerosis development and
progression (section 1.2.5). Adhesion molecules such as VCAM-1, ICAM-1 and E-
selectin are all critical in the tethering, activation, adhesion and transmigration of
leukocytes across the endothelium monolayer. Under inflammatory conditions,
monocyte recruitment to the endothelium is enhanced by upregulated expression
of these adhesion molecules and increased production of other inflammatory
mediators, such as MCP-1, IL-8 and RANTES [44]. VEGF plays a role in endothelial
proliferation and promotes vascular permeability and angiogenesis (Table 1.4),
which may be necessary for plaque formation [138, 139]. Increased VEGF induces
IL-6 production which then enhances migration of smooth muscle cells and
therefore atherosclerotic plague development (Table 1.4). Others have also shown

VEGF to promote and alter the rate of atherosclerotic plaque development [140].

Of these proteins, ICAM-1 and VCAM-1 are both reported to be constitutively
expressed by ECs [141] and their expression can be up-regulated by cytokines
and other inflammatory stimuli. It has been reported that pro-inflammatory
cytokines such as IL-18 and TNFa markedly increase the expression of these
adhesion molecules [141] and the enhanced expression is dependent on both

MRNA and protein synthesis [142].

Development of atherosclerosis is closely linked to EC function and responses,
and endothelial dysfunction is recognised as the first step in the atherosclerotic
process, including the development of atherosclerotic plaques. HUVECs have
played a major role as a model system for the study of regulation of EC function
and are widely used. These cells originate from the umbilical vein which carries
oxygenated blood and therefore is much like an artery. Also a similar pattern of
adhesion and diapedesis of leukocytes to both arterial endothelial monolayers
and HUVECs is seen under both static and flow conditions [110, 143, 144].
Therefore HUVECs provide an appropriate model for the investigation of arterial

disease.

EA.hy926 cells are an immortalised HUVEC cell line generated in 1983 by fusion
of primary HUVECs with cell line A549 (human lung epithelial cells) [145, 146].
EA.hy926 cells are frequently used and have been extensively characterised,

showing them to possess many of the innate properties of primary HUVECs [147].
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TNFa has been shown to be crucially involved in the pathogenesis and
progression of atherosclerosis. In the vasculature, TNFa alters EC function as well
as EC-leukocyte interactions [148], likely through increases in the expression of
many pro-inflammatory genes and rapid increases in cell adhesion molecules
[149]. TNFa is used frequently as a stimulus in inflammatory EC models, in order

to explore the effects of different interventions [110, 150-152].

As mentioned above, IL-6, IL-8, VEGF, RANTES, MCP-1 and ICAM-1 are all involved
in the development and progression of atherosclerosis. It was therefore chosen to
examine the effect of various FAs on these mediators in EA.hy926 cells. The
literature also suggests EA.hy926 produce the majority of these mediators [153-

155], which have also been described to increase in after TNFa stimulation [154,

155].

In the experiments described in this chapter the effect of TNFa at various
concentrations on the secretion of a variety of inflammatory mediators by
EA.hy926 was explored. By inducing an inflammatory response in EA.hy926 cells

using TNFa, pro- and anti-inflammatory effects of FAs could then be examined.

2.2 Aim and Objectives

The aim of the research described in this chapter was to optimise the conditions

for studying inflammatory responses of cultured EA.hy926 cells.
The specific objectives were to:

e Use the pro-inflammatory cytokine TNFa to induce an inflammatory
response in cultured EA.hy926 cells

e Identify the effects of different doses of TNFa on production of an array of
different inflammatory markers over time, including adhesion molecules,
chemokines, and cytokines

e Use an optimised model to examine the appearance of mRNA for PPARq,
PPARy, NF-kB and MCP-1 and the upregulation of NF-kB and COX-2 protein
following TNFa stimulation of cultured EA.hy926 cells
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2.3 Methods

2.3.1 Reagents

The reagents and materials used for these experiments are described in

Appendix A.

2.3.2 Endothelial cell culture

The EC line EA.hy926 (ATCC CRL-2922) was obtained from ATCC. The cells were
thawed and subcultured following the supplier’s instructions. Briefly cells were
washed once in Dulbeccos’s Modified Eagle’s Medium (DMEM) and resuspended
in 5 mL culture medium, which consisted of DMEM supplemented with 10% FBS,
glucose (4500 mg/L), L-glutamine (0.4 mM), penicillin, streptomycin and HAT
(100 pM hypoxanthine, 0.4 yM aminopterin and 16 pM thymidine). Cells were
cultured at 5-7 x 10°cells/ml and maintained at 37°C in 5% CO,. Prior to use in

experiments, cells were grown in T-175 flasks until confluent.

2.3.2.1 Inflammatory mediator production

Cells from confluent cultures were scraped from culture flasks and resuspended
in culture medium (section 2.3.2) at a density of 2 x 10° cells per mL. Cells were
seeded at 1 x 10* cells per well in 96-well flat bottom plates and incubated for 48
hours at 37°C. Following incubation, supernatant was removed and replaced with
new medium and cells were stimulated with TNFa at different concentrations (0.1,
1, 10 and 100 ng/mL) for different durations (2, 4, 6, 12, 24 and 48 hours). TNFa
concentrations used were based upon those reported in the literature. At each
time point supernatant was removed and stored at -20°C until analysis (see
section 2.3.3).

2.3.2.2 Gene expression

Confluent EA.hy926 cultures were scraped from flasks and resuspended in
culture medium at a density of 5.5 x 10° cells per mL. Cells were seeded at 5.5 x
10* cells per well in 6-well flat bottom plates, and incubated for 48 hours at 37°C
with DMEM, followed by incubation with either DMEM or TNFa at 1 ng/mL for
different durations (30 minutes, 1, 2, 6 and 9 hours). At each time point, cells
were removed, resuspended in BL-TG buffer following ReliaPrep™ RNA Cell
Miniprep System instructions and stored at -80°C until analysis (see

section 2.3.4).
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2.3.2.3 Protein expression

Confluent EA.hy926 cultures were scraped from flasks and resuspended in
culture medium at a density of 5.5 x 10° cells per mL. Cells were seeded at 5.5 x
10* cells per well in 6-well flat bottom plates, incubated for 48 hours at 37°C with
DMEM, followed by incubation with either DMEM or TNFa at 1 ng/mL for different
durations (0, 15 minutes, 30 minutes, 1, 3, 4, 16, 18, 20 and 24 hours). At each
time point, cells were removed by scraping and resuspended in RIPA buffer (200

uL per well) and stored at -80°C until analysis (see section 2.3.6).

2.3.3 Detection of inflammatory mediators

Concentrations of cytokines and adhesion molecules secreted by EA.hy926 cells
were determined simultaneously using Human Magnetic Luminex Screening Assay

kits purchased from R&D systems.

2.3.3.1 Principle of Luminex assay

Luminex assays consist of analyte-specific antibodies pre-coated onto colour-
coded magnetic particles. Immobilised antibodies bind to the analytes of interest.
Unbound substances are then washed away, and samples are incubated with
biotinylated antibody cocktail specific to analytes of interest. Samples are washed
again to remove any unbound substances, and incubated further with
streptavidin-phycoerythin conjugate which binds to the biotinylated antibody.
Unbound substances are again washed away and microparticles are resuspended

in wash buffer and read using the Bio-Plex 200 analyzer.

Beads are read by dual-laser flow-based detection. One laser classifies the bead
and identifies the analyte which is being detected. The second laser determines
the magnitude of the PE-derived signal, which is in direct proportion to the

amount of analyte bound. Figure 2.1 depicts the basic principles of the luminex

assay.

The immunoassay kit was selected to detect 6 analytes: IL-6, IL-8, MCP-1, VEGF,
ICAM-1 and RANTES.
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Figure 2.1 Schematic of Luminex assay principle

2.3.3.1.1 Assay procedure

Reagents and standards were prepared according to the manufacturer’s
instructions; undiluted samples of culture medium were analysed. Microparticle
cocktail (50 pL) and 50 pl of neat sample or standard were loaded on to a 96-well
clear bottomed black plate which was then covered with a foil seal. Plates were
incubated for 2 hours on a horizontal orbital microplate shaker at 250 rpm. Plates
were then attached to a magnetic mircoplate device and washed 3 times with 100
uL wash buffer. Biotin Antibody Cocktail (50 pL) was added to each well and
plates covered with a foil seal and incubated for 1 hour on a horizontal plate
shaker at 250 rpm. The washing step was repeated, 50 pL of Streptavidin-PE was
added to each well and the plate was covered with a foil seal and incubated for 30
minutes on a plate shaker at 250 rpm. The washing step was repeated and each
well was resuspended in 100 pL wash buffer and plates were then incubated for 2
minutes on a plate shaker at 800 rpm. Plates were then analysed on the Bi-Plex

200 (Bio-Rad) using the Bio-Plex Manager 6.1 software.

2.3.4 Analysis of gene expression using RT-qPCR

The effect of TNFa on gene expression at the different time points was analysed
by RT-qPCR.

2.3.4.1 Isolation of RNA

Total cellular RNA was extracted from cells using ReliaPrep™ RNA Cell Miniprep
System following the manufacturer’s instructions. All components were made

according to manufacturer’s specifications. Lysates were thawed and
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resuspended in 85 pL 100 % isopropanol and transferred to a ReliaPrep™
Minicolumn and collection tube. Lysates were then centrifuged at 11600 rpm for
30 seconds. RNA wash solution (500 pL) was added and centrifuged at 11600
rpom for 30 seconds. DNase 1 (30 pyL) was added directly to Minicolumn
membrane and incubated at room temperature for 15 minutes. Following
incubation, 200 pL column wash solution was added and centrifuged at 11600
rpm for 15 seconds. RNA wash solution (500 pL) was added and centrifuged at
11600 rpm for 30 seconds. Minicolumns were then transferred to new collection
tubes and 300 pyL RNA wash solution added and centrifuged at 11600 rpm for 2
minutes. Minicolumns were then transferred to elution tubes, 15 pL of nuclease
free water added and centrifuged at 11600 rpm for 1 minute. Minicolumns were
then discarded. RNA quantity and quality were assessed by Nanodrop and
integrity was analysed by an Agilent Bioanalyzer (see section 2.3.4.2.3). The

elution tube containing purified RNA was stored at -80°C.

2.3.4.2 RNA analysis

Isolated RNA quality and quantity was assessed by Nanodrop analysis and
bioanalyzer. Measuring the concentration and purity of the RNA is crucial for

determining the amount of each sample to use in RT-qPCR.

2.3.4.2.1 NanoDrop Spectrophotometer (NDS) analysis

NanoDrop analysis provides the concentration and quality of RNA. RNA (1 pL) is
loaded between the NanoDrop pedestals and direct light is passed through it.
Nucleic acids absorb light in the UV wavelength (with an absorbance maximum at
260 nanometers). The Beer-Lambert equation is used to correlate the calculated

absorbance with concentration in ng/ulL.

The ratio of absorbance at 260 and 280 nm and at 260 and 230 nm is used to
assess the purity of the RNA. A 260/280 ratio of ~2.0 is generally accepted as

“pure” for RNA. If the ratio is appreciably lower, it may indicate the presence of
protein, phenol or other contaminants that absorb strongly at or near 280 nm.
The 260/230 values are commonly in the range of 1.8-2.2. If the ratio is

appreciably lower, this may indicate the presence of co-purified contaminants.

2.3.4.2.2 RNA quantification

RNA was quantified using the NanoDrop, which uses the Beer-Lambert equation

to correlate the calculated absorbance with concentration in ng/uL. Total yield is
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obtained by multiplying the RNA concentration by the final total purified sample

volume.

2.3.4.2.3 Agilent Bioanalyzer analysis

The RNA Bioanalyzer determines RNA concentration, integrity and ribosomal
ratios. Using electrophoretic separation on microfabricated chips, RNA samples
are separated and detected via laser induced fluorescence detection. The
Bioanalyzer software generates an electropherogram and gel-like image and
displays results including sample concentration and the ribosomal ratio of the 5S,
18S to 28S ribosomal subunits. These subunits are indicative of intact RNA. The
electropherogram provides a detailed visual assessment of the quality of an RNA

sample.

The Agilent Bioanalyzer software also assess integrity using the RNA integrity
number (RIN). The RIN software algorithm allows for the classification of
eukaryotic total RNA, based on a numbering system from 1 to 10, with 1 being
the most degraded profile and 10 being the most intact. Figure 2.2 is an example
of good quality RNA with a RIN score of 10.

Melissa Doherty (Laboratory manager) carried out the procedure. 1 uL RNA per
sample was loaded onto a chip and read on an Agilent Bioanalyser (Bioanalyzer
RNA Total Eukaryote 2100 Nano).
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Result Flagging Label: RIN:10

Figure 2.2 Example of RNA analysis by Bioanalyzer RNA Total Eukaryote 2100
Nano
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2.3.4.3 cDNA synthesis

GoScript™ Reverse Transcriptase was used to synthesise cDNA from total RNA. All
components were made according to manufacturer’s specifications. Purified RNA
was heated to 70°C for 5 minutes with random primers and immediately chilled
on ice for 5 minutes. Purified RNA and primer mix (5 pL) were added to 15 pL of
reverse transcription reaction mix. Samples were then loaded into a Thermal
Reactor and programmed to anneal at 25°C for 5minutes, followed by extension

at 42°C for an hour and inactivation at 70°C for 15 minutes.

2.3.4.4 Principle of RT-gPCR

PCR involves many rounds of DNA synthesis, which requires a template, primer
DNA polymerase and nucleotides. Primers flank the target for amplification or
‘amplicon’, DNA synthesis then proceeds across the region between the primers.
Each round of DNA synthesis, or cycle, involves a series of reactions:
denaturation, annealing of primers and primer extension. These occur under
temperature cycling. Products of each cycle are used as templates for further DNA
synthesis, resulting in exponential amplification of the target sequence. See

Figure 2.3, which shows the amplification process.
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Figure 2.3 Schematic of PCR sequence amplification

Quantitative reverse transcription PCR (RT-qPCR) utilises the principles of PCR in
order to measure the proportional increase in the amount of cDNA of interest
with each round of PCR.
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Initially RNA is extracted from the tissue of interest and levels of specific mMRNA
transcribed from the gene of interest measured. Reverse transcriptase then forms
complimentary DNA (cDNA) by using RNA as a template. This gives cDNA for
every RNA extracted, in the same proportions that are present in the tissue.
Specific primers, which only anneal to the cDNA specific to the gene of interest,
measure the point at which the amount of amplified DNA reaches a threshold
level (known as a Ct value). The earlier the amount of DNA within a sample
reaches the ‘threshold level’, compared to other samples, the more cDNA
template was present; and therefore the mRNA was more highly expressed in the
original sample. Levels of DNA can be measured by use of a dye that specifically
binds to double-stranded DNA (e.g. SYBR Green), or addition of a probe, such as
TagMan.

TaqMan probes work by using a fluorescence emitting dye (e.g. FAM) that is
bound to one end of a short DNA sequence with a molecule of quencher (e.g.
TAMRA) at the other, Figure 2.4. While these molecules are bound in close
proximity to each other, no fluorescence is emitted. Once probes bind to specific
sites and Taq DNA polymerase uses its exonuclease activity to ‘chew up’ the
oligonucleotide sequence the dye and quencher move further apart and the dye
emits a fluorescent signal. One unit of fluorescence is emitted per copy of the
gene to which it specifically binds; therefore, the amount of fluorescence
detected is proportional to the amount of mRNA for the gene of interest present.
This signal is recorded by the gPCR machine and converted into Ct values as

described above.
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Figure 2.4 Schematic of RT-qPCR using TagMan probes

2.3.44.1 Assay procdure

The expression of NF-kB, PPARa, PPARy, MCP-1 and beta-2-microglobulin (B2M)
was assessed by gRT-PCR with TagMan® Gene Expression primers (see Appendix
A for primer details). cDNA was diluted to 5 ng/pL. Using a 96-well qPCR plate, 4
uL of sample was added to 16 pL of reaction mix (prepared according to the
manufacturer’s specifications) per well. The plate was sealed and centrifuged at a
low speed for 1 minute. The plate was then loaded into a thermal cycler with a
cycle of 50°C for 2 minutes, followed by a cycle of 95°C for 10 minutes, then 40

cycles of 95°C for 15 seconds and finally a cycle of 60°C for 1 minute.
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2.3.5 Relative gene expression quantification

Relative gene expression data were calculated using double delta Ct (AACt) values
expressed as fold change of the target gene in test samples relative to control

samples.

Average Ct values for housekeeping genes and target gene in experimental and
control conditions were calculated. Delta Ct (ACt) values were calculated from the
differences between target test gene and target reference gene as well as control
test gene and control reference gene. Then the difference between these two
gives the double delta Ct value (AACt). 2AAACt is then calculated to express the
fold change [156].

Relative gene expression = 2-24Ct

'ﬂ'ﬂ"c’t = (CtTarget'CtRef)'l'eﬁt 2 {CtTarget'CtRef}Cnntrnl

(CtTest'CtCnntrnl}Target 5 (CtTest'CtEnntml}Ref
= AC1aget - ACRet

Figure 2.5 Equation for relative gene expression calculation

2.3.6 Detection of protein expression

The effect of TNFa on protein expression at the different time points was

analysed by Western blotting.

2.3.6.1 Protein extraction

Total cellular protein was extracted from cells using Radioimmunoprecipitation
assay buffer (RIPA) buffer. Lysates were previously collected and resuspended in
RIPA buffer (section 2.3.2.3). These were thawed and mixed every 10 minutes
with a pipette for a total of 30 minutes. Lysates were then centrifuged at 11600
rpm for 10 minutes. Supernatant containing cellular proteins was aspirated into
an Eppendorf tube for protein to be quantified by the bicinchoninic acid (BCA)

assay. Samples were then stored at -80°C for further analysis.

2.3.6.2 Protein quantification

Protein quantification was performed using the BCA assay (Thermo Fisher

Scientific).
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2.3.6.2.1 Principle of the BCA assay

The BCA assay is used to determine the total concentration of protein in a
solution. The BCA Protein Assay combines the reduction of Cu? to Cu'* by protein
in an alkaline medium with the selective colorimetric detection of the cuprous
cation (Cu'*) by BCA. The biuret reaction is the first stage where chelation of
copper with protein in an alkaline environment forms a light blue complex. In this
reaction peptides containing three or more amino acid residues form a coloured
chelate complex with cupric ions in an alkaline environment containing sodium
potassium tartrate. Secondly is the colour development reaction: BCA reacts with
the reduced (cuprous) cation that was formed in step one. The intense purple-
coloured reaction product results from the chelation of two molecules of BCA
with one cuprous ion. The BCA/copper complex is water-soluble and exhibits a

strong linear absorbance at 562 nm with increasing protein concentration.

2.3.6.2.2 Assay procedure

Reagents and standards were prepared according to the manufacturer’s
instructions; undiluted samples were analysed. Sample or standard (10 pL)
followed by 200 pL of working reagent were loaded on to a clear flat bottomed
96-well plate which was then covered with foil. Plates were placed on a horizontal
plate shaker at 250 rpm for 2 minutes and then incubated for 30 minutes at 37°C.
Plates were then read on a Multiskan EX (Thermo LabSystems) plate reader at 540

nm.

2.3.6.3 Principle of Western blot

Western blotting is a technique used to detect and analyse proteins based on
their ability to bind to specific antibodies. The specificity of the antibody-antigen
interaction enables the target protein to be identified in a complex protein

mixture.

First, proteins are separated from each other based on their size. Second,
antibodies are used to detect the protein of interest. Finally, a substrate that
reacts with an enzyme is used to view the antibody/protein complex. Protein
samples are subjected to electrophoresis on an SDS-polyacrylamide gel and then
electro transferred onto a PVDF or nitrocellulose membrane. The transferred
protein is detected using specific primary and secondary enzyme labelled
antibodies.
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE) is used to separate proteins
according to their electrophoretic mobility which depends on charge, molecule
size and structure. Polyacrylamide gel (PAG) is a three-dimensional mesh polymer
composed of acrylamide and a cross-linker (methylene bisacrylamide).
Electrophoresis separates charged particles which move toward the opposite
electrode through the mesh polymer, under the influence of an electric field, with

smaller proteins migrating faster and larger proteins running slower.

The PAG is a separating gel topped by a stacking gel and secured in an
electrophoresis apparatus. Sample proteins are solubilised by boiling in the
presence of SDS and equal amounts of the protein in solution are loaded into a
gel lane, and the individual proteins separated electrophoretically. 2-
mercaptoethanol or dithiothreitol are added to reduce disulfide bonds in the

proteins.

After separating proteins by SDS-PAGE, the gel is placed over a sheet of
nitrocellulose and the protein in the gel is electrophoretically transferred to the
nitrocellulose. The nitrocellulose is then incubated in blocking buffer (5%
skimmed milk solution) to "block" non-specific binding of proteins. The
nitrocellulose is then incubated with a specific antibody for the protein of
interest, washed and then incubated with a second antibody, which is specific for
the first antibody. The second antibody will typically have a covalently attached
enzyme and chemiluminescent substrate is used for detection, light being
emitted can be detected with a photo imager. This allows for the amount of the

protein of interest to be analysed from a complex crude mixture of proteins.

2.3.6.3.1 Assay procedure

Samples were diluted in dH,0 and Laemmli loading buffer to achieve a
concentration of 30 ng of protein per sample per well. Proteins were denatured
by heating at 95°C for 5 minutes. Precast 10% SDS-PAG (Optiblot, Abcam) were
placed in a Bio-Rad tank with running buffer. Prepared sample (35 pL) were then
loaded into individual wells, along with Prism Ultra Protein Ladder (10-245kDa).
The tank was connected to an electrode and electrophoresis was run at 80 V for
approximately 10 minutes (until samples passed through the stacking portion of

the gels) then at 180 V for 1.5-2 hours, until samples reached the bottom of the
gel.

Proteins were then transferred onto nitrocellulose membrane. Gel and

membranes are ‘sandwiched’ as shown in Figure 2.6
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Figure 2.6 Depiction of ‘transfer sandwich’ for transfer of proteins from SDS-PAG

to nitrocellulose membrane

The sandwich was placed into an electrode chamber and then into a tank
depicted in Figure 2.7 with transfer buffer and an ice pack and run at 100 V for 1
hour at 4°C.

Transfer sandwich

Electrode chamb
ectrode chamber Tank

Ice pack

Figure 2.7 Depiction of protein transfer apparatus.

After transferring of proteins, membranes were blocked with blocking buffer
(PBST 0.05% tween + 5% milk) for 1 hour at room temperature, with agitation, and
then incubated with primary antibody (see appendix for primary antibodies and
concentrations used) over night at 4°C again with agitation. Membranes were then
washed 3 times with PBST (0.05% tween) for 5 minutes and then incubated with a
secondary antibody (Goat Anti-Rabbit IgG H&L (HRP) see appendix for
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concentration) at room temperature for 1 hour with agitation. Membranes were
then washed as previously described and 2 mL of SuperSignal (Thermo Fisher

Scientific) added per membrane to visualise using Bio-Rad Chemidoc XRS.

23.6.4 Quantification of western blots with Image)

Image) is used to compare the density of bands on a western blot. Protein bands
were quantified as relative amounts from western blot films using the ratio of
each protein band relative to the lane’s loading control (reference protein).
Regions of interest were defined for each protein of interest, reference and film
background. Density measurements of these were then taken in imageJ. In Excel
pixel densities were then inverted for all bands and their backgrounds, and net
values calculated by deducting the inverted background value from the inverted
protein of interest value. After calculating the net bands for protein of interest
and loading controls a ratio of net band value over the net loading control of that
lane is calculated. The final relative quantification values are the ratio of net band

to net loading control.

2.4 Results

2.4.1 Optimization of the effect of different TNFa concentrations on

inflammatory mediators in EA.hy926 cells

The effect of different concentrations and durations of TNFa exposure on the
production of 6 analytes (ICAM-1, IL-6, IL-8, MCP-1, RANTES and VEGF) was
examined. The aim was to identify optimal conditions for use in future
experiments with FA exposure. The data shown are from 3 separate experiments

each conducted in triplicate, EA.hy926 were used at a passage of >30.

Figure 2.8 to Figure 2.13 show the concentrations of soluble ICAM-1, IL-6, IL-8,
MCP-1, RANTES and VEGF within the supernatant following stimulation of
EA.hy926 cells with 0.1 to 100 ng/mL TNFa for 2, 4, 6, 12, 24 and 48 hours. At 2,
4 and 6 hours exposure to all TNFa concentrations no differences were observed
in the levels of any of analytes examined compared to the very low concentration
seen in medium itself. After 12 hours exposure to 10 ng/mL TNFa MCP-1, VEGF,
IL-6 and IL-8 concentrations were all increased with no change in RANTES or

ICAM-1 concentrations. After 24 hours exposure to TNFa at 1, 10 and 100 ng/mL
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concentrations of all 6 of the analytes increased. Based on these findings
incubation of TNFa at 1Tng/mL for 24 hours was selected as a condition at which

to study the effect of FAs on these analytes in EA.hy926 cells.
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Figure 2.8 Effect of TNFa stimulation on ICAM-1 production by EA.hy926 cells

Mean (+SEM) (n = 3) production of ICAM-1by EA.hy926 cells exposed to TNFa (0-100 ng/mL) for 2 to 48 hours.

ICAM-1 was measured in the supernatant of endothelial cell cultures.
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Figure 2.9 Effect of TNFa stimulation on IL-6 production by EA.hy926 cells

Mean (+SEM) (n = 3) production of IL-6 in EA.hy926 exposed to TNFa (0-100 ng/mL) for 2 - 48 hours. IL-6 was

measured in the supernatant of endothelial cell cultures.
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Figure 2.10 Effect of TNFa stimulation on IL-8 production by EA.hy926 cells

Mean (+SEM) (n = 3) production of IL-8 in EA.hy926 exposed to TNFa (0-100 ng/mL) for 2 - 48 hours. IL-8 was

measured in the supernatant of endothelial cell cultures.
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Figure 2.11 Effect of TNFa stimulation on MCP-1 production by EA.hy926 cells

Mean (£SEM) (n = 3) production of MCP-1 in EA.hy926 exposed to TNFa (0-100 ng/mL) for 2 - 48 hours. MCP-1

was measured in the supernatant of endothelial cell cultures.
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Figure 2.12 Effect of TNFa stimulation on RANTES production by EA.hy926 cells

Mean (+SEM) (n = 3) production of RANTES in EA.hy926 exposed to TNFa (0-100 ng/mL) for 2 - 48 hours.

RANTES was measured in the supernatant of endothelial cell cultures.
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Figure 2.13 Effect of TNFa stimulation on VEGF production by EA.hy926 cells

Mean (+SEM) (n = 3) production of VEGF in EA.hy926 exposed to TNFa (0-100 ng/mL) for 2 - 48 hours. VEGF was

measured in the supernatant of endothelial cell cultures.

24.2 RNA integrity

Total cellular RNA isolation was carried out using ReliaPrep™ RNA Cell Miniprep

columns (section 2.3.4.1).

Analysis of RNA using Agilent Bioanlyzer (RNA Total Eukaryote 2100 Nano) was
performed by Melissa Doherty, Laboratory manager (section 2.3.4.2.2). RNA

guantity and quality were also assessed using the NanoDrop (section 2.3.4.2.1).
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Figure 2.14 RNA analysis by Agilent Bioanalyzer

RNA samples were analysed using the Agilent Bioanalyzer (Figure 2.14). EA.hy926
cells were incubated with DMEM alone or were stimulated with TNFa at 1 ng/mL.
RNA was shown to have high RIN scores indicative of good quality. Both control
(DMEM alone) and stimulated EA.hy926 cells had RIN scores of 9.70 (Figure 2.14).

All RNA samples were analysed via the NanoDrop for quality and quantity (data
not shown). Table 2.1 depicts representative RNA sample 260/280 and 260/230
ratios from the NanoDrop analysis. EA.hy926 cells were incubated with DMEM
alone or were stimulated with TNFa at 1 ng/mL. The resukts inducate RNA of

good purity.

Table 2.1 Anlaysis of RNA quality and quantity using NanoDrop

Samples ng/uL [A260 A280 260/280 | 260/230
DMEM 621.32 15.533 7.288 2.13 2.2
TNFa (1ng/mL) 467.47 4.961 2.376 2.06 2.11
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243 Optimization of TNFa duration on inflammatory gene expression in
EA.hy926 cells

In order to understand better the effects of FAs on inflammation, it is important
to explore their effects on inflammatory signalling, transcription factor activation
and inflammatory gene expression. Prior to assessing the effects of FAs on
inflammatory gene expression, a time course of the effect of TNFa stimulation on
some genes of interest was performed. Once a time point or several time points
is (are) determined, the FAs effects on inflammatory genes can be assessed.
Alterations in gene expression should occur prior to the expression of analytes
within the cell supernatant so therefore a time course consisting of time points at

30 minutes, 1, 3, 6 and 9 hours stimulation was chosen.

The effect of different concentrations and duration of TNFa exposure on the
expression of 4 genes (NF-kB (subunit 1), MCP-1, PPARqa, PPARy) in EA.hy926 cells
was examined. The aim was to identify optimal conditions for use in future
experiments with FA exposure. The data shown are from 3 separate experiments

each conducted in triplicate, EA.hy926 were used at a passage of >30.
PPARy mRNA was not detected under any conditions used (data not shown).

TNFa increased mRNA for NF-kB and MCP-1 at 3, 6 and 9 hours (Figure 2.15 and
Figure 2.16). Optimal stimulation time with TNFa at 1ng/mL was therefore
selected to be 6 hours. PPARa is an anti-inflammatory gene, and the expression of
this gene was expected to decrease. There was a tendency for this at 6 hours
(Figure 2.17). In order to examine the effects of various FAs on these genes, FA
incubation for 48 hours followed by 6 hours stimulation with TNFa at 1 ng/mL

will be used.
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Figure 2.15 Effect of TNFa stimulation on NF-kB (subunit 1) gene expression in
EA.hy926 cells

Mean (+SEM) (n = 3) gene expression of NF-kB in EA.hy926 cells after exposure to TNFa (1ng/mL). ct values

normalised to B2M.
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Figure 2.16 Effect of TNFa stimulation on MCP-1 gene expression in EA.hy926

cells

Mean (£SEM) (n = 3) gene expression of MCP-1 in EA.hy926 cells after exposure to TNFa (1ng/mL). Ct values

normalised to B2M.
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Figure 2.17 Effect of TNFa stimulation on PPARa gene expression in EA.hy926

cells

Mean (+SEM) (n = 3) gene expression of PPARa in EA.hy926 cells after exposure to TNFa (1ng/mL). Ct values

normalised to B2M.

2.4.4 Optimization of TNFa duration on protein expression in EA.hy926

The effect of TNFa at 1ng/mL on cellular protein levels in EA.hy926 cells was
examined. Inflammatory proteins analysed were NF-kB and COX-2. The aim was to
identify optimal conditions for use in future experiments with FA exposure. The
data shown are from 3 separate experiments each conducted in triplicate,

EA.hy926 were used at a passage of >30.

Activation of NF-kB occurs in the very early stages following stimulation.
Therefore NF-kBp65 levels were measured at 15 minutes, 30 minutes, 1, 3, 4, and
24 hours after stimulation with TNFa at Tng/mL. Activation of NF-kB leads to the
phosphorylation of NF-kBp65 (RelA) a subunit of NF-kB (section 1.2.3),
phosphorylated NF-kBp65 is liberated and translocates to the nucleus. NF-kB
dimers then bind at kB site-containing DNA and cause a cascade of inflammatory
events. Therefore NF-kBp65 (non-phosphorylated) levels indicate inactive NF-kB

and so should initially decrease after stimulation.
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Figure 2.18 shows the cellular concentrations of NF-kBp65 following stimulation
of EA.hy926 cells with 1Tng/mL TNFa for 15 minutes, 30 minutes, 1, 3, 4, and 24
hours. There was a decrease in the levels of NF-kBp65 after 15 minutes to 1 hour
compared to control unstimulated cells (O hours). Levels then start to increase
from 3 to 24 hours. In order to examine the effects of FAs on the levels of NF-

kBp65 cells will be stimulated for 1 hour in future experiments.

Figure 2.19 shows the cellular quantities of COX-2 following stimulation of
EA.hy926 cells with Thg/mL TNFa for 16, 18, 20 and 24 hours. At 6 hours
exposure to TNFa at 1ng/mL a small increase in COX-2 was observed compared
to control unstimulated cells (0 hours). After 16 hours exposure to TNFa at 1
ng/mL quantities of COX-2 peak and then slowly start to decrease over time from
18 - 24 hours. Based on these findings incubation of TNFa at 1Tng/mL for 16
hours was selected as a condition at which to study the effect of FAs on COX-2 in
EA.hy926 cells.
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Figure 2.18 Effect of TNFa stimulation on cellular NF-kBp65 in EA.hy926 cells
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Mean (+SEM) (n = 2) protein expression of NF-kBp65 in EA.hy926 cells after exposure to TNFa (1ng/mL). GAPDH
(37kDa) NF-kBp65 (65kDa). Protein calculated as a ratio of NF-kBp65 to GAPDH.

Time (hours)

0O 6 16 18 20 24

COX2 A b b AL

GAPDH T — T ——— — 36 kD

TNFo (Ing/mL) - + + + <+ +
Hl DMEM
1.0 B TNFa 1ng/ml

0.8
0.6

0.4

COX2/GAPDH

0.2

0.0

Time (hours)

Figure 2.19 Effect of TNFa stimulation on cellular COX-2 protein levels in
EA.hy926 cells

Mean (+SEM) (n = 2) protein expression of COX-2 in EA.hy926 cells after exposure to TNFa (1ng/mL). GAPDH
(37kDa) COX-2 (75kDa). Protein calculated as a ratio of COX-2 to GAPDH.
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2.5 Discussion

The aim of the research described in this chapter was to use the pro-inflammatory
cytokine TNFa to induce an inflammatory response in cultured EA.hy926 cells and
to identify the effects of different doses of TNFa on production of an array of
different inflammatory markers over time, including adhesion molecules,
chemokines, and cytokines, with the objective of optimising the conditions for
studying inflammatory responses of cultured EA.hy926 cells. This aim and the
objectives were met. The research described in this chapter produced a

repeatable working model of inflammation using the EC line EA.hy926.

Luminex was used to quantify analytes secreted by EA.hy926 cells. The optimal
conditions for the production of ICAM-1, IL-6, IL-8, MCP-1, RANTES and VEGF by
EA.hy926 cells were determined. These conditions were TNFa stimulation at 1
ng/mL and for 24 hours. These conditions produced an increase in the
concentrations of all of the analytes assessed. Using these results TNFa
stimulation at 1 ng/mL was then used to analyse optimal stimulation time for

gene expression and cellular protein expression.

RNA was shown to have high RIN scores (RIN 9.70) and therefore was of high
qguality as assessed by Bioanalyzer RNA Total Eukaryote 2100 Nano. RT-gPCR was
used to quantify gene expression after TNFa stimulation (1 ng/mL) in EA.hy926
cells. A time point of 6 hours TNFa stimulation was determined as optimal for

assessing increased gene expression of NF-kB and MCP-1.

Western blot was used to quantify protein expression in TNFa stimulated (1
ng/mL) EA.hy926 cells. The time course of appearance of the two proteins
assessed varied. The optimal time point for lowered expression of NF-kBp65 was
1 hour of TNFa stimulation, and the optimal time point for enhanced expression
of COX-2 was 16 hours of TNFa stimulation.

These conditions will be used in research described in later chapters to examine
the effects of FAs on the expression and secretion of the various inflammatory
analytes. EA.hy926 cells will be stimulated with TNFa at 1 ng/mL using an optimal
time point for each type of analysis; 24 hours for secretion of inflammatory
mediators, 6 hours for gene expression and 1 and 16 hours for intracellular

protein expression.
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The NF-kB activation pathway was described previously in section 1.2.3.
Phosphorylated NF-kBp65 leads to the translocation from the cytosol to the
nucleus and transcription of inflammatory genes including NF-kB itself. Therefore
in Figure 2.15 and Figure 2.18 there is an initial decrease in NF-kB gene
expression and NF-kBp65 protein concentrations after stimulation, this then
increases after time with further stimulation (3 - 24 hrs). Protein expression after
FA incubation will be analysed at the earlier time point (1 hour) and gene
expression at the later time point of 6 hours. This will allow for the study of effect
of FAs on both the quantity of NF-kB being released on activation and then the
ongoing expression of NF-kB.

PPARa has been shown to increase in THP-1T monocyes with incubation with EPA
[157]. This gene is anti-inflammatory, and since the gene has a tendency to
decrease at 6 hours this time point will also be chosen to examine the effects of
FAs.

These genes are representative of genes which will be further examined after FA
incubation. NF-kB and PPARa are examples of transcription factors and MCP-1 is

an example of a cytokine.

Figure 2.20 depicts the changes in gene expression, intracellular proteins and
cytokine secretion in EA.hy926 over time after stimulation with TNFa at Tng/mL.
As expected stimulation of EA.hy926 lead to the increased activation of NF-kB
which in turn increases gene expression leading to production of inflammatory

mediators.
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Figure 2.20 Increases (% change) in gene expression, protein concentrations and

secretion of mediators over time in EA.hy926 stimulated with TNFa
(Ing/mL)

In order to analyse the effect of FAs on the inflammatory response, cells will be
incubated with FAs for 48 hours prior to TNFa stimulation. This incubation time
was chosen based on previous work carried out within our group and has been
demonstrated as an adequate time for FA incorporation into ECs by others [158].
Pre-treatment with FAs has also been shown to have modulating effects compared
to adding FAs concomitantly with stimulation [111], it is more relevant when
assessing protective effects of FAs. Incorporation of FAs into cells after 48 hours
will be measured using gas chromatography (GC). This is vital since change in FA
composition will be important in determining the effect of the different FAs on

the inflammatory response.

Based on the results from the Luminex, RT-qPCR and Western blot TNFa
optimisation Figure 2.21 depicts the experimental procedure for future research.
The experimental design will remain consistent; FA treatment for 48 hours

followed by (up to) 24 hour TNFa treatment.
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Figure 2.21 Experimental design for EA.hy926 incubation with fatty acids

followed by TNFa treatment.

ALA, alpha-linolenic acid, DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; GLA, gamma-linolenic acid;

MTT, 3-(4,5-Dimethylthiazol-2-YI)-2,5-Diphenyltetrazolium Bromide; PCR, polymerase chain reaction; PIN,

pinolenic acid; SDA, stearidonic acid; TNFa, tumour-necrosis factor alpha

74



Chapter 3
Chapter 3: Fatty Acid Incorporation into
Cultured Endothelial Cells
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3.1 Introduction

FAs exist within the membrane of cells, mainly in phospholipids, and from here
can exert many of their biological effects (section 1.2.6.2). These include changes
in lipid rafts (signalling platforms) and in lipid mediator generation and therefore
FAs can modulate how the endothelium interacts with inflammatory cells and with
external signals. It has been shown that when there are higher levels of EPA and
DHA within cell membrane phospholipids there are alterations in cell signalling
and increases in the production of EPA and DHA derived mediators [1] leading to

less inflammation.

Supplementation with various FAs have been shown to increase the levels of FAs
in cellular lipid pools [74, 159, 160], in a dose-dependent manner [159, 161].
Cells may also metabolised FAs including the generation of elongation products

and these FAs may have their own biological functions.

Exposure of EA.hy926 cells to TNFa stimulated an inflammatory response, with
increasing inflammatory mediator production, enhanced inflammatory gene
expression and altered levels of selected cellular proteins seen over the period of
48 hours (Chapter 2). Different time points for TNFa stimulation were determined
as optimal, with a maximum of 24 hour stimulation of TNFa at 1 ng/mL. The
purpose of the experiments described in Chapter 2 was to establish conditions to

investigate the effect of different FAs on EC inflammatory responses.

EPA and DHA, have been shown to reduce inflammatory responses of HUVECs and
other ECs [110, 152, 162], including many aspects involved in development of
atherosclerosis [110, 112, 163, 164]. However the effects of plant-derived FAs on
inflammation in ECs is less well explored, and those who have predominantly use
ALA treatment [165-168].

Although the observed effects of FAs on EC and other cell types most likely occur
as a result of altered cell membrane compositions, few explored effects of EPA
and DHA on inflammation have also described their incorporation into cells [110,
114]. Of those who have examined effects of ALA, SDA, GLA or PIN, very few
report the incorporation of these FAs into the cells or how these FAs are being
metabolised by the cells [166].

Therefore in order to understand effects of FAs on the inflammatory responses of

ECs FA composition changes were considered important to assess. Incorporation
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and metabolism of FAs of interest into the cells was determined by the membrane

FA composition analysis using gas chromatography (GC).

These examinations will help to better understand any effect of plant-derived 18-
carbon FAs (compared with EPA and DHA) on endothelial function and how this

may help to find more sustainable health benefiting FAs.

3.2 Aim and Objectives

The aim of the research described in this chapter was to assess the incorporation
of different FAs into cultured EA.hy926 cells.

The specific objectives were to:

e Determine the viability of EA.hy926 cells after culture with TNFa and
various FAs;

e Determine the FA composition of EA.hy926 cells after culture with various
FAs.

3.3 Methods

3.3.1 Reagents

Reagents and materials used for experiments are described in Appendix A.

3.3.2 Fatty acid dilution.

ALA, SDA, GLA, PIN, EPA and DHA were dissolved in 100% ethanol to prepare 100
mM, 50 mM, and 25 mM stock solutions. Dilutions were made from stocks in
DMEM (complete medium) to create working concentrations of each FA. This gave
an ethanol concentration of 0.1% in working concentrations. FAs were diluted
according to requirements for each experiment. Prior to each experimental
procedure GC analysis was used to verify FA stock concentrations (data not

shown).
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3.3.3 Viability of EA.hy926 cells treated with fatty acids
3.3.3.1 Principle of MTT assay

The MTT Assay measures the cell viability and cytotoxicity. The yellow
tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) is
reduced by metabolically active cells, by the action of dehydrogenase enzymes, to
generate NADH and NADPH resulting in insoluble formazan. This intracellular
purple formazan is then solubilised using isopropanol or other solvents, and the

concentration quantified by spectrophotometric means.

3.3.3.1.1 Assay procedure

The MTT assay was performed on EA.hy926 cells to assess any toxicity of each
individual FA and TNFa.

As described previously (section 2.3.2), confluent EA.hy926 cultures were scraped
from flasks and resuspended at a density of 2 x 10° cells per mL. Cells were
seeded at 1 x 10* cells per well in 96-well flat bottom plates, incubated for 48
hours at 37°C with various FAs at a concentration of 10, 25, 50 or 100 pM
followed by 24 hour incubation with either DMEM or TNFa at 1 ng/mL

After treatment, MTT at 5 ng/mL was added to wells (100 pl/well), and incubated
for 4 hours at 37°C. After incubation, 85 pL supernatant was removed and 75 pL
DMSO added to each well and wells were then incubated at 37°C for a further 5
minutes. Plates were then read on the plate reader at 540 nm. Controls consisted
of cells incubated with DMEM alone and DMEM with 0.1% ethanol. Controls in
DMEM alone were considered to be 100% viable; effects of treatments were

determined as a % of control.

3.3.3.2 Visualisation of EA.hy926

As described previously (2.3.2.1) confluent EA.hy926 cells were scraped from
flasks and resuspended at a density of 2 x 10° cells per mL. Cells were seeded at
1 x 10* cells per well in 96-well flat bottom plates, and incubated for 48 hours at
37°C with the FAs at a concentration of 50 uM followed by 24 hour incubation
with TNFa at 1 ng/mL. EA.hy926 cells were then observed and imaged using the
fluorescence microscope Nikon Elipse Ti with NIS elements software (version

4.30). Images were taken at a magnification of 10x.
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3.3.3.3 Principle of gas chromatography

Gas chromatography (GC) is a technique that can be used for analysis of lipids
which are made volatile by modification of chemical groups. Fatty acid methyl
esters (FAMEs) are separated by the different temperature at which they become
volatile. Factors that influence this are carbon chain length, and number and
position of double bonds. With a longer chain length there is an increase in
temperature at which the FAs enter the vapour phase (i.e. boiling point). However
with an increase in double bonds there is a decrease in boiling point. Differences

in FAME - silica lining interactions are used to separate the FAMEs.

Usually a methyl group is added to the carboxylic end of the FA to form a FAME
by reaction with a methyl donor such as methanol, in the presence of a catalyst,
such as sulphuric acid. This allows for the separation of a wide range of FAs by
lowering the boiling points to lower temperatures than required for the native
FAs.

The gas chromatograph consists of a heated injection port, a fused silica capillary

column which is located within an oven and a detector (Figure 3.1).

FAMEs are injected into the gas chromatograph port and are heated to 200-300°C

and become volatile.

FAMEs are transported into the capillary column via a stream of helium (or
sometimes hydrogen). The capillary column is at a lower temperature than the
injection port causing the FAMEs to condense on the column lining. The column

is then heated and FAMEs dissociate at their individual boiling point.

Sample injector

Gas flow

Chart recorder

" Waste

Detector

Column oven

Carrier gas

Figure 3.1 Schematic of a gas chromotograph system.
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The flame ionisation detector (at 250°C) consists of a hydrogen flame that
surrounds the end of the column. The flame causes combustion of the FAMEs
creating an ion current proportional to the amount of FAMEs in the sample. A
chromatogram is produced which contains a series of peaks, each corresponding
to one FAME. The area under the peak is proportional to the mass of FAME

injected onto the column.

3.3.3.3.1 GC procedure - Incorporation of FAs into EA.hy926

Figure 2.21 depicts the experimental design. Confluent cultures were scraped
from flasks and cells resuspended at a density of 4 x 10° cells/mL in either
culture medium with supplements (control) or culture medium with supplements
containing FAs at a concentration of 10 or 50 uM. Cells were seeded at 1 x 10°
cells per T25 flask and incubated for 48 hours at 37°C. Following incubation cells
were scraped, centrifuged at 1200 rpm for 5 minutes, and resuspended in DMEM
(washed); this was repeated twice. Cell number was determined using a Beckman
Coulter cell counter.

Cells were centrifuged at 1200 rpm for 5 minutes and resuspended in 0.9% NacCl

at a volume to achieve 1.25 x 10° cells/mL.

3.3.34 Principle of Gas Chromatography/Mass spectrometry

The Gas Chromatography/Mass Spectrometry (GC/MS) instrument combines the
features of gas-liquid chromatography and mass spectrometry to identify
different substances. The GC component separates chemical substances and the

MS component identifies fragments of those substances at the molecular level.

The GC portion separates the mixture into individual substances when heated
based on their volatility. The heated gases are then carried through a column
within an inert gas (such as helium). Separated substances then flow into the MS.
Spectra of compounds are collected as they exit the chromatographic column by
the mass spectrometer, which identifies the chemicals according to their mass-to-
charge ratio (m/z). MS can provide detailed structural information on most

compounds that they can be precisely identified.

MS was performed by Magda Minnion, a research technician working for Professor

Martin Feelisch.
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3.3.3.4.1 GC/MS procedure - Incorporation of pinolenic acid into EA.hy926
cells

Figure 2.21 depicts the experimental design. Confluent cultures were scraped
from plates and resuspended at a density of 4 x 10° cells per mL in either culture
medium with supplements (control) or culture medium with supplements
containing PIN at a concentration of 50 pM. Cells were seeded at 1 x 10° cells per
T25 flask, and incubated for 48 hours at 37°C. Following incubation cells were
scraped, centrifuged at 1200 rpm for 5 minutes, and resuspended in DMEM
(washed); this was repeated twice. Cell concentration was determined using a

Beckman Coulter cell counter.

Cells were centrifuged at 1200 rpm for 5 minutes and resuspended in 0.9% NacCl

at a volume to achieve 1.25 x 10° cells/mL.

3.34 EA.hy926 cell fatty acid analysis by gas chromatography
3.3.4.1 Lipid extraction and formation of FAMEs

Total lipid was extracted from cell pellets. Pellets were resuspended at 1.25 x 10°
cells/mL in 0.9% NaCl, 800 pl of which was added to 5 mL chloroform:methanol
(2:1) containing BHT (50 mg/L) anti oxidant and 1 ml 1 M NaCl. Tubes were
vortexed and centrifuged at 2000 rpm for 10 minutes. The lower phase was
collected and dried under N, at 40°C. FAMEs were produced by adding 1 mL of
methanol containing 2% (v/v) H,SO, to each sample and heating at 50°C for 2
hours. Samples were allowed to cool and 1T mL of neutralising solution was added
(0.25M KHCO;, (25.03g/1), 0.5M K,CO, (69.10g/1)). FAMEs were then dissolved in 1
mL of hexane and dried under N,. Samples were resuspended in 150 pL of dry

hexane and transferred to a GC autosampler vial.

3.3.4.2 GC analysis

GC analysis was performed in a Hewlett-Packard 6890 chromatograph fitted with
a SGE BPX-70 capillary column (30 m x 0.2 mm x 0.25 pm) or WCOT fused silica
CP-SIL88 capillary column (100 m x 0.25 mm) and a flame ionising detector. The
split ratio was programmed to 2:1 and 1 pL of sample injected. Temperature of
the injector port was set to 300°C. Helium was used as the FAME carrier gas. A
heating cycle was used to condense the FAMEs. Initially, the oven was heated to
115°C for 2 min, this was then increased by 10°C every minute until reaching

200°C which was held for a further 18 minutes. The column reached a maximum
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temperature of 245°C. FAME histograms produced were analysed with Agilent
ChemStation software. In order to calibrate and identify FAs according to FAME
retention time two standards were used; 37 FAMEs and menhaden oil. Figure 3.2

shows a typical GC trace of a sample of cultured EA.hy926 cells.
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Figure 3.2 Chromatogram of EA.hy926 cells incubated in culture medium for 48

hours.

3.3.5 Statistical analysis

FAME histograms were analysed with Agilent ChemStation software and FA
concentrations calculated as concentration per 1x10° cells. Data are expressed as
mean + standard error; data collection analysis were performed in PRSIM and

Excel. Multiple group differences were compared using one way ANOVA.

3.4 Results

3.4.1 Viability of EA.hy926 cells treated with TNFa and Fatty Acids

FAs were dissolved in ethanol and further diluted in DMEM before EA.hy926
exposure. Cells were incubated for 48 hours with FAs and then further exposed
to TNFa at 1 ng/mL for 24 hours (see Figure 2.21 for experimental design). The
data shown are from 3 separate experiments each conducted in triplicate,

EA.hy926 were used at a passage of >30.

Cell mitochondrial activity was measured using the MTT assay and viability was
calculated as a % of control (DMEM). Ethanol at 0.1% did not affect cell viability.

Cells exposed to 1 ng/mL TNFa alone were shown to be viable over this time
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course (>90%). FAs combined with TNFa exposure had differential effects on

viability according to both FA and FA concentration (Figure 3.3 to Figure 3.8).
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Figure 3.3 Effect of ALA treatment at 10, 25, 50 and 100 pM with or without
TNFa on EA.hy926 cell viability

Mean (+SEM) (n = 3) % of control (EA.hy926 + DMEM) cell viability after 48 hour exposure to ALA (10, 25 and 50
uM) followed by 24 hour TNFa (1 ng/mL). Two way ANOVA; CTL 0.1% (TNFa) vs FA (TNFa), *p<0.05
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Figure 3.4 Effect of SDA treatment at 10, 25, 50 and 100puM with or without TNFa
on EA.hy926 cell viability

Mean (+SEM) (n = 3) % of control (EA.hy926 +DMEM) cell viability after 48 hour exposure to SDA (10 25 and
50uM) followed by 24 hour TNFa (1 ng/mL). Two way ANOVA; CTL 0.1% (TNFa) vs FA (TNFo), *p<0.05
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Figure 3.5 Effect of GLA treatment at 10, 25, 50 and 100uM with or without TNFa
on EA.hy926 cell viability

Mean (+SEM) (n = 3) % of control (EA.hy926 +DMEM) cell viability after 48 hour exposure to GLA (10 25 and
50uM) followed by 24 hour TNFa (1 ng/mL) ). Two way ANOVA; CTL 0.1% (TNFa) vs FA (TNFa)
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Figure 3.6 Effect of PIN treatment at 10, 25, 50 and 100puM with or without TNFa
on EA.hy926 cell viability

Mean (xSEM) (n = 3) % of control (EA.hy926 +DMEM) cell viability after 48 hour exposure to PIN (10 25 and
50uM) followed by 24 hour TNFa (1 ng/mL) ). Two way ANOVA; CTL 0.1% (TNFa) vs FA (TNFa)
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Figure 3.7 Effect of EPA treatment at 10, 25, 50 and 100pM with or without TNFa
on EA.hy926 cell viability

Mean (+SEM) (n = 3) % of control (EA.hy926 +DMEM) cell viability after 48 hour exposure to EPA (10 25 and
50uM) followed by 24 hour TNFa (1 ng/mL) ). Two way ANOVA; CTL 0.1% (TNFa) vs FA (TNFa)
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Figure 3.8 Effect of DHA treatment at 10, 25, 50 and 100pM with or without TNFa
on EA.hy926 cell viability

Mean (+SEM) (n = 3) % of control (EA.hy926 +DMEM) cell viability after 48 hour exposure to DHA (10 25 and
50uM) followed by 24 hour TNFa (1 ng/mL) ). Two way ANOVA; CTL 0.1% (TNFa) vs FA (TNFa), ****p<0.0001

Results showed that after 48 hour FA treatment followed by 24 hour 1ng/mL
TNFa exposure the various FAs had a dose-dependent effect on EA.hy926
viability. Figure 3.3, Figure 3.4 and Figure 3.8 show a significant reduction in
viability of cells cultured with ALA (p<0.05), SDA (p<0.05), and DHA (p<0.0001) at
100 pM compared to stimulated control cells (<60%, <70%, <25% viability,
respectively). EPA too showed a reduction in cell viability at 100 pM (<60%);
however this was not a significant effect (Figure 3.7). Viability for these FAs was
acceptable (>75%) at concentrations of 50 pM and lower. GLA and PIN did not
affect EA.hy926 cell viability even at 100 pM. Based on these results a maximum

concentration of 50 uM for each FA was chosen for future experiments.
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Figure 3.9 Visualisation of TNFa stimulated EA.hy926 after FA exposure at 50 uyM
EA.hy926 cells without prior incubation with FA (control; CTL (A)) or with 48 hours prior exposure to ALA (B),

SDA (C), GLA (D), PIN (E), EPA (F) and DHA (G) (50 pM) followed by 24 hour TNFa (1 ng/mL). EA.hy926 visualised

by fluorescence microscope Nikon Elipse Ti at a magnitude of 10x under transmitted light
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Photographs of EA.hy926 cells were taken at the highest concentration of FA (50
puM) and longest exposure of TNFa (24 hours at 1ng/mL) (Figure 3.9). These
photographs depict healthy confluent cell monolayers after FA and TNFa
exposure, EA.hy926 cells exposed to ALA, SDA, GLA, PIN, EPA and DHA are
comparable to control stimulated cells (DMEM). Interestingly DHA treated cells

appear to be slightly smaller in diameter.

3.4.2 FA incorporation into EA.hy929 cells

FAs were dissolved in ethanol and further diluted in DMEM, EA.hy926 cells were
incubated with the various FAs to allow incorporation into the cell membranes.
Appendix B shows the entire FA composition of EA.hy926 cells incubated in the
control medium without added FAs. The data shown are from 3 separate
experiments each conducted in duplicate, EA.hy926 were used at a passage

of >30. Figure 3.10 to Figure 3.15 show the change in FA composition after 48

hour treatment with each FA at a concentration of 10 yM and 50 pM.

After 48 hour FA treatment, FAs were successfully taken up by EA.hy926 cells in a
dose-dependent manner. Incubation with the different FAs lead to changes in
membrane composition compared to control cells (DMEM alone) and to the

appearance of specific metabolic elongation products.
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Figure 3.10 Incorporation of ALA and appearance of an elongation product (DPA)
after incubation of EA.hy926 cells with ALA for 48 hours

Mean (+xSEM) (n = 3) pug of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to ALA
(10 and 50 pM). Two way ANOVA; control vs FA, *p<0.05, **p<0.01, ****p<0.0001

90



Chapter 3

There was a significant dose-dependent increase in ALA in EA.hy929 cells after
incubation with both 10 and 50 pM ALA (p<0.01 and p<0.0001, respectively)
(Figure 3.10). There were also a significant increase in DPA after 10 (p<0.001)
and 50 pM (p<0.05) ALA treatment.
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EBE8 sSDA (50uM)
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SDA (18:4n3) 20:4n3 EPA (20:5n3) DPA (22:5n3)
Figure 3.11 Incorporation of SDA and appearance of elongation products after

incubation of EA.hy926 cells with SDA for 48 hours

Mean (+SEM) (n = 3) pug of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to SDA
(10 and 50 pM). Two way ANOVA; control vs FA, *p<0.05, ****p<0.0001

Incubation with SDA at 50 uM increased SDA levels significantly (p<0.05), and

also increased levels of several metabolic elongation products including EPA and
DPA (both p<0.0001) (Figure 3.11).
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Figure 3.12 Incorporation of GLA and appearance of an elongation product
(DGLA) after incubation of EA.hy926 cells with GLA for 48 hours

Mean (+SEM) (n = 3) pg of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to GLA
(10 and 50 pM). Two way ANOVA; control vs FA, *p<0.05, **p<0.01, ****p<0.0001

A significant increase in GLA was seen after EA.hy926 cells were exposed to 50
UM GLA (p<0.0001) (Figure 3.12). Once again significant increases in other FAs
were seen when compared to control cells: the elongation product DGLA,
increased significantly after exposure to 10 and 50 uM GLA (p<0.001 and
p<0.0001, respectively).
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Figure 3.13 Incorporation of PIN and appearance of an unknown product after
incubation of EA.hy926 cells with PIN for 48 hours

Mean (+SEM) (n = 3) pug of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to PIN
(10 and 50 pM). Two way ANOVA; control vs FA, **p<0.01, ****p<0.0001

PIN was significantly incorporated into EA.hy926 cells after exposure at 50 yM
(p<0.0001) (Figure 3.13). There was also a dose-dependent increase in an
unknown FA. This product was not able to be identified using GC since the
current standard mixtures used did not contain this FA. Literature suggested the
product to be 7,11,14. eicosatrienoic acid (ETrA), an elongation product of PIN

and an isomer of DGLA [137]. GC/MS was used to identify the product (see
section 3.4.3).
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Figure 3.14 Incorporation of EPA and appearance of an elongation product (DPA)
after incubation of EA.hy926 cells with EPA for 48 hours

Mean (£SEM) (n = 3) pg of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to EPA
(10 and 50 pM). Two way ANOVA; control vs FA, ****p<0.0001

Incubation of EA.hy926 cells with EPA at 50 pM significantly increased EPA
content of the cells (p<0.0001) (Figure 3.14). There was also a significant dose-
dependent increase in DPA after incubation with EPA at 10 and 50 pM (p<0.0001).
Incubation with EPA did not enrich the cells with DHA.
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Figure 3.15 Incorporation of DHA and appearance of a metabolic product (DPA)
after incubation of EA.hy926 cells with DHA for 48 hours

Mean (£SEM) (n = 3) pg of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to DHA
(10 and 50 pM). Two way ANOVA; control vs FA, *p<0.05, ***p<0.001, ****p<0.0001

Incubation of EA.hy926 cells with DHA at 10 and 50 pM significantly increased
DHA content of the cells (p<0.0001) (Figure 3.15). There was also a significant
increase in DPA after incubation with DHA at both 10 and 50 pM (p<0.05). The
presence of DPA suggests retroconversion of DHA since DPA is found on the
pathway prior to DHA; DPA can be synthesised from DHA by limited peroxisomal
B-oxidation [169]. Incubation with DHA did not enrich the cells with EPA.
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3.4.3 GC/MS results

3.4.3.1 Identification of the unknown FA produced in EA.hy926 cells after

incubation with PIN

GC/MS was used to identify the unknown FA produced by EA.hy926 cells after

incubation with PIN.

GC/MS confirmed the presence of the unknown FA after cells were exposed to PIN
(Figure 3.16).
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Figure 3.16 GC chromatogram depicting overlay of control EA.hy926 cells (pink

line) and EA.hy926 cells incubated with PIN (50 pM) (black line)

Figure 3.16 shows the MS total ion chromatogram depicting (A) the ion fragments
of the FA produced in EA.hy926 cells after 48 hours treatment with PIN at 50 pM
and (B) the total ion chromatogram of eicosatrienoic acid (ETrA) taken from the
Lipidhome data base [170]. Comparison of these fragments showed distinct
similarities: fragments of the unknown FA and the known ETrA match suggesting
the unknown FA to be an elongation product identified as eicosatrienoic acid
(ETrA). This is in line with the literature whereby Szu-Jung et al. suggested PIN to

be converted to ETrA in murine microglial BV-2 cells [137] .
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Figure 3.17 GCMS depicting unique identifying fragments of ETrA

A: MS total ion chromatogram of unknown FA present in EA.hy926 cells after exposure to
PIN at 50 pM; B: Total ion chromatogram of ETrA taken from lipidhome data base [170].
Unique fragments highlighted in red.
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3.5 Discussion

The aim of the research described in this chapter was to determine the
incorporation of different FAs into cultured EA.hy926 cells, with the objectives of
assessing the toxicity, if any, of TNFa and FAs and the composition of EA.hy926

cells after culture with the different FA. These aims and objectives were met.

TNFa exposure did not alter EA.hy926 cell viability. Furthermore, exposure to GLA
or PIN for 48 hours prior to TNFa treatment did not affect cell viability even when
the FAs were used at a concentration of 100 pM. In contrast, 48 hour incubation
with ALA, SDA, EPA or DHA at 100 pM followed by 24 hour 1 ng/mL TNFa
exposure reduced EA.hy926 cell viability to < 75% and much more than this when
DHA was used. Therefore the maximal concentration of FA to be used for future
experiments was determined to be 50 uM. EA.hy926 cell viability after exposure
to any FA at <50 pM was >75% and this was deemed acceptable. Others also
report SDA, EPA and DHA treatment at higher doses can damage and decrease
viability of ECs [165, 171], therefore many others use similar concentrations of
FAs in endothelial culture models [111, 112, 167, 172, 173]. However some
studies have used higher concentrations (=100 uM) [112, 162, 164, 174]. It is
notable that two of the FAs that did not affect viability have 18 carbons and three
double bonds. In contrast SDA has four double bonds while EPA and DHA are
longer chained (20 and 22 carbons) and more unsaturated (5 and 6 double
bonds). It is possible that the more unsaturated FAs (SDA, EPA and DHA) are
susceptible to peroxidation in the culture medium and that the peroxidised
products are damaging to the cells. This could be explored by adding an
antioxidant like vitamin E to the culture medium. The three trienoic FAs (ALA,
GLA, PIN) may be more resistant to such peroxidation and so not damaging to the

cells.

Photographs of cells exposed to the highest concentration of FAs (50 uM) and 24
hour exposure to TNFa at a concentration of 1 ng/mL indicated that the cells
looked normal and had good monolayer formation (Figure 3.9). DHA however
appeared to have a slight effect on the morphology of the EA.hy926 cells. These
observations, together with the data from the MTT assay, suggest that the cells

were in a healthy state.

It is important to note that each of the FA stock concentrations was analysed
prior to each experimental procedure by GC analysis (see Appendix C for

example), as well as the concentrations of FA within complete culture medium
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(2.3.2) (see Appendix C). Most publications do not indicate that the researchers
verify the concentrations of the FA stock they use. Doing this ensures that the FA
being used is at the correct concentration allowing for an accurate examination of

the effect of the FA under study. This is one strength of the current work.

3.5.1 FA incorporation and metabolism

Exposure of EA.hy926 cell to any of the six FAs studied resulted in incorporation
of the specific FA into the cells in a dose-dependent manner. EA.hy926 cells were
also shown to produce several different elongation and desaturation products
when exposed to the various different FAs. ALA gave rise to DPA and SDA gave
rise to 20:4n-3, EPA and DPA. SDA produced more EPA and DPA than ALA did,
consistent with other studies suggesting that SDA is a better precursor for EPA
and DPA than ALA [12]. Since ALA gave rise to DPA alone, this may indicate quick
metabolism of EPA into DPA, as a similar metabolism was seen after SDA
treatment at 10 yM, where although EPA was shown to increase this was to a
lower extent than DPA. Incubation with EPA produced DPA. None of ALA, SDA or
EPA produced detectable DHA. These observations show that ECs, or at least the
EA.hy926 cell line, have a fully intact PUFA desaturation and elongation pathway
that produces DPA as its end product within the n-3 FA family. The findings also
suggest that ECs cannot produce their own DHA.

Very few studies have reported ALA incorporation and FA composition of ECs
after ALA treatment. Livingston et al. observed no significant changes in ALA
composition after treatment with ALA (20 pM) and reported no changes in EPA or
DHA [166]. To the best of my knowledge the incorporation of SDA has not been
studied after treatment of ECs in vitro. However researchers have reported
incubation with SDA in 3T3-L1 adipocytes and saw enriched levels of EPA, as well
as of DHA [175]. Furthermore they reported greater enrichment of EPA after SDA
treatment compared to ALA. In the current study incubation with GLA produced
DGLA, but no detectable AA. These findings with cultured ECs are similar to
effects seen by Chapkin et al. in macrophages incubated with GLA; they described
no change in AA content but an increase in DGLA [176]. These observations
suggest that ECs can metabolise GLA but not all the way to AA; why the n-3 FA
pathway to EPA works well, while that same n-6 FA pathway to AA does not is not
clear, but this may be a metabolic attempt to restrict endogenous biosynthesis of

pro-inflammatory and prothrombotic AA within ECs.
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Incubation with DHA produced DPA but not EPA, indicating partial
retroconversion and possibly an attempt to control the extent of DHA
incorporation. Others have also reported retroconversion of DHA in ECs but show
increases in EPA after DHA treatment [151]. It is possible that DHA is
retroconverted to EPA which is rapidly elongated to DPA, so that EPA does not

accumulate but DPA does.

There are few studies of the metabolic fate of PIN, a trienoic FA with an unusual
double bond configuration [177, 178]. PIN itself was well incorporated into
EA.hy926 cells and produced a FA that could not be identified by standard GC. It
was presumed that this was the elongation product ETrA [137]. Further analysis
using GC/MS successfully identified the unknown FA as ETrA. Similarly Chuang et
al. saw increased PIN and ETrA after treatment with PIN (50 pM) in RAW264.7

(murine macrophage) cells [179].

Of those that have described effects of EPA and DHA treatment in ECs, few have
also reported the FA incorporation [110, 114]. Yates et al. described significant
increases in both EPA and DHA after supplementation in ECs. They linked this
incorporation to functional effects of these FAs including a decrease in neutrophil
adhesion in DHA treated cells [114]. De Caterina et al. also showed that treatment
with DHA enriched EC cellular phospholipids, which they directly correlated to the

inhibition of cytokine induced cell surface VCAM-1 expression [110].

However, since few studies report incorporation details after FA treatment of ECs
and most studies make assumptions on the extent to which the FA being
examined has been incorporated, it is possible that these FAs are also elongated
as seen here in the EA.hy926 cells after treatment. This is of importance since the
function of FAs cannot be fully examined and understood without knowing the
extent of FA incorporation and metabolism. This is another strength of the

current work.

The FA elongation products being produced by EA.hy926 may also influence how
the cells respond to inflammatory stimulation. ALA has been shown to have little
effect on cardiovascular outcomes in human studies, whereas SDA has some
effects. It is likely that this difference is due to the extent to which these FAs are
elongated to their longer chain more bioactive metabolites [21]. As shown here
ALA is not metabolised by ECs to the same extent as SDA, and this may influence
how well these two FAs affect inflammation in EA.hy926 cells. Other studies

comparing effects of SDA or ALA supplementation on blood cell VLC n-3 FA
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composition report higher levels of EPA after SDA supplementation than ALA
supplementation [180, 181].

However, the fact the FAs provided to the cells are metabolised to other bioactive
FAs will make it difficult to unequivocally ascribe any effects seen to the specific
FA provided. In order to differentiate between the effects of the parent FA and its
FA metabolites, enzymatic pathways of desaturation and elongation could be

blocked. This may help to define the roles of the specific FAs in inflammation.

3.5.2 Conclusions

Overall the observations made here confirm significant incorporation and
metabolism of FAs provided to cultured EA.hy926 cells. These cells are able to
convert precursor FAs into longer chain, more unsaturated derivatives, although
they appear unable to synthesise DHA. They can retroconvert DHA however.
Despite the significant changes in FA composition, the cells remain viable when
FAs are used at concentrations up to 50 uM. This was further confirmed by
photographs taken of the cells in the most extreme conditions (50 uM FA and 24
hour TNFa at 1 ng/mL), which showed FAs and TNFa did not affect cell monolayer
formation. Together these data indicate cells to be in proper functioning state. It
is assumed that much of the FA incorporation will be into the membrane of the
cells. This provides a link between FA exposure and functional effects. Influence
of the FAs on inflammatory responses of the ECs will be described in the

following chapters.
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Chapter 4: Effect of fatty acids on production
of inflammatory mediators by cultured

endothelial cells
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4.1 Introduction

ECs are the main barrier of exchange and contact between blood and tissues and
therefore immune mediators and molecules secreted by these cells play a major
role in inflammatory processes. It has been described that the marine-derived n-3
PUFAs EPA and DHA show anti-inflammatory effects on ECs. Effects of PUFAs on
endothelial functionality were firstly examined by de Caterina et al. who showed
that ECs treated with DHA had both decreased cytokine-induced expression of
endothelial leukocyte adhesion molecules (VCAM-1 and ICAM-1) and secretion of
inflammatory mediators (IL-6 and IL-8) [110]. Another study by Ibrahim et al.
described reduced VCAM-1 and VEGF expression as well as IL-6 and IL-8
production in IL-1B stimulated HIMEC (human intestinal microvascular endothelial
cells) after DHA treatment [182]. Indeed the literature suggests that the effects of
EPA and DHA on the endothelium could in part be responsible for their health
benefiting actions [26].

Plant-derived FAs may also help to lower endothelium inflammation and by doing
so could have the potential to ameliorate atherosclerosis. However effects of
bioactive plant-derived FAs on ECs are poorly explored. Of the plant FAs, ALA and
SDA, have been more frequently studied, and there are indications that these FAs
have some anti-inflammatory effects [165, 167, 168, 183, 184]. However meta-
analyses have indicated ALA may not have the same potency as marine-derived
EPA and DHA [21, 185]. Few studies have investigated the effects of GLA [183,
186] and PIN [177, 179] on cell inflammation and those that have yield mixed

outcomes.

In chapter 2 an EC based model for examining effects of FAs on inflammation was
established while in chapter 3 both plant and marine-derived FAs were shown to
be incorporated into and metabolised by ECs in culture without a loss in cell
viability. In the context of establishing real alternatives to EPA and DHA for
promotion of human health, candidate FAs need to be examined first in model
systems and where they appear to be of potential benefit they can be carried
forward into animal and human studies. The research described in this chapter
compares the effects of four plant-derived 18 carbon FAs (ALA, SDA, GLA, and
PIN) on inflammatory responses of ECs in vitro with those of EPA and DHA. This is
an important first step in the search for more sustainable sources of bioactive FAs

for promoting human health.
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4.2 Aim and Objectives

The aim of the research described in this chapter was to compare the effects of
four plant-derived and two marine-derived FAs on inflammatory responses of
cultured ECs.

The specific objectives were to:

e compare the effects of four plant-derived FAs (ALA, SDA, GLA and PIN) to
two marine-derived FAs (EPA and DHA) on production of various
inflammatory mediators (ICAM-1, MCP-1, VEGF, IL-6, IL-8, RANTES) by
cultured ECs;

e compare the effect of the plant and marine-derived FAs on the expression
of ICAM-1 on the surface of cultured ECs.

4.3 Methods

4.3.1 Reagents

Reagents and materials used for experiments are described in Appendix A.

4.3.2 Production of inflammatory mediators by cultured EA.hy926 cells

As described previously (2.3.2.1) confluent EA.hy926 cells were scraped from
flasks and resuspended at a density of 2 x 10° cells per mL. Cells were seeded at
1 x 10* cells per well in 96-well flat bottom plates, and incubated for 48 hours at
37°C with the FAs at a concentration of 10, 25 or 50 uM followed by 24 hour
incubation with TNFa at 1 ng/mL. At each time point, supernatant was removed
and stored at -20°C until analysis. Concentrations of cytokines and adhesion
molecules in these supernatants were determined simultaneously using Human
Magnetic Luminex Screening Assay kits by R&D using the assay described in

section 2.3.3.

4.3.2.1 Cell surface expression of ICAM-1 determined by flow cytometry

Confluent EA.hy926 cultures were scraped from flasks and resuspended in
culture medium at a density of 5.5 x 10° cells per mL. Cells were seeded at 5.5 x

10* cells per well in 6-well flat bottom plates, incubated for 48 hours at 37°C with
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various FAs at a concentration of 25 or 50 uM followed by 6 hour incubation with
either DMEM or TNFa at 1 ng/mL.

Following incubation, supernatant was removed and 2 mL cold PBS added to each
well. Cells were detached by scraping and transferred to Eppendorf tubes. Cells
were centrifuged at 1200 rpm for 15 mins. Pellets were then resuspended in
warm PBS containing 2% FBS and transferred to a 96-well plate. The plate was
centrifuged at 1200 rpm for 5 min. Supernatant was discarded and cells stained
with (PE)-conjugated anti-human CD54 (ICAM-1) at 10 pg/mL for 30 min at room
temperature in darkness. Unstained negative controls were also prepared; these
were incubated with PBS alone.

After incubation, samples were washed with PBS containing 2% FBS, centrifuged at
1200 rpm for 5 min. Supernatant was discarded and pellets resuspended in 200
uL BD CellFIX. Plates were then stored at 4°C overnight and were analysed the
following morning. Cells were analysed in a FACS Calibur flow cytometer (Becton

Dickinson) and data collected using CellQuest Pro software.

For each sample 10,000 events were collected. Forward and side scatter were
used to determine the cell size and granularity and a gate was drawn around the
cell population. Cells within this gate were analysed to determine PE fluorescent

staining.

Figure 4.1 shows gating profiles for unstimulated and stimulated stained and
unstained EA.hy926 cells.
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Figure 4.1 Flow cytometry plots for ICAM-1 cell surface analysis. Gating of
EA.hy926 for A) unstimulated unstained cells; B) unstimulated, PE-
conjugated ICAM-1 antibody stained cells; C) stimulated with TNFa
(Ing/mL), PE-conjugated ICAM-1 antibody stained cells.

4.3.2.2 Principle of flow cytometry

Flow cytometry measures and analyses cells as they flow in a stream through the

beam of a laser.
The flow cytometer is composed of

e a flow chamber which is designed to deliver the cells in single file at the

point of measurement;
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e an optic system whereby lasers create light signals (through which
cells/particles are passed) which are then collected/directed by optical
filters to specific detectors

e an electronic system which converts detected light signals into electrical

signals. This electronic signal is processed and analysed using computer
software.

The sample is injected into the centre of a stream of liquid (water or buffer).

Figure 4.2 is a depiction of the main principle of flow cytometry.

<» Sample (stained cells in suspension)

Sheath Fluid ———» ) o

Hydrodynamic focusing of cells

pass through in ‘single file’
Nozzle

Fluorescence emitted
from stained cells detected

S0\ WOV Y NI —

Forward and side
scattered light from
cells detected

b

"N

Laser light source

Figure 4.2 Schematic of flow cytometry principle
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43.3 Statistical analysis

Supernatant concentrations of cytokines and inflammatory mediators were
calculated using the Bio-Plex manager 6.0 software (Bio-Rad). Data are expressed
as mean * standard error; data collection analysis was performed in PRSIM and

Excel. Multiple group differences were compared using one way ANOVA.

Flow cytometry data are expressed as a % of gated CD54* positive cells (control).
Data are expressed as mean * standard error; data collection analysis was

performed in PRSIM and Excel.
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4.4 Results

4.4.1 Effect of fatty acid treatment on production of inflammatory
mediators by EA.hy926 cells

In order to investigate the effect of different FAs on the production of
inflammatory mediators, EA.hy926 cells were exposed to FAs at concentrations of
10, 25 and 50 pyM for 48 hours followed by 24 hour TNFa stimulation at 1 ng/mL.
Concentrations of mediators in the culture medium after 24 hours were evaluated
by Luminex assay. The data shown are from 3 separate experiments each

conducted in triplicate, EA.hy926 were used at a passage of >30.

TNFa treatment was previously shown to increase production of each of the
analytes examined (Figure 2.8 - Figure 2.13). FA exposure was shown to have
differential effects depending on the individual FA and on FA concentration
(Figure 4.3 Figure 4.8). Marine-derived EPA and DHA showed the most potent anti-
inflammatory effects for all analytes measured. Plant-derived GLA and PIN showed
some significant anti-inflammatory effects with a tendency to decrease most of
the analytes measured, whereas ALA and SDA had the least potent effects on

inflammation.
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Figure 4.3 Effect of FA exposure on soluble ICAM-1 production by TNFa stimulated

EA.hy926 cells

Mean (+SEM) (n = 3) concentration of soluble ICAM-1 in the medium of TNFa activated EA.hy926 cells without
prior incubation with FA (control; CTL) or with 48 hours prior exposure to ALA, SDA, GLA, PIN, EPA
and DHA (10, 25 and 50 pM) followed by 24 hour TNFa (1 ng/mL). One way ANOVA a: control vs
FA; b: FA vs DHA; c: FA vs EPA; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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4.4.1.2 IL-6
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Figure 4.4 Effect of FA exposure on IL-6 production by TNFa stimulated EA.hy926 cells

Mean (+SEM) (n = 3) production of IL-6 in activated EA.hy926 (control) or 48 hour exposure to ALA, SDA, GLA,
PIN, EPA and DHA (10, 25 and 50uM) followed by 24 hour TNFa (1ng/mL). IL-6 was measured in
the supernate of endothelial cell cultures. One way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs
EPA; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Figure 4.5 Effect of FA exposure on IL-8 production by TNFa stimulated EA.hy926 cells

Mean (+SEM) (n = 3) production of IL-8 in activated EA.hy926 (control) or 48 hour exposure to ALA, SDA, GLA,
PIN, EPA and DHA (10, 25 and 50uM) followed by 24 hour TNFa (1ng/mL). IL-6 was measured in
the supernate of endothelial cell cultures. One way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs

EPA; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Figure 4.6 Effect of FA exposure on MCP1 production by TNFa stimulated EA.hy926 cells

Mean (+SEM) (n = 3) production of MCP-1 in activated EA.hy926 (control) or 48 hour exposure to ALA, SDA, GLA,
PIN, EPA and DHA (10, 25 and 50uM) followed by 24 hour TNFa (1ng/mL). IL-6 was measured in
the supernate of endothelial cell cultures. One way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs
EPA; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Figure 4.7 Effect of FA exposure on RANTES production by TNFa stimulated EA.hy926

cells

Mean (+SEM) (n = 9) production of RANTES in activated EA.hy926 (control) or 48 hour exposure to ALA, SDA,
GLA, PIN, EPA and DHA (10, 25 and 50uM) followed by 24 hour TNFa (1ng/mL). IL-6 was measured
in the supernate of endothelial cell cultures. One way ANOVA a: control vs FA; b: FA vs DHA; c: FA

vs EPA; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Figure 4.8 Effect of FA exposure on VEGF production by TNFa stimulated EA.hy926 cells

Mean (+SEM) (n = 3) production of VEGF in activated EA.hy926 (control) or 48 hour exposure to ALA, SDA, GLA,
PIN, EPA and DHA (10, 25 and 50uM) followed by 24 hour TNFa (1ng/mL). IL-6 was measured in
the supernate of endothelial cell cultures. One way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs
EPA; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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The concentrations of all analytes examined were significantly increased by TNFa
(data not shown). Differential effects were seen depending on analyte, the specific
FA and the FA concentration (Figure 4.3 - Figure 4.9).

Overall DHA was shown to have the greatest inhibitory effect on production of all
analytes. EPA too significantly decreased the production of many of the
mediators. Plant-derived FAs, specifically GLA and PIN had a tendency to decrease

some of the mediators, but not to the same extent as marine-derived FAs.

ALA did not significantly affect the production of any of mediators studied. At 50
UM ALA showed some tendencies to decrease production of MCP-1 and of soluble
ICAM-1.

SDA performed similarly to ALA, with no significant effects on production of any
of the mediators but there was a tendency for SDA to decrease soluble ICAM-1
and MCP-1 production when used at 50 pM.

When comparing ALA or SDA to EPA and DHA, the marine-derived FAs had a
significantly greater inhibitory effect on the mediators secreted. At all
concentrations, both ALA and SDA treated cells had significantly higher secretion
of IL-8 when compared to the cells treated with marine-derived FAs EPA and DHA.
At 10, 25 and 50 uM EPA and DHA were significantly different from ALA (10 pM
(p<0.000T; 25 pM (p<0.0001, P<0.001) and 50 puM (p<0.01, p<0.0001)

respectively).

GLA treatment of EA.hy926 cells at 10 pM or 25 puM did not significantly decrease
any of the analytes examined. At a concentration of 50 pyM, GLA significantly
decreased soluble ICAM-1 secretion by EA.hy926 cells (p<0.01). Treatment with
GLA at 50 pM also showed a tendency for inhibition of MCP-1 (p0.051).

GLA showed a greater anti-inflammatory effect than either ALA or SDA.
Comparison of the effects of GLA to those of EPA and DHA indicated a less anti-
inflammatory potency of this plant-derived FAs. MCP-1 production was
significantly decreased by both EPA and DHA at 50 uM (p<0.0001), this was
significantly different in GLA treated cells when compared to EPA (p<0.01) and
DHA (p<0.0001).

Of the plant-derived FAs, PIN had the most significant effects on the mediators
studied, although no change was observed after treatment with 10 pM PIN,
compared to control cells. However 25 pyM PIN significantly decreased soluble
ICAM-1 secretion (p<0.05), and with greater effect seen at 50 uM (p<0.01). PIN
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also significantly decreased MCP-1 production when used at a concentration of 50
UM (p<0.05).

When comparing the effects of PIN with those of marine-derived n-3 FAs, EPA and
DHA had greater effects. However, PIN did have a similar effect to EPA and DHA
for some of the analytes examined. The decrease in soluble ICAM-1 secretion
after treatment with 10 pM EPA or DHA was not significantly different from the
effect of PIN. However, when comparing effects of 50 uM FAs on RANTES
production, EPA and DHA had greater effects than PIN (p<0.05, p<0.01,

respectively).

4.4.2 Effect of fatty acid treatment on ICAM-1 cell surface expression in

response to TNFa

TNFa was shown to up-regulate ICAM-1 expression on EA.hy926 cells (Figure 4.1).
Figure 4.9 - Figure 4.10 show the change in surface ICAM-1 expression in
response to TNFa stimulation in EA.hy926 cells pre-treated with ALA, SDA, GLA,
PIN, EPA and DHA. The FA effect is shown as a % of control (6 hour TNF 1 ng/mL
stimulated cells). The data shown are from 3 separate experiments each

conducted in triplicate, EA.hy926 were used at a passage of >30.

FA exposure was shown to have differential effects depending on type and
concentration of FA. The marine-derived n-3 FAs EPA and DHA caused a

significant reduction in ICAM-1 cell surface expression (Figure 4.9 -Figure 4.10).
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Figure 4.10 Effect of FA exposure on cell surface expression of ICAM-1 in EA.hy926

Data are mean (+SEM) ( n = 3) % of control (activated EA.hy926 cells) cell surface expression of ICAM-1 (CD54)
after 48 hour exposure to SDA, EPA and DHA (25 and 50 uM) followed by 6 hour TNFa (1 ng/mL).

One way ANOVA, control vs FA; *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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ALA treatment did not have a significant effect on ICAM-1 cell surface expression
at either concentration. ALA treated cells had significantly higher ICAM-1

expression when compared to DHA treated cells (p<0.0001).

SDA had a greater inhibitory effect on the cell surface expression of ICAM-1
(p<0.05) compared to the other plant-derived FAs, though it was less potent than
both EPA (p<0.001) and DHA (p<0.0001).

GLA and PIN had no effect on ICAM-1 cell surface expression and cells treated
with these two FAs had higher ICAM-1 expression than those treated with EPA or
DHA at 50 pM (p<0.0001).

4.5 Discussion

The aims of the research described in this chapter were to compare the effects of
four plant-derived FAs (ALA, SDA, GLA and PIN) to two marine-derived FAs (EPA
and DHA) on production of various inflammatory mediators (ICAM-1, MCP-1,
VEGF, IL-6, IL-8, RANTES) by cultured ECs and on the expression of ICAM-1 on the

surface of cultured ECs. These aims and the overarching objective were met.

Marine-derived n-3 FAs showed the most potent inhibitory effect on both
inflammatory mediator production by stimulated EA.hy926 cells and cell surface

expression of ICAM-1 on those cells.

4.5.1 Effects of FA on inflammatory mediators

Comparison of FAs at a concentration of 50 pyM revealed DHA as having the
greatest inhibitory effect on mediator production compared to control (TNFa
stimulated EA.hy926 cells). DHA significantly reduced production of all 6 analytes

measured and the effects seen were highly statistically significant.

EPA had the second greatest inhibitory effect (at 50 uM), reducing production of
five of the six analytes examined (soluble ICAM-1, IL-6, MCP-1, IL-8 and VEGF).
EPA was less potent than DHA. Effects of EPA and DHA on production of some of
these mediators by ECs have already been reported by others [110, 182, 187].

EPA and DHA also reduced cell surface ICAM-1 expression; this effect was also
reported by De Caterina et al. [158]. Others have described reduction in surface
ICAM-1 expression after EPA and DHA treatment [110, 150, 187].
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Many others have observed anti-inflammatory effects of EPA and DHA in a variety
of cell types similar to the effects seen within this inflammatory EC model. De
Caterina and Libby demonstrated a decrease in in ICAM-1, IL-6 and IL-8 after n-3
PUFA treatment of ECs [188]. Grenon et al. too showed an effect of EPA on
EA.hy926 cell adhesion molecule expression although they described little or no
effect compared to control cells (TNFa activated) but did argue inhibitory effects
compared to n-6 PUFAs [152]. The anti-inflammatory effects of EPA and DHA are
consistent with data in the literature showing that they slow or prevent
atherosclerosis in experimental animal models and lower the risk of mortality
from CVD in humans [83].

Of the plant-derived FAs, GLA and PIN (at 50 pM) had the most significant anti-
inflammatory effects, whereas ALA and SDA did not affect secretion of any of the
inflammatory mediators examined. However, SDA at 50 uM did lower ICAM-1 cell
surface expression (by 5%) when compared to the other plant-derived FAs, but
this effect was less than those of EPA (-8%) and DHA (-12%). ICAM expression on
the EC surface is important in the development and progression of
atherosclerosis as it is involved in the attraction and adhesion of monocytes to
the endothelium. SDA may therefore have a role in atherosclerosis prevention, so

long as significant concentrations of it can be achieved in vivo.

Some others have explored effects of ALA on secretion of inflammatory mediators
in ECs and a variety of cell types. Similar to observations made here Shen et al.
reported no changes in IL-6 secretion after treatment with ALA (50 and 200 pM)
in LPS-stimulated HUVECs [167]. In contrast, others report significant decreases in
IL-6 and IL-8 after ALA treatment (200 pM) in LPS-stimulated human corneal
epithelial cells (HCECs) [183]. Also in contrast to the findings made with the
current model, those who have reported effects of ALA on ICAM-1 describe
decreases. Shen et al. described decreases in ICAM-1 secretion in LPS-stimulated
HUVECs (50 and 200 pM) [167]. Zhang et al. also describe attenuation of ICAM-1
expression after treatment with ALA (50 pM) in HUVECs exposed to high glucose
[168].

Very few studies report effects of SDA exposure on inflammatory mediator
production in vitro. SDA treatment (100 pM) of LPS-stimulated 3T3-L1 adipocytes
had no effect on the secretion of MCP-1; furthermore the authors reported

increased IL-6 secretion in LPS-stimulated 3T3-L1 adipocytes [184].
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PIN decreased production of soluble ICAM-1 and MCP-1 and had a tendency to
lower production of RANTES. Interestingly PIN did not decrease the abundance of
cell surface ICAM-1 compared to control cells. GLA significantly reduced
production of one mediator (ICAM-1), and showed a tendency to reduce
production of MCP-1 and RANTES.

Studies describing effects of GLA or PIN use different cell models. Similar to
observations made in this EC model, Erdinest et al. described no changes in
either IL-6 or IL-8 levels after treatment with GLA (200 pM) in LPS-stimulated
HCECs [183]. Kim et al. observed reduced MCP-1 production in both rat kidney
epithelial cells (NRK-52E) and mesangial cells after treatment with GLA at 10 and
100 puM [189]. Treatment of EA.hy926 cells with GLA at 50 uM had a tendency to
decrease MCP-1 production. EA.hy926 cell production of IL-6 was not altered by
pre-treatment with PIN in this inflammatory cell model; however some reports
describe decreased IL-6 secretion in LPS-stimulated murine microglial BV-2 cells
after treatment with 50 uM PIN [137].

Differences in effects reported after treatment with these various FAs may be due
to different cell type, concentration of FAs used and the cell stimulus used. The
lack of reports of effects of plant-derived FAs on inflammatory mediator
production in ECs, or in any other cell type, highlights the need for these
investigations. Exploring these mediators of inflammation is important as part of
the process of understanding the functional effects of these bioactive lipids,

especially within the endothelium and the context of atherosclerosis.

4.5.2 Conclusions

Overall, the results obtained from the experiments described in this chapter
support those in the current literature with regard to EPA and DHA, but extend
these to include other inflammatory mediators and other FAs. The findings are
summarised in Table 4.1. The current work adds much new information on the
likely anti-inflammatory and anti-atherosclerotic potential of 18-carbon plant-
derived FAs. Of these, GLA and PIN look the most promising.
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Table 4.1 Summary of effects of FA treatment on inflammatory mediator
production and ICAM-1 surface expression in EA.hy926 cells

Fatty acid Comments

Mediator ALA SDA GLA PIN

production

sICAM-1 4 & NJ Np NN N Effect was dose-dependent
IL-6 &~ & & &~ N2 NN Effect was dose-dependent
IL-8 4 x4 ~ & Y N Effect was dose-dependent
MCP-1 & & & NJ N2 L | Effect was dose-dependent
RANTES e & & ) Effect was dose-dependent
VEGF &~ & & &~ Effect was dose-dependent
Cell-surface ALA SDA GLA PIN

expression

ICAM-1 &~ N2 & S Effect was dose-dependent

Endothelial dysfunction is one of the very early stages in the development of
atherosclerosis which begins with increased abundance of inflammatory signals
including cytokines, chemokines and adhesion markers. Several of the FAs
examined were shown to decrease production of a variety of these key mediators
in stimulated EA.hy926 cells. These effects may be through modulation of gene
expression including transcription factors such as NF-kB and PPARs. Therefore
effects of FAs on expression of inflammatory genes within EA.hy926 cells will be

further explored.
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5.1 Introduction

FAs have been shown to modulate inflammation through the alteration and
activation of different inflammatory genes [65]. FAs can regulate the activity of
several transcription factors including PPARs and NF-kB. This may occur through
direct actions of the FAs themselves or through their oxidised metabolites and
may involve direct binding of the FA or its derivative to the transcription factor
altering its activity. Furthermore, FAs can act indirectly on gene expression
through either their effects on pathways that involve changes in membrane lipid
composition such as G-protein receptor signalling, or their effects on enzymes
(mediated pathways) such as COX [65]. The effects of FAs on gene expression are

cell-specific and can be influenced by FA structure [65].

In the previous chapter it was shown that the various FAs being examined had
differential effects on the production of inflammatory mediators by stimulated
EA.hy926 cells in culture (Chapter 4). In order to better understand these anti-
inflammatory effects, gene expression and the effects on inflammatory signalling
through transcription factors can be examined. This chapter describes effects of

FAs on gene expression.

Prior to assessing the effects of FAs on inflammatory gene expression, a time
course of the effect of TNFa stimulation on some representative genes of interest
was performed. TNFa increased the level of inflammatory gene expression by
EA.hy926 cells in a time dependent manner (section 2.4.3). A time point of 6
hours stimulation was identified to assess the effects of FA on inflammatory

genes.

Several genes of interest were chosen to be examined; these are part of the
inflammatory pathways related to the production of inflammatory mediators
examined in chapter 4. Increasing or decreasing relative expression of the genes
may indicate which pathway the specific FA may act upon in order to exert their

anti-inflammatory effects.

Several studies have examined the effects of EPA and DHA on inflammatory gene
expression pathways in HUVECs and other EC [152, 164, 172, 190]. Effects of
plant-derived FAs (ALA, SDA, GLA and PIN) on inflammatory gene expression in
vitro in EC have not been explored. Thus, the research described in this chapter
compares the effects of four plant-derived 18 carbon FAs (ALA, SDA, GLA, PIN) on

various genes involved in inflammation in ECs with those of EPA and DHA. This
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will allow a better understanding of how these FAs exert their anti-inflammatory
actions. The relative expression of genes encoding inflammatory mediators and

transcription factors was assessed by RT-gPCR.

5.2 Aim and objectives

The aim of the research described in this chapter was to compare the effects of
four plant-derived and two marine-derived FAs on inflammatory gene expression

in cultured ECs.
The specific objective was to:

e compare the effects of four plant-derived FAs (ALA, SDA, GLA and PIN) to
two marine-derived FAs (EPA and DHA) on the expression of genes for
various inflammatory factors (NF-kB, IKKB, COX-2, PPARa, MCP-1 and IL-6)

in cultured ECs
5.3 Methods

5.3.1 Reagents

Reagents and materials used for these experiments are described in Appendix A.

5.3.2 Endothelial cell culture

Confluent EA.hy926 cell cultures were scraped from flasks and resuspended in
culture medium at a density of 5.5 x 10° cells per mL. Cells were seeded at 5.5 x
10* cells per well in 6-well flat bottom plates, incubated for 48 hours at 37°C with
various FAs at a concentration of 25 or 50 pyM, followed by 6 hour incubation with
TNFa at 1 ng/mL. After 6 hours, cells were removed, resuspended in BL-TG buffer
following ReliaPrep™ RNA Cell Miniprep System instructions and stored at -80°C

until analysis.

5.3.3 Analysis of gene expression using RT-qPCR

Gene expression in TNFa stimulated EA.hy926 cells was analysed by RT-qPCR.
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5.3.3.1 Isolation of RNA

Total cellular RNA was extracted from cells using the ReliaPrep™ RNA Cell

Miniprep System as described previously in section 2.3.4.1.

5.3.3.2 RNA analysis.

Isolated RNA quality and quantity were assessed by NanoDrop analysis
(section 2.3.4.2.1 and section 2.3.4.2.2) and the Aglient bioanalyzer
(section 2.3.4.2.3).

5.3.4 cDNA synthesis

GoScript™ Reverse Transcriptase was used to synthesise cDNA from total RNA as

described in section 2.3.4.3.

5.3.5 RT-qPCR

The expression of NF-kB (subunit 1), IKIKB (IKKB), PPARa, MCP-1, PTGS2 (COX-2),
IL-6, GAPDH, RPL13A and B2M genes was assessed by qRT-PCR with TagMan®
gene expression primers; see Appendix A for primer details. The procedure was
as described in section 2.3.4.4. Briefly cDNA was diluted to 5 ng/pL and 4 pL
added to 16 pL of reaction mix (prepared according to the manufacturer’s
specifications) per well in a 96-well plate. Plates were then sealed and loaded into
a thermocycler for the specific number of cycles as per the manufacturer’s

instructions.

5.3.6 geNorm analysis

geNorm kit (primer design) was used to identify the most stable and optimal
number of reference (housekeeping) genes suitable for analysis of gene
expression in the inflammatory EC model. The selection of suitable control genes
is crucial for proper interpretation of RT-qPCR data. A gene expression
normalisation factor can be calculated for each sample based on the geometric

mean of a user-defined number of reference genes.

Duplicate samples from each condition were used; EA.hy926 cells were exposed
to different FAs (ALA, SDA, GLA, PIN, EPA or DHA) at 25 and 50 uM for 48 hours
followed by TNFa stimulation for 6 hours. Data were analysed using geNorm

software gbase*.
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5.3.7 Statistical analysis

Relative gene expression data were calculated using double delta Ct (AACt) values
expressed as fold change of the target gene in test samples relative to control
samples. Initially the geometric mean of the ACt for each housekeeping is
calculated for each sample, and this mean is used to calculate the relative

expression (see section 2.3.5).

Data are expressed as mean + standard error; data analysis was performed in
PRSIM and Excel. Multiple group differences were compared using one way
ANOVA.

5.4 Results

In order to investigate the effect of different FAs on the relative expression of
various genes involved in the inflammatory pathway, EA.hy926 cells were
exposed to FAs at concentrations of 25 and 50 puM for 48 hours followed by 6
hour TNFa stimulation at 1 ng/mL. RNA quantification and integrity were analysed
using NanoDrop and Bioanalyzer. The expression of various genes of interest was
assessed by qRT-PCR (2.3.4.4). The data shown are from 3 separate experiments

each conducted in triplicate, EA.hy926 were used at a passage of >30.

RNA was shown to have high RIN scores and therefore to be of good quality
(Figure 5.1). TNFa treatment was previously shown to increase relative expression

of the genes examined

Figure 2.8 - Figure 2.13). Quantification and identification of suitable reference
genes was performed using geNorm, allowing for robust evaluation of relative
gene expression. The analysis identified 3 stable reference genes for use within
in this experimental design; these were B2M, GAPDH and RPL13A (Figure 5.2).

FA exposure was shown to have differential effects depending on the individual
FA and on FA concentration (Figure 5.3 - Figure 5.8). Marine-derived EPA and DHA
showed the most potent effects on relative expression of the genes analysed.
Plant-derived SDA and GLA showed some significant effects on relative gene

expression, whereas ALA and PIN had the least effect on gene expression.
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5.4.1 RNA integrity

Total cellular RNA isolation was carried out using ReliaPrep™ RNA Cell Miniprep

columns (section 2.3.4.1).

Analysis of RNA using Agilent Bioanlyzer (RNA Total Eukaryote 2100 Nano) was
performed by Melissa Doherty, Laboratory manager (section 2.3.4.2.2). RNA

quantity and quality were also assessed using the NanoDrop (section 2.3.4.2.1).
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Figure 5.1 Aglient Bioanalyzer RNA integrity results.

Bioanalyzer profiles of RNA extracted from activated EA.hy926 cells (control) or 48 hour exposure to ALA, SDA,
GLA, PIN, EPA and DHA (50uM) followed by 6 hour TNFa (1 ng/mL). A) Bands represent 18S and

28S, peaks in B) represent 18S and 28S. RIN scores were measured by Aglient bioanalyzer
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All RNA samples were analysed via the NanoDrop for quantity and quality.
Table 5.1 depicts representative RNA sample 260/280 and 260/230 ratios from
the NanoDrop analysis. Data indicate that RNA was of good quality.

Table 5.1 Anlaysis of RNA quality and quantity using NanoDrop

Samples ng/uL |A260 A280 260/280 | 260/230

ALA 25 uM 427.18 10.68 5.08 2.1 2.14
ALA 50 uM 391.28 9.782 4.719 2.07 2.09
SDA 25 uM 448.94| 11.223 5.408 2.08 2.13
SDA 50 uM 325.66 8.141 3.883 2.1 2.11
GLA 25 uM 469.86 11.746 5.658 2.08 2.15
GLA 50 uM 432.34| 10.809 5.142 2.1 2.13
PIN 25 uM 328.79 8.22 3.903 2.11 2.11
PIN 50 uM 255.3 6.382 3.021 2.11 2.04
EPA 25 uM 399.56 9.989 4.744 2.11 2.13
EPA 50 uM 398.26 9.956 4.7 2.12 2.1
DHA 25 uM 216.95 5.424 2.573 2.11 1.97
DHA 50 pM 270.48 6.762 3.201 2.11 2.02
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5.4.2 Reference gene identification

Samples of each cells cultured in each condition were analysed using the geNorm
kit (primer design) and data were analysed using the geNorm software gbase*.
The optimal number of reference targets in this experimental situation was 3
(geNorm V < 0.15 when comparing a normalization factor based on the 3 or 4
most stable targets) which is shown in Figure 5.2. As such, the optimal
normalization factor can be calculated as the geometric mean of reference targets
RPL13A, B2M and GAPDH.

Average expression stability of reference targets

GeNarmM

ACTB CYC1 YWHAZ RPL13A B2M GAPDH

Figure 5.2 geNrom gbase* analysis for reference genes suitable for the conditions

for the inflammatory model.

5.4.3 Effect of fatty acid treatment on gene expression

The relative expression of all genes examined was significantly increased by TNFa
(data not shown). Differential effects were seen depending on gene, the specific

FA and the FA concentration.

Overall DHA was shown to have the greatest effect on relative expression of all
genes assessed. EPA had less of an effect than DHA and only significantly
modulated the expression of the IL-6 gene compared to control cells, although
EPA showed trends to modulate other genes. Of the plant-derived FAs, SDA and
GLA had some effects on the expression of genes examined, but not to the same
extent as DHA.
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5.4.3.1 NF-kB
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Figure 5.3 Effect of FA exposure on NF-kB (subunit 1, p50) gene expression in TNFa
stimulated EA.hy926 cells

Mean (+SEM) (n = 3) gene expression of NF-kB (subunit 1) in activated EA.hy926 cells (control) or following 48
hour exposure to ALA, SDA, GLA, PIN, EPA and DHA (25 and 50 uM) followed by 6 hour TNFa (1
ng/mL). Ct values for NF-kB gene expression were normalised to RPL13A, B2M and GAPDH. One

way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs EPA; *p<0.05, **p<0.01, ***p<0.001,
**%%n<0.0001
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5.4.3.2 IKKB
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Figure 5.4 Effect of FA exposure on IKKB (IKIKB) gene expression in TNFa stimulated
EA.hy926 cells

Mean (+SEM) (n = 3) gene expression of IKKB (IKIKB) in activated EA.hy926 cells (control) or following 48 hour
exposure to ALA, SDA, GLA, PIN, EPA and DHA (25 and 50 pM) followed by 6 hour TNFa (1
ng/mL). Ct values for NF-kB gene expression were normalised to RPL13A, B2M and GAPDH. One
way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs EPA; *p<0.05, **p<0.01, ***p<0.001,
**%%n<0.0001
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5.4.3.3 PPARa

L1 ALA
B e B e [l sbA
c 1.5=g-bocceao kh__ gk __kkk __wk Fmmmeeee Bl GLA
o Bl PIN
A~ B EPA
2 o Bl DHA
o g 1.09
v g
o c
c
o
o> ©
o O 0.5
>0
EB ~
o
@
0.0
CTL
Fatty acid [25uM]
. L] ALA
2.0-b . Akk  KEKF_  KEEF o Kooooooooo__. 1 sbpA
= € S B GLA
w Bl PIN
S
o 5 1.54 Bl EPA
o 3 Bl DHA
v G
22 1.09
SRS
o B
> o 0.54
E ~
©
o
0.0 " I
CTL I |
Fatty acid [50uM]

Figure 5.5 Effect of FA exposure on PPARa gene expression in TNFa stimulated EA.hy926

cells

Mean (£SEM) (n = 3) gene expression of PPARa in activated EA.hy926 cells (control) or following 48 hour
exposure to ALA, SDA, GLA, PIN, EPA and DHA (25 and 50 pM) followed by 6 hour TNFa (1
ng/mL). Ct values for NF-kB gene expression were normalised to RPL13A, B2M and GAPDH. One
way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs EPA; *p<0.05, **p<0.01, ***p<0.001,
**%%n<0.0001
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Figure 5.6 Effect of FA exposure on COX-2 (PTGS2) gene expression in TNFa stimulated
EA.hy926 cells

Mean (+xSEM) (n = 3) gene expression of COX-2 (PTGS2) in activated EA.hy926 cells (control) or following 48 hour
exposure to ALA, SDA, GLA, PIN, EPA and DHA (25 and 50 puM) followed by 6 hour TNFa (1
ng/mL). Ct values for NF-kB gene expression were normalised to RPL13A, B2M and GAPDH. One
way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs EPA; *p<0.05, **p<0.01, ***p<0.001,
**%%n<0.0001

137



Chapter 5

5.4.3.5 MCP-1
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Figure 5.7 Effect of FA exposure on MCP-1 (CCL2) gene expression in TNFa stimulated
EA.hy926 cells

Mean (+SEM) (n = 3) gene expression of MCP-1 (CCL2) in activated EA.hy926 cells (control) or following 48 hour
exposure to ALA, SDA, GLA, PIN, EPA and DHA (25 and 50 pM) followed by 6 hour TNFa (1
ng/mL). Ct values for NF-kB gene expression were normalised to RPL13A, B2M and GAPDH. One
way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs EPA; *p<0.05, **p<0.01, ***p<0.001,
**%%n<0.0001
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5.4.3.6 IL-6
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Figure 5.8 Effect of FA exposure on IL-6 gene expression in TNFa stimulated EA.hy926

cells
Mean (+SEM) (n = 3) gene expression of IL-6 in activated EA.hy926 cells (control) or following 48 hour exposure
to ALA, SDA, GLA, PIN, EPA and DHA (25 and 50 uM) followed by 6 hour TNFa (1 ng/mL). Ct values

for NF-kB gene expression were normalised to RPL13A, B2M and GAPDH. One way ANOVA a:
control vs FA; b: FA vs DHA; c: FA vs EPA; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Surprisingly in this model modulation of relative gene expression by DHA and EPA
was in some instances “inflammatory” rather than “anti-inflammatory”. Relative
expression of the IL-6 gene was significantly increased by both EPA and DHA at
25 pM (p<0.05, p<0.0001 respectively) and 50 pM (p<0.0001, p<0.0001
respectively) (Figure 5.8). COX-2 gene expression was also significantly increased
by DHA at 25 and 50 pM (p<0.000T1), and EPA too had a tendency to increase the
expression of COX-2 gene, though not to the same extent (Figure 5.6). COX-2
gene expression may be upregulated by EPA and DHA, as these are substrates for
COX-2 but yield ‘less’ inflammatory eicosanoids than AA, although increases in
gene expression do not necessarily lead to increased translation and appearance
of protein within the cell.

DHA at both 25 uM and 50 uM increased relative expression of the gene for IKKB,
which encodes an enzyme that activates and phosphorylates IkBs; increasing IKKB
may cause activation of NF-kB and therefore this effect also seems to be

inflammatory.

ALA did not significantly affect the expression of any of the genes examined. At
25 and 50 pM ALA showed some tendencies to decrease relative gene expression
of MCP-1 (Figure 5.7). ALA also showed some tendencies to increase the relative

gene expression of both NF-kB and IKKB (Figure 5.3 and Figure 5.4).

SDA also had little effect on the expression of the genes examined, although it
did significantly increase IKKB expression at 25 yM compared to control cells
(p<0.05) (Figure 5.4). SDA also showed a tendency to increase NF-kB expression
at both 25 and 50 pM and showed some slight increases in PPARa expression
again at both 25 and 50 puM (Figure 5.5), although these changes were not

significant.

When comparing ALA or SDA to EPA and DHA, the marine-derived FAs had

significantly greater effects on relative expression of the genes examined.

At 25 pM ALA resulted in significantly higher relative gene expression of NF-kB
compared to EPA (p<0.05) (Figure 5.3) and significantly lower gene expression of
MCP-1compared to EPA (p<0.05) (Figure 5.7). Gene expression of IKKB after ALA
treatment at 25 pM was also significantly lower than DHA at that concentration
(p<0.0001) (Figure 5.4). PPARa gene expression after treatment with ALA at both
25 and 50 pM was significantly lower compared to DHA treatment at 25 and 50
UM (p<0.01, p<0.0001T, respectively) (Figure 5.5). ALA resulted in significantly
lower relative gene expression of IL-6 and COX-2 compared to DHA at both 25
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and 50 pM (p<0.0001, p<0.0001, respectively) and significantly lower relative
expression of IL-6 compared to EPA at 50 uM (p<0.0001) (Figure 5.8 and
Figure 5.6).

At 25 and 50 pM SDA resulted in significantly lower relative gene expression of
PPARa compared to DHA at 25 pM (p<0.01) and compared to both EPA and DHA
at 50 pM (p<0.05, p<0.0001, respectively) (Figure 5.5). IL-6 gene expression was
also significantly lower after SDA treatment compared to both EPA and DHA at
both 25 (p<0.05, p<0.0001, respectively and 50 uM (p<0.0001) (Figure 5.8).
Compared to DHA treatment, SDA treatment lead to significantly lower relative

gene expression of COX-2 (p<0.0001) (Figure 6.1).

GLA treatment had the greatest modulating effects on gene expression among
the plant-derived FAs. GLA treatment of EA.hy926 cells at 25 pM significantly
decreased relative gene expression of PPARa, with a trend to increase relative
gene expression at 50 pyM (Figure 5.5). Treatment of EA.hy926 cells with GLA at
50 pM significantly increased relative expression of IL-6 (p<0.05) compared to
control cells, although this what not seen at the lower concentration (25 pM)
(Figure 5.8). GLA treatment at both 25 and 50 uM also had a tendency to increase
the relative gene expression of NF-kB and COX-2 compared to control, although

these effects were not significant (Figure 5.3 and Figure 5.6).

PIN did not significantly affect the expression of any of the genes examined. At
25 and 50 pM PIN showed some tendencies to increase relative gene expression
of NF-kB and MCP-1 (Figure 5.3 and Figure 5.7). PIN treatment at 50 pM also
appeared to increase relative gene expression of IKKB compared to control

(Figure 5.4), although again this was not significant.

Comparison of GLA and PIN to EPA and DHA, showed EPA and DHA to have

greater effects on the expression of genes examined.

GLA treatment lead to significantly lower relative gene expression of IKKB
compared to DHA at both 25 (p<0.01) and 50 puM (p<0.01) (Figure 5.4).This was
also seen with PIN treatment at 25 pM (p<0.01). PIN treatment was also
significantly different compared to EPA at 25 and 50 pM for NF-kB relative gene
expression (p<0.05) (Figure 5.3). Both GLA and PIN treatment lead to lower PPARa
relative gene expression compared to DHA at both 25 (p<0.001, p<0.01,
respectively) and 50 pyM (p<0.0001, p<0.05, respectively) (Figure 5.5).
Significantly lower relative gene expression of COX-2 and IL-6 was also seen after
treatment with GLA compared to DHA at both 25 (p<0.0001) and 50 pM (p<0.01,
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p<0.0001) as well as PIN compared to DHA at both 25 (p<0.0001) and 50 yM
(p<0.00071) (Figure 5.6 and Figure 5.8). Relative IL-6 gene expression was also
significantly different after PIN treatment compared to EPA treatment at 25 uM
(p<0.05) and compared to both GLA and PIN at 50 pyM (p<0.0001) (Figure 5.8).
Lastly relative expression of MCP-1 was significantly lower after treatment with
GLA compared to EPA at 25 uM (p<0.05) (Figure 5.7).

These results indicate the complex nature of the activity of these FAs. Changes in
gene expression do not necessarily result in changes in cellular protein
abundances. This is clearly seen in this inflammatory model where by EPA and
DHA decrease IL-6 secretion by stimulated EA.hy926 cells yet increase IL-6

relative gene expression.

5.5 Discussion

The aims of the research described in this chapter were to compare the effects of
four plant-derived FAs (ALA, SDA, GLA and PIN) to two marine-derived FAs (EPA
and DHA) on the expression of various inflammatory genes (NFkB, IKIKB (IKKB),
PPARa, MCP-1, PTGS2 (COX-2), IL-6) by cultured ECs. The aims and the objective

were met.

Isolated RNA was shown to have high RIN scores indicative of good quality and
integrity (Figure 5.1). geNorm (Primer Design) was used to identify the number of
and the specific reference genes for the analysis of the RT-qPCR. Based on the
geNorm analysis 3 reference genes were optimal for the conditions being
examined; these were B2M, GAPDH and RPL13A (Figure 5.2). This allowed for a
robust analysis of relative gene expression within this inflammatory cell model.
The geometric mean of these reference genes was then used to quantify the

relative expression of the genes of interest (see section 2.3.5).

Increased expression of the NF-KB gene would be considered to be pro-
inflammatory in nature, and could lead to increased NF-kB protein which is a key
transcription factor involved in up-regulation of expression of genes encoding
many proteins involved in inflammation (Chapter 1). Increased expression of
MCP-1 and IL-6 genes may lead to higher quantitates of these inflammatory
mediators and therefore could also be considered to be pro-inflammatory. IKKB is
a protein subunit of IkB kinase (IKK) and acts to phosphorylate the NF-kB
inhibitory subunit (IkBa). This then leads to the activation of NF-kB. Increased

IKKB may therefore lead to increased NF-kB activation. Increased expression of
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COX-2 gene could lead to increased COX-2 protein which as described previously
leads to the synthesis variety of inflammatory or resolving FA-derived mediators
(section 1.2.6.2) depending on the FA which this enzyme is acting upon. In
contrast PPARa is considered to have anti-inflammatory actions, mainly because it

interferes with nuclear translocation of NFkB.

5.5.1 Effects of fatty acids on gene expression

Based upon the findings of chapter 4 and the literature, it was anticipated that
EPA and especially DHA would lower inflammatory and enhance anti-inflammatory
gene expression. However this was not seen. In fact, marine-derived n-3 FAs
induced the greatest fold change increase in expression of the various different

genes examined in stimulated EA.hy926 cells.

Comparison of FAs at a concentration of 50 uyM revealed DHA as having the most
potent effect on gene expression compared to control (TNFa stimulated EA.hy926
cells). DHA at 50 pM significantly increased relative gene expression of IKKB,
PPARa, COX-2 and IL-6, compared to control cells. The effects on PPARa can be
regarded as anti-inflammatory, but those on IKKB, COX-2 and IL-6 could be
considered to be pro-inflammatory. EPA at 50 uM also increased IL-6 relative gene
expression compared to stimulated control cells. There was a tendency for EPA to
also increase COX-2 gene expression, although this was not significant. EPA at 25
UM and at 50 pyM had a tendency to reduce relative gene expression of NF-kB

compared to control cells.

These results indicate a complex role for EPA and DHA in modulating
inflammation, with expression of both pro and anti-inflammatory genes being
altered in EA.hy926 cells after treatment with these FAs. The observations seen
here are also contradictory to the inflammatory proteins being secreted by the
cells which indicate a very potent anti-inflammatory effect of these two derived
FAs. Others too have seen different effects in the relative gene expression

compared to transcription of the proteins within the cell [190, 191].

Both marine-derived n-3 FAs increased the gene expression of COX-2. Similarly
Gdula-Argasinska et al. observed increased COX-2 gene expression after
treatment of HUVECs with DHA at 80 puM for 24 hours [190]. Chene et al. also
described increased COX-2 gene expression after EPA treatment (20 pM) in

human keratinocyte HaCat cells [191].
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Although an induction of COX-2 gene expression by marine n-3 PUFAs seems
counterintuitive it is important to remember that COX-2 can lead to both the
production of inflammatory mediators from AA and to pro resolving mediators
from EPA and DHA. Therefore, increase expression of this gene may indicate a
pathway by which these FAs are having an anti-inflammatory effect in this model.
It is also possible that although the COX-2 gene is being overly expressed the
protein is not being translated. In order to test for this COX-2 protein will be

measured in experiments described in Chapter 6.

Similar to observations made here, Grenon et al. also describe significant
increases in IL-6 gene expression after treatment with EPA at ~16 pM in non-
activated EA.hy926 cells, though they did not see this in TNFa stimulated cells,

which may be because a lower concentration of EPA was used [152].

IL-6 concentration was shown to be lower in the supernatant of EA.hy926 cells
treated with DHA compared to control cells (Chapter 4) yet here there was an
increase in IL-6 gene expression in DHA treated cells. Again it is possible the IL-6
protein is not translated, or that changes in membrane composition after DHA
treatment may lead to the blocking of the secretion of the protein. One way of
assessing this would be to look at the cellular content of IL-6 after DHA

treatment.

Although EPA and DHA did modulate gene expression of the transcription factors
in this model, others describe no effect of EPA and DHA (10, 25 and 100 pM) on
the expression of PPARs or NF-kB mRNA in TNFa stimulated HUVECs [174].

Of the plant-derived FAs, at a concentration of 50 yM, only pre-treatment with
GLA had significant effects on relative gene expression. GLA significantly
increased IL-6 gene expression compared to control stimulated cells, with a
tendency to increase COX-2 at both 25 and 50 pM. No other plant-derived FA at
50 uM had any effect on relative expression in any of the genes analysed. GLA
was also seen to significantly reduce PPARa mRNA at 25 uM compared to control
cells. SDA at 25 pM significantly increased relative IKKB gene expression
compared to control cells. ALA and PIN were shown to have no effect on relative

expression of any of the genes examined.

There is no previous research on the effects of these plant-derived FAs on gene
expression in ECs. Some researchers have reported differences after treatment
with ALA and GLA in other cell types. Similar to the effects of GLA in EA.hy926

cells, others observed increases in COX-2 gene expression with GLA in human
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keratinocyte HaCat cells [191]. Erdinest et al. described ALA to significantly
decrease IkBa and IL-6 gene expression in LPS stimulated human corneal
epithelial cells [183]; however this was not observed in the EA.hy926 model.
Wang et al. examined effects of ALA (20 uM) on relative gene expression of COX-
2 in oxidative stress induced porcine ECs, they described no changes compared

to control cells [192].

5.5.2 Conclusions

The effects of the FAs seen here indicate EPA and more especially DHA have
modulatory effects on gene expression in TNFa activated ECs. Plant-derived SDA
and GLA also have some effects on relative gene expression within this model.
The findings are summarised in Table 5.2. The effects on gene expression are

different from those described for secreted protein in Chapter 4.

Table 5.2 Summary of effects of FA treatment on inflammatory gene expression
in EA.hy926 cells

Fatty acid Comments

Gene ALA SDA GLA PIN EPA DHA

NF-kB &~ & S AN PAEN PARN No changes observed
IKKB & ™ & &~ & ™M Effect was dose-dependent
PPARa — & J = PARN 1 Effect was dose-dependent
COX-2 4 & ™ & ™ ™~ Effect was dose-dependent
MCP-1 L & <~ ) P PARN Effect was dose-dependent
IL-6 &~ & o o ™ ™M Effect was dose-dependent

In order to identify whether the altered gene expression after exposure to FAs is
related to changes in inflammatory pathways, some proteins of interest will be
examined using Western blotting in Chapter 6. Various FA treatments modulated
expression of the IKKB gene. IKK activity causes activation of NF-kB; however IKK-
related kinase phosphorylation may prevent the over production of inflammatory
mediators since they exert negative regulation on IKKs. In order to examine this
further, phosphorylated and non-phosphorylated NF-kB will be quantified using
Western blotting after treatment with all FAs. COX-2 and IL-6 mRNA are shown to
have large fold increases in gene expression after EPA and DHA treatment and
therefore cellular content of these proteins will also be examined using Western
blotting.
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Chapter 6: Effect of fatty acids on
inflammatory proteins in cultured

endothelial cells
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6.1 Introduction

Inflammatory processes of ECs play a key role in the development of
atherosclerosis (section 1.2.5) and proper EC function is critical for regulation of
inflammation. FAs have been shown to modulate different inflammatory proteins
in ECs [158, 163, 167, 174], with different FAs having different effects
(Chapter4). Chapter 4 focussed upon extracellular appearance of cytokines and
related inflammatory mediators. Intracellular proteins (signalling proteins,
transcription factors, enzymes) also change in response to inflammatory stimuli
as part of the cascade of signalling events which eventually lead to the secretion
of inflammatory cytokines, chemokines, lipid mediators and other types of
mediator as well as the appearance of cell surface adhesion markers. It is possible
that FAs may modulate the levels and activities these intracellular proteins as part

of their role in controlling inflammatory responses.

Previous chapters have shown the effects of different FAs being explored within
the context of an inflammatory model using human ECs. The model was
developed in the experiments described in Chapter 2Chapter 2: and subsequent
experiments showed that FAs have differential effects on inflammatory mediator
production (Chapter 4) and relative expression of genes involved in inflammation
(Chapter 6). The results obtained confirm potent effects of EPA and especially
DHA on inflammatory processes, and describe more limited effects with
treatment with several plant-derived FAs (ALA, SDA, GLA and PIN), which may
offer future sustainable alternatives. However it is important to note that the
effects on gene expression and on secreted inflammatory mediators did not
always match. Reasons for this are not clear but may relate to effects on protein
synthesis, protein modification and protein secretion.

In order to better understand the pathway of action of FAs on inflammation in
ECs, several proteins involved in inflammation were examined. These include NF-
kB and COX-2. These two proteins play a vital role in the pathogenesis of

inflammation.

NF-kB is a transcription factor which is responsible for the modulation of
inflammation as it regulates the expression of numerous genes encoding pro-
inflammatory proteins including adhesion molecules, chemokines and cytokines
[193]. The NF-kB complex is formed from five family member protein monomers
(RelA (p65), RelB, cRel, p50 and p52) [32], and resides in the cytoplasm in an

inactive from associated with a class of inhibitory proteins termed IkBs. The IkB
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family members have common Ankyrin repeat domains, which regulate
subcellular localisation and therefore the DNA binding and transcriptional activity
of NF-kB proteins. The basis for the cytoplasmic localisation of the inactive NF-
kB:lIkB complex is thought to be due to masking of the NLS (nuclear localisation
signals) on the NF-kB subunits by the IkB proteins [194]. Therefore IkB
degradation leads to the unmasking of NLS on the NF-kB subunits allowing free

NF-kB to undergo translocation to the nucleus.

NF-kB is activated through a variety of different inflammatory signals including
cytokines like TNF. This activation involves several mechanisms including
degradation of the IkB proteins, processing of NF-kB precursor proteins, and
expression of NF-kB monomer proteins [32]. Multi-subunit protein kinase, the IkB
kinases (IKK), are activated through phosphorylation, and several inflammatory
cytokines, including TNFa, result in IKK phosphorylation-dependent activation of
NF-kB. IKK phosphorylates NF-kB bound IkBs targeting them for ubiquitination
and proteasomal degradation [195]. As IkBs degrade, free NF-kB is then able to
translocate to the nucleus where it binds kB sites on DNA and activates gene
expression [32]. The IkBs display a preference for specific NF-kB/Rel complexes,
which may provide a means to regulate the activation of distinct Rel/NF-kB

complexes. In most cells NF-kB dimers p65(relA):p50 are associated with IkBa .

In this chapter the phosphorylation of NF-kBp65 will be examined: greater
phosphorylation suggests greater activity of NF-kB since, once phosphorylated,
NF-kBp65 translocates to the nucleus and begins to transcribe the genes

encoding various mediators involved in the inflammatory process (section 1.2.3).

COX-2 is an enzyme which acts upon FAs to produce a variety of different lipid
mediators (section 1.2.6.2). AA is the dominant substrate for synthesis of
eicosanoids including prostaglandins, leukotrienes and thromboxanes, which play
a role in inflammatory regulation. However EPA and DHA are also COX-2
substrates generating alternative lipid mediators including resolvins, protectins
and maresins. These EPA- and DHA-derived mediators have been shown to exert
anti-inflammatory and inflammation resolving effects in cell culture and animal
models [77-79]. Dietary supplementation of EPA and DHA leads to increases of
both these n-3 PUFAs within the cellular phospholipids, partially at the expense of
AA [74], and can therefore alter the inflammatory response through this

mechanism.
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In chapter 5, GLA, EPA and DHA were shown to increase COX-2 gene expression,
this may lead to greater translation of COX-2, which in turn could change
inflammatory lipid mediators and inflammatory potency depending on the FA
which is being used as substrate (section 1.2.6.2). In this chapter FA treatment on

COX-2 protein expression will be explored.

In Chapter 2 an EC based model for examining effects of FAs on inflammation
was established. Prior to assessing the effects of FAs on inflammatory cellular
proteins a time course of the effect of TNFa stimulation on COX-2 and NF-kB was
performed. TNFa decreased the cellular quantity of non-phosphorylated NF-kBp65
in EA.hy926 cells in a time dependent manner; this subunit of NF-kB becomes
phosphorylated in response to cellular activation, and therefore the amount of
non-phosphorylated NF-kBp65 is decreased as NF-kB is activated. A time point of

1 hour stimulation was chosen to explore effects of FAs on NF-kB protein.

COX-2 is inducible under inflammatory conditions. TNFa increased the level of
COX-2 in EA.hy926 cells in a time dependent manner (section 2.4.3). A time point
of 16 hours stimulation was used to assess the effect of FAs on COX-2 cellular

protein levels.

Previously it has been shown that several of the plant-derived FAs possess some
anti-inflammatory actions and therefore may have the potential as alternatives to
EPA and DHA. The pathway of action of these FAs needs to be further examined
in order to be carried forward to animal and human studies. The research
described in this chapter compares the effects of four plant-derived 18 carbon
FAs (ALA, SDA, GLA, PIN) on expression of intracellular inflammatory proteins in
EA.hy926 cells in vitro with those of EPA and DHA. This is an important step in
the search more sustainable sources of bioactive FAs for promoting human
health.

6.2 Aim and objectives

The aim of the research described in this chapter was to compare the effects of
four plant-derived and two marine-derived FAs on inflammatory responses of
cultured ECs.

The specific objective was to:
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e Compare the effects of four plant-derived FAs (ALA, SDA, GLA and PIN) to
two marine-derived FAs (EPA and DHA) on cellular levels of NF-kBp65,
phosphorylated NF-kBp65 (pNF-kBp65) and COX-2 in cultured ECs.

6.3 Methods

6.3.1 Reagents

Reagents and materials used for the experiments are described in Appendix A.

6.3.2 Endothelial cell culture

As described previously in section 2.3.2.3 confluent EA.hy926 cell cultures were
scraped from flasks and resuspended in culture medium at a density of 5.5 x 10°
cells per mL. Cells were seeded at 5.5 x 10 cells per well in 6-well flat bottom
plates, incubated for 48 hours at 37°C with various FAs at a concentration of 50
uM, followed by 1 or 16 hours incubation with TNFa at 1 ng/mL. At each time
point, cells were removed, resuspended in RIPA buffer and stored at -80°C until

analysis (see section 2.3.6).

6.3.2.1 Analysis of inflammatory intracellular proteins by EA.hy926

Concentrations of intracellular proteins from EC lysates were determined using

Western blotting, as described in section 2.3.6.3.1.

6.3.2.2 Protein quantification BCA assay

The BCA assay was carried out to analyse protein concentrations in cell lysates as
described in section 2.3.6.2.1.

6.3.2.3  Western blotting

The expression of NF-kBp65, phosphorylated NF-kBp65 (pNF-kBp65), COX-2 and
GAPDH was assessed by Western blotting; see Appendix A for antibody details.
The procedure was as described in section 2.3.6.3.1. Briefly, samples were
diluted and a total of 30 ng loaded into precast 10% SDS-PAG (Optiblot, Abcam)
alongside Prism Ultra Protein Ladder (10-245kDa). Gels were run for 1.5- 2 hours
and then proteins transferred onto nitrocellulose membrane which were probed

with antibodies for proteins of interest.
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6.3.3 Statistical analysis

Western blots were quantified using Image) software and relative quantification
values are presented as the ratio of each protein band relative to the lane’s

loading control (reference protein) (section 2.3.6.4 ).

Data are expressed as mean + standard error; data analysis was performed in
PRSIM and Excel. Multiple group differences were compared using one way
ANOVA.

6.4 Results

In order to investigate the effect of different FAs on various cellular proteins
involved in inflammation, EA.hy926 cells were exposed to FAs at a concentration
of 50 uM for 48 hours followed by 1 or 16 hours TNFa stimulation at 1 ng/mL,
depending on protein being examined. TNFa treatment was previously shown to
modulate proteins of interest (Figure 2.18 and Figure 2.19). Total protein was
qguantified using the BCA assay and the expression of proteins of interest was
assessed by Western blotting and quantified using imageJ. Data are presented as
a ratio of COX-2 to GAPDH and pNF-kBp65 to NF-kBp65. The data shown are from
3 separate experiments each conducted in triplicate, EA.hy926 were used at a
passage of >30. 1 sample per treatment from each experiment was analysed by

western blot generating 3 blots per experiment.

FA exposure was shown to have differential effects depending on the protein
being examined and the individual FA (Figure 6.1and Figure 6.2). Marine-derived
DHA showed the most potent effects on levels of the intracellular proteins being
analysed. EPA and PIN also had some significant effects while ALA, SDA and GLA
had the least effects.
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6.4.1 COX-2
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Figure 6.1 Effect of FA exposure on intracellular COX-2 in TNFa stimulated EA.hy926

cells

Mean (xSEM) (n = 3) cellular levels of COX-2 in activated EA.hy926 cells without prior incubation with FA (control;
CTL) or with 48 hours prior exposure to ALA, SDA, GLA, PIN, EPA and DHA (50 uM) followed by 16
hours exposure to TNFa (1 ng/mL). COX-2 was measured in the whole cell lysate by Western
blotting. One way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs EPA; *p<0.05, **p<0.01,
***n<0.001
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6.4.2 NF-kB
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Figure 6.2 Effect of FA exposure on intracellular phosphoNF-kBp65 and NF-KBp65
quantities by TNFa stimulated EA.hy926 cells

Mean (+SEM) (n = 3) production of pNF-KBp65 and NF-KBp65 activated EA.hy926 cells without prior incubation
with FA (control; CTL) or with 48 hours prior exposure to ALA, SDA, GLA, PIN, EPA and DHA (50
uM) followed by 1 hour TNFa (1 ng/mL). pNF-KBp65 and NF-KBp65 were measured in the whole
cell lysate of endothelial cell cultures. One way ANOVA a: control vs FA; b: FA vs DHA; c: FA vs

EPA; *p<0.05, **p<0.01, ***p<0.001

DHA exposure at 50 uM significantly decreased COX-2 protein levels compared to
control (p<0.01) (Figure 6.1). This contrasts with the previous, unexpected,
finding that DHA treatment lead to an increase in gene expression of COX-2 in
this model (Chapter 5). DHA also significantly decreased the ratio of pNF-
kBp65/NF-kBp65 (p<0.001) and the overall quantities of both pNF-kBp65 and NF-
kBp65 (Figure 6.2). EPA treatment also lead to significantly lower levels of COX-2
protein than in control cells (p<0.05) (Figure 6.1); again this is in contrast to

previous results which showed EPA increasing COX-2 gene expression in

154



Chapter 6

EA.hy926 cells (Chapter 5). However, in contrast to DHA, EPA had no effect on the
pNF-Kbp65/NF-kBp65 ratio (Figure 6.2). This may indicate different anti-

inflammatory mechanisms of action of EPA and DHA.

ALA, SDA or GLA had no significant effects on either of the proteins examined in
this model (Figure 6.1 and Figure 6.2). However ALA treatment had a tendency to
increase the ratio of pNF-kBp65/NF-kBp65 while GLA treatment had a tendency to
increase COX-2 expression compared to control. This mirrors a tendency to
increase COX-2 relative gene expression after treatment with GLA (Chapter 5).
Treatment with SDA had no effect on either COX-2 or pNF-kBp65/NF-kBp65 ratio.
EA.hy926 cells pre-treated with PIN however showed significantly decreased COX-
2 expression compared to control (p<0.05) and a tendency to a decreased pNF-
kBp65/NF-kBp65 ratio, although this was not significant (Figure 6.1 and

Figure 6.2).

Comparing protein levels of COX-2 after exposure to plant-derived FAs to EPA and
DHA showed significant differences between SDA and GLA treatment compared to
treatment with DHA (p<0.01, p<0.001, respectively) and GLA treatment also lead
to significantly higher proteins levels of COX-2 than EPA (p<0.01).

ALA, SDA and GLA treatments all lead to significantly higher ratios of pNF-
kBp65/NF-kBp65 protein levels in stimulated EA.hy926 cells compared to DHA
(p<0.001, p<0.001, p<0.01 respectively). Pre-treatment with ALA also produced a
significantly higher ratio of pNF-kBp65/NF-kBp65 compared to EPA treatment
(p<0.05). Furthermore EPA treatment lead to significantly higher protein ratios of
pNF-kBp65/NF-kBp65 than DHA treatment (p<0.01).

6.5 Discussion

In order to better understand the effects of plant and marine-derived FAs on
inflammatory pathways, two proteins involved in inflammation were examined
after treatment of ECs with the FAs.

In this model DHA treatment (50 uM) had the strongest effect on the
inflammatory proteins assessed, decreasing total COX-2 protein and the pNF-
kBp65/NF-kBp65 ratio. These findings indicate an anti-inflammatory role for DHA
through a decrease in proteins involved in pro-inflammatory signalling. The effect
on pNF-kBp65 would be expected to lower expression of genes involved in

inflammation like cytokines, chemokines, adhesion molecules and COX-2;
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however this was not seen (Chapter 5) although secreted levels of cytokines and
chemokines, ICAM-1 surface expression and COX-2 protein were all decreased by
DHA. The decrease in COX-2 protein would be expected to result in lower
production of inflammatory lipid mediators from the substrate AA. This was not
examined here but is a common finding especially with cells cultured in the
presence of DHA [182, 190].

Treatment with EPA was also shown to decrease COX-2 protein compared to
control cells, although EPA did not reduce NF-kB activity as assessed by pNF-
kBp65. The finding that EPA treatment resulted in a significantly higher ratio of
pNF-kBp65/NF-kBp65 than DHA indicates differences in how these marine-derived

FAs affect inflammation.

Others have described reduced quantities of COX-2 protein after treatment with
EPA (20, 50 and 100 pM) and to a greater extent DHA (10, 20, 50 and 100 puM)
[162] in HUVECs. Massaro et al. described a 50% reduction in cellular COX-2
protein levels after DHA treatment (25 pM) in IL-1a stimulated HSVECs compared
to control cells [196]. Similarly Chen et al. described reduced COX-2 protein levels
after treatment with DHA (10 and 40 pM) in rat brain microvascular ECs [197].
However some studies report no changes in COX-2 levels after treatment with EPA
or DHA in VEGF-stimulated HUVECs [165].

Others have also described reduced NF-kB activity after DHA treatment of various
cell types. Some reported reduced nuclear translocation of the p65 NF-kB subunit
after DHA treatment in IL-1a stimulated HSVECs [196]. Huang et al. describe
inhibition of phosphorylation of IkBa, and therefore inhibition of NF-kB activation,
after EPA and DHA treatment (100 pM) in LPS-stimulated HAECs [164]. Similarly
EPA treatment (50 pM) resulted in significant reductions in palmitic acid-
stimulated IkB degradation and NF-kB translocation in HUVECs [198]. Like
findings described here where DHA, but not EPA, reduced NF-kB via decreased
phosphorylation of NF-kBp65, Wang et al. observed a reduction in
phosphorylation of IkBa after DHA (80 uM) and not EPA (80 puM) treatment in TNFa
stimulated HAECs [112]. In contrast to these findings, Goua et al. saw no changes
in IkBa phosphorylation after EPA or DHA treatment (50 pM) in TNFa stimulated
HUVECs [150].

Effects of plant-derived FAs on intracellular proteins involved in inflammation

including COX-2 and NF-kB are less well described. Furthermore very few studies
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have examined effects of these FAs in human endothelial cell models,

highlighting the novelty of the current work.

Similar to the findings seen here, Szymczak et al. describe no changes in COX-2
levels after treatment with either ALA or SDA (10 uM) in VEGF-stimulated HUVECs
[165]. Wang et al. also reported that ALA treatment (20 pM) of porcine ECs had no
effect on COX-2 quantities compared to stimulated control cells, as well as

describing no effects of ALA on nuclear NF-kB levels [192].

There are no studies describing effects of GLA or PIN on COX-2 or NF-kB activity
in human ECs. Cao et al. examined the effects of GLA on NF-kB activity in LPS
stimulated primary goat mammary gland epithelial cells [186]: GLA at 100 pM
significantly reduced NF-kB activity, which was reported to occur via the CD36
receptor. In this model PIN had a tendency to decrease NF-kB activity, although
this was not significant. Others reported increased COX-2 quantities in LPS
stimulated RAW264.7 (murine macrophage) cells after PIN treatment (50 pM)
[179]. However in the current EC model PIN significantly reduced COX-2 protein
levels compared to stimulated control cells. The previous observations were seen
using animal, not human, cell models. Therefore differences seen between the
current study and previous reports may be due to a variety of factors including
different cell type, FA concentration and FA incubation time as well as stimulus

used.

6.5.1 Conclusions

The findings of this chapter are summarised in Table 6.1.

Table 6.1 Summary of effects of FA treatment on protein expression in EA.hy926

cells
Fatty acid Comments
Protein ALA SDA GLA PIN EPA DHA
COX-2 4 4 4 N N} NN
NF-kB/pNF-kB & & & J PARN J Tendency after PIN
treatment

DHA decreases COX-2 protein levels and the level of activated NF-kBp65 in TNFa-
stimulated human ECs. Treatment with EPA and PIN decreased COX-2 protein
expression, and PIN had a tendency to decrease NF-kB activity. ALA, SDA and GLA

do not affect these proteins in this model and at the concentrations used. These
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findings support those in the current literature with regard to DHA and to some
extent EPA but suggest different mechanisms of action of EPA and DHA. These
findings also indicate a role for PIN as an anti-inflammatory FA. These findings
add to the understanding of anti-inflammatory actions of 18-carbon plant-derived
FAs.
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Chapter 7: Binding of monocytes to fatty acid

treated endothelial cells
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7.1 Introduction

Previously it has been shown marine FAs, especially DHA, have anti-inflammatory
actions on ECs stimulated with TNFa (Chapter 4 and Chapter 6), and that some of
the plant-derived FAs, particularly GLA and PIN, also act in an anti-inflammatory
manner although at lower potency. Effects were identified by measuring
inflammatory cytokines and chemokines being secreted from the ECs (Chapter 4)
and selected inflammatory proteins within the cells (Chapter 6). There were also
indications of effects of FAs on inflammatory signalling where there were
differences in transcription factor activation (Chapter 6) and inflammatory gene
expression (Chapter 5), although these were not always in the same direction. An
effect of SDA, EPA and DHA on surface expression of the adhesion molecule
ICAM-1 was also seen (Chapter 4). This might affect binding of leukocytes,
especially monocytes, to the ECs. This would be important in preventing or
slowing the early stages of atherosclerosis since monocyte attachment to and
movement through the endothelium is a key early step in the development of

atherosclerosis (section 1.2.5).

Adhesion molecules expressed on ECs play an important role in leukocyte-
endothelium interactions (see section 1.2.2). The adhesion molecules expressed
on ECs include selectins, members of the immunoglobulin superfamily (e.g. ICAM-

1) and vascular cell adhesion molecule 1 (VCAM-1) [26].

Various reports describe reduction of surface adhesion molecule expression after
treatment with EPA and DHA in a number of different EC models (see

section 1.3.1), these effects could lead to a decrease in leukocyte infiltration into
the blood vessel wall, reduced inflammation, and greater plaque stability [26]. It
has been demonstrated that individuals consuming increased amounts of EPA and
DHA have a lower risk of cardiovascular events and mortality [101, 199]. This
could be explained in some part by a reduction in atherosclerosis. LC n-3 PUFAs

have been shown to help to stabilise plaques [200].
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Table 7.1 Studies investigating the effect of increased EPA and or DHA on adhesion markers in various endothelial cells.

The magnitude of statistically significant effects is indicated; where there was no statistically significant effect “None” is entered. (Baker et al.

L9l

[26]).
Cell type | EPA or DHA Stimulus |Outcomes Effect of EPA Effect of DHA Reference
concentration used measured (approx. % change (approx. % change
where significant) where significant)
HUVECs |65 uM EPA or |IL-1B MRNA Collie-
DHA VCAM-1 None None Duguid and
ICAM-1 None None Wahle
E-selectin None None (1996)
[111]
HSVECs |10 uM DHA TNFa or IL- |Cell surface De Caterina
Ta expression et al. (1994)
VCAM-1 None -30% [110]
Protein
VCAM-1 NA -23%
ICAM-1 NA -53%
E-selectin NA -52%
MRNA
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VCAM-1 NA -50%
HUVECs |10 uM EPA or |TNFa 20 hr |Cell surface Mayer et al.
DHA expression (2002)
VCAM-1 None None [173]
ICAM-1 None None
E-selectin None None
HCAECs |10 or 50 uM Ox-LDL Protein Chen et al.
EPA or DHA ICAM-1 -22%, -83% (10, 50 -33%, -83% (10, 50 pM) [(2003)
P-selectin uM) -41%, -71% (10, 50 pm)  [[172]
-29%, -71% (10, 50
MRNA uM)
ICAM-1 -27%, -73% (10, 50 pM)
P-selectin -44%, -63% (10, 50 uM)
-27%, -67% (10, 50
uM)
-31%, -67% (10, 50
uM)
HUVECs |25 pM EPA or |TNFa 6 hr or |Cell surface Goua et al.
DHA 24 hr expression (2008)
VCAM-1 -8% -15% [150]
ICAM-1 -18% -10%
HIMECs |5 or 25 uM IL-1B 8 or 24 |Protein Ibrahim et
DHA hr VCAM-1 NA -37.5%, -50% (5, 25 pyM) |al. 2011)
ICAM-1 NA None [182]

/ 191deyd



€91

HAECs 20-160 pM EPA | TNFa Cell surface Wang et al.
or DHA expression 2011)
VCAM-1 -20% (80-160 uM)  |-20, -55,-70% (40-160  |[112]
HM)

ICAM-1 None -20% (160 |JM)
Protein
VCAM-1 None -70% (80 IJM)
ICAM-1 None None

HUVECs |5 uM DHA TNFa Cell surface Yates et al.
expression (2011)
E-selectin NA -55% [114]
Protein
E-selectin NA None
MRNA
E-selectin NA None
ICAM-1 NA None

HAECs 100 uM EPA or |[LPS Cell surface Huang et al.

DHA expression (2015)

VCAM-1 -60% -70% [164]
ICAM-1 -40% -50%
Protein
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VCAM-1 -70% -80%
ICAM-1 -50% -70%
MRNA

VCAM-1 -70% -90%
ICAM-1 -40% -70%

DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; HAECs, human aortic endothelial cells; HCAECs, human coronary artety endothelial cells; HIMECs, human intestinal microvascular
endothelial cells; HUVECs, human umbilical vein endothelial cells; HSVECs, human saphenous vein endothelial cells; ICAM-1, intercellular adhesion molecule 1; IL-1q, interleukin 1 alpha; IL-1B,

interleukin 1 beta; LPS, lipopolysaccharide; NA, not assessed; Ox-LDL, oxidised low-density lipoprotein; TNFa, tumour necrosis factor alpha; VCAM-1, vascular cell adhesion protein 1.
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Both static and flow adhesion assays have been used in vitro to examine the
functional effect of reduced adhesion molecule expression by EPA and DHA. The
studies demonstrate consistent effects. Static adhesion assays carried out by De
Caterina et al. demonstrated DHA treatment of ECs leads to reduced adhesion of
monocytes [110]. Others report treatment with both EPA and DHA reduced THP-1
or monocyte adhesion to ECs under static conditions [164, 172]. Similar
observations are seen under flow conditions. Mayer et al. describe that treatment
of HUVECs with EPA and DHA decreased both monocyte rolling and adhesion
under flow conditions [173]. Furthermore Yates et al. suggest EPA and DHA may
modulate different stages of leukocyte recruitment, where by DHA was seen to
reduce recruitment while EPA was shown to inhibit migration under flow
conditions [114]. Together these studies report reduction of adhesion and rolling
of leukocytes after incubation of ECs with EPA and DHA whether under static or
flow conditions, indicating a role for both of these methods in assessment of FA

treatment.

Effects of plant-derived FAs on the adhesion of monocytes to ECs has not been

explored.

Since the different FAs used in this research have different effects on ICAM-1
expression, but also on other factors involved in adhesive interactions like MCP-1
production (section 4.4.1.4), it is important to assess whether the FAs have an

effect on the adhesion process itself.

7.1.1 Aim and objectives

The aim of the research described in this chapter was to optimise the conditions
for studying adhesion of monocytes to cultured EA.hy926 cells and to compare
the effects of four plant-derived FAs and two marine-derived FAs on the adhesion

of monocytes to cultured ECs.
The specific objectives were to:
e Establish a static cell adhesion model with EA.hy926 endothelial cells and

THP-1 monocytes using the Vybrant™ Cell Adhesion Assay Kit;

e Compare the effects of four plant-derived FAs (ALA, SDA, GLA and PIN) to
two marine-derived FAs (EPA and DHA) on adhesion of THP-1 monocytes to

cultured EC monolayers.
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7.2 Methods

7.2.1 Reagents

The reagents and materials used for these experiments are described in

Appendix A.

7.2.2 Endothelial cell culture

As described previously (section 2.3.2), confluent EA.hy926 cell cultures were
scraped from flasks and resuspended at a density of 2 x 10° cells per mL. Cells
were seeded at 1 x 10 cells per well in 96-well flat bottom plates, incubated for
48 hours at 37°C with various FAs at a concentration of 25 or 50 pM followed by

6 hour incubation with TNFa at 1 ng/mL.

7.2.3 THP-1 cell culture

The monocyte cell line THP-1 (ECACC - 88081201) was obtained from ECACC. The
cells were thawed and subcultured following the supplier’s instructions. Cells
were cultured at 5-7 x 10°cells/mL in culture medium which consisted of Roswell
Park Memorial Institute (RPMI) medium supplemented with 10% FBS, L-glutamine
(0.4 mM), penicillin, streptomycin and HAT (100 pM hypoxanthine, 0.4 pM
aminopterin and 16 pM thymidine). Cells were maintained at 37°C in 5% CO,. Prior

to use in experiments cells were grown in T-175 flasks until confluent.

7.2.4 Static adhesion

Adhesion of THP-1T monocytes to EA.hy926 cells was determined using the
Vybrant™ Cell Adhesion Assay Kit (Thermo Fisher).

7.2.4.1 Principle of the static adhesion assay

The Vybrant™ Cell Adhesion Assay Kit (Thermo Fisher) utilizes the fluorogenic dye
calcein acetoxymethyl ester (calcein AM) to measure cell adhesion. Calcein AM is
non-fluorescent but, once loaded into cells, is cleaved by endogenous esterases
to produce highly fluorescent calcein. The cells whose adhesion is to be assessed
(in this case THP-1 monocytes) are labelled with calcein AM by incubating them

for 30 minutes. These cells are then incubated with the adhesion ligand bearing
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cells (in this case EA.hy926 cells) for a period of time to allow the cell-to-cell
adhesion to occur. After removal of non-adherent cells, calcein fluorescence is

used to calculate the number of adherent cells.

Q|

Load monocytes

with calcein AM Add calcein-labelled

monocytes to
\\ endothelial monolayer

L

Prepare Incubate calcein- Wash to remove Measure
endothelial labelled cells and non-adhering fluorescence of
monolayer endothelial cells adhering cells

monolayer

Figure 7.1 Schematic of static adhesion assay prinpicle

7.24.2 Protocol of the assay

Calcien labelled THP-1 cells were incubated with EA.hy926 monolayers.

EA.hy926 cells were incubated as described in section 7.2.2 . Following Vybrant

cell adhesion kit assay protocol instructions, THP-1 cells were washed twice with
RPMI (without supplements) and incubated with calcein (5 uM) at a density of 5 x
10*/mL for 30 minutes.

After TNFa stimulation supernatant was removed from the EA.hy946 cell cultures
and the cells were washed twice with RPMI (non-supplemented). Calcein labelled
THP-1 cell suspension (5 x 10 cells in 100 pL) was added to each well containing
1 x 10*ECs. Cells were co-incubated for 1 hour at 37°C. Non adherent THP-1 cells
were removed by gentle washing using a pipette, and adherent cells were washed
a further 3 times with RPMI (non-supplemented). Finally 100 pyL of PBS was added
to each well and fluorescence was read on the Glomax Discover System (Promega)
at 490 nm.
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7.2.5 Visualisation of THP-1 binding

Following the static adhesion protocol as described in section (7.2.4.2) images of
fluorescence-labelled THP-1 monocytes bound to EA.hy926 cells were taken with
fluorescence microscope Nikon Elipse Ti using NIS elements software (version

4.30). Images were taken at a magnification of 10x under transmitted light.

7.2.6 Statistical analysis

THP-1 monocyte adhesion to FA treated TNFa stimulated EA.hy926 cells is
expressed as a % of control, control being TNFa stimulated EA.hy926 cells non-FA
treated. Data are expressed as mean = standard error; data analysis was
performed in PRISM and Excel. Multiple group differences were compared using
one way ANOVA.

7.3 Results

In order to investigate the effect of different FAs on adhesion of monocytes to the
endothelial monolayer, EA.hy926 cells were exposed to FAs at concentrations of
25 and 50 pM for 48 hours followed by 6 hours TNFa stimulation at 1 ng/mL.
Monolayers were then co incubated with calcein labelled THP-1 cells for 1 hour.
The data shown are from 3 separate experiments each conducted in triplicate,
EA.hy926 and THP-1 were used at a passage of >30. Figure 7.2 depicts a dose-
dependent increase in THP-1 monocyte adhesion with increasing TNFa stimulation
of EA.hy926, these experiments were completed by Frans van Gemerden [201].
Stimulation with TNFa for 6 hours was chosen as the cell surface expression of
ICAM-1 (as seen in Chapter 4) was increased at this time, and therefore this
should indicate an increase in the ability of the ECs to capture monocytes at this
time point. Adhesion of calcein labelled THP-1 cells was measured using Glomax
Discover System at a wavelength of 490nm. Adhesion of THP-1 cells was
calculated as a percentage of TNFa stimulated control cells (DMEM alone). The
data shown are from 3 separate experiments each conducted in triplicate.

Visualisation of THP-1 adhesion was carried out using a fluorescence microscope.

FA exposure was shown to have differential effects depending on individual FA
and FA concentration. Adhesion was not significantly affected by any FA when
used at 25 pM (Figure 7.3). Treatment of EA.hy926 cells with FAs at 50 pM,
showed all but EPA to decrease adhesion (Figure 7.4).
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Figure 7.2 Effects of time and TNFa exposure on adhesion of THP-1 monocytes to
EA.hy926.

Mean (xSEM) (n = 1) adhesion of THP-1 cells to EA.hy926 exposed to TNFa (0-50ng/mL) for 6 hours and 30, 60

and 120 minute co incubation with THP-1 cells [201].
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Figure 7.3 Effect of FA exposure (25 pM) on adhesion of THP-1 cells to TNFa stimulated
EA.hy926 cells

Mean (+SEM) (n = 3) adhesion of THP-1 cells to activated EA.hy926 cells without prior incubation with FA
(control; CTL) or with 48 hours prior exposure to ALA, SDA, GLA, PIN, EPA and DHA (25 pM)
followed by 6 hour TNFa (1 ng/mL) and 1 hour co incubation with THP-1 cells. % adhesion of

control. One way ANOVA: no significant effects.
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Figure 7.4 Effect of FA exposure (50 uM) on adhesion of THP-1 cells to TNFa stimulated
EA.hy926 cells
Mean (+SEM) (n = 3) adhesion of THP-1 cells to activated EA.hy926 cells without prior incubation with FA
(control; CTL) or with 48 hours prior exposure to ALA, SDA, GLA, PIN, EPA and DHA (50 uM)

followed by 6 hour TNFa (1 ng/mL) and 1 hour co incubation with THP-1 cells. % adhesion of
control. One way ANOVA a: control vs FA; b: FA vs DHA; *p<0.05, **p<0.01, ****p<0.0001
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Figure 7.5 Visualisation of adhesion of calcein labelled THP-1 cells to TNFa
stimulated EA.hy926 after FA exposure at 50 uM
Adhesion of THP-1 cells to activated EA.hy926 cells without prior incubation with FA (control; CTL (A)) or with 48
hours prior exposure to ALA (B), SDA (C), GLA (D), PIN (E), EPA (F) and DHA (G) (50 uM) followed by 6 hour TNFa

(1 ng/mL) and 1 hour co incubation with calcein labelled THP-1 cells. Attached THP-1 cells were visualised by
fluorescence microscope Nikon Elipse Ti at a magnitude of 10x under transmitted light.
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Adhesion of calcein labelled THP-1 cells to EA.hy926 was shown to significantly
increase with TNFa stimulation of the ECs (Figure 7.2).

Treatment of EA.hy926 cells with any FA at 25 pyM did not significantly affect
adhesion of THP-1 cells to the ECs (Figure 7.3).

When used at 50 pM, DHA had the most potent effect on THP-1 cell adhesion to
EC monolayers, inhibiting this by ~40% (p < 0.0001; Figure 7.4). In contrast, EPA
treatment at this concentration had no effect on adhesion (Figure 7.4). All plant-
derived FAs reduced adhesion of THP-1 cells when used at 50 uM (Figure 7.4).
ALA and PIN reduced adhesion of THP-1 cells by ~24% and ~23% respectively
(both p<0.05). SDA and GLA reduced adhesion by ~30% and ~29% respectively

(both p<0.01) compared to stimulated control cells.

Comparison of the effect of the different FAs on THP-1 cell adhesion when used
at 50 pM showed ECs treated with EPA to have significantly higher levels of
adhesion of THP-1 monocytes than ECs treated with DHA (Figure 7.4). No other
significant differences among the different FAs used were observed. These
observations again indicate that DHA and EPA may regulate the inflammatory
process through different pathways. These findings also highlight the possible
anti-inflammatory effects of the plant-derived FAs suggesting them as potential

sustainable alternatives to marine n-3 FAs.
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7.4 Discussion

Expression of adhesion markers by ECs is vital for EC-blood cell interaction. The
expression of these adhesion markers allows for the attachment and movement
of leukocytes across the endothelial monolayer into sites of inflammation.
Dysfunction of these processes may lead to a chronic inflammatory state and
eventual development of atherosclerotic lesions. ICAM-1 plays a critical role in the
adhesion process. It has been shown to facilitate the transmigration of leukocytes
across the endothelium [202]. Equally it has been described that EPA and DHA
can help to dampen EC inflammation through the reduction of ICAM-1 surface
expression on EC[110, 112, 150, 164, 172].

Several of the FAs examined within this model modulated ICAM-1 secretion and
cell surface expression (Chapter 4). In order to examine how these changes
affected the functionality of the cells a static adhesion model involving THP-1

monocytes was developed.

The objective to establish a static cell adhesion model with EA.hy926 ECs and
THP-1 monocytes was successfully met. This model was then used to examine the

effects of EC treatment with marine and plant-derived FAs on THP-1 binding.

None of the FAs at a concentration of 25 puM significantly affected the adhesion of
THP-1 cells to the EA.hy926 monolayer. However after treatment with FAs at
concentration of 50 pM all FAs, except EPA, significantly decreased the

percentage of adhesion compared to control.

Individual effects of DHA and EPA on monocyte adhesion to ECs have been
reported previously. De Caterina et al. reported that pre-treatment of HSVECs with
DHA (10 pM) significantly reduced the adhesion of monocytes [110]. Yamada et
al. reported significant reduction of rolling and adhesion of monocytes to LPS
stimulated HUVEC after EPA exposure (50 pM) [203].

Some studies have compared effects of EC treatment with EPA and DHA. Similar
to the observations made here, Wang et al. demonstrated reduced adhesion of
THP-1 cells to TNFa stimulated HAECs after DHA exposure (80 pM), with no
change in monocyte adhesion after EPA exposure [112]. These effects were also
observed by Yates et al. under flow conditions. They describe significant
reduction of adhesion of neutrophils to TNFa stimulated HUVECs after DHA
treatment (5 pM) with no effects of EPA treatment (5 uM) [114]. They suggest

DHA and EPA modulate different stages of leukocyte recruitment.
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However, some others report decreased adhesion after treatment of ECs with
both EPA and DHA. Huang et al. reported significant inhibition of THP-1 monocyte
adhesion to LPS-activated HAECs after treatment with both EPA and DHA at 100
UM [164]. This was also reported for monocyte adhesion to oxLDL stimulated
human coronary artery endothelial cells (HCAEC) where pre-treatment with both
EPA and DHA (10 or 50 pM) lead to significant reduction in adhesion [172]. Mayer
et al. too described significant reduction of rolling and adhesion of monocytes to
HUVECs under laminar flow conditions after EPA and DHA treatment (10 pM)
[173]. Thus an inhibitory effect of DHA treatment of ECs on adhesion of
monocytes is consistently reported in the literature and is confirmed here.
However the effects of EPA are not consistently observed. It is unclear why this is.
Concentration does not appear to be a factor to explain the inconsistent results
with EPA.

Treatment with ALA at 50 pM was shown to decrease the adhesion of THP-1
monocytes to stimulated EA.hy926 cells. Similar observations were made by
Zhang et al. who reported ALA exposure at 50 uM inhibited neutrophil adhesion
in HUVECs exposed to high glucose [168]. However others who have looked at
the effects of ALA exposure at various concentrations (25, 50, 100 and 200 pM)
report no change in THP-1 monocyte adhesion in LPS-stimulated HUVECs [167].
Although ALA has not been shown to modulate many of the inflammatory
markers examined within this model it is possible these actions of decreased
adhesion are the result of effects of ALA elsewhere in the inflammatory signalling
pathway. No previous research has investigated the effects of treatment with SDA,

GLA or PIN on the adhesion of monocytes to human ECs.

Reduction of adhesion after FA treatment (50 uM) may be due to interference with
ICAM-1 expression in EA.hy926 cells. In Chapter 4, SDA, EPA and DHA treatment
(50 uM) was shown to decrease ICAM-1 cell surface expression in EA.hy926 cells
(Figure 4.10) and both pre-treatment with GLA and PIN (50 uyM) also reduced
ICAM-1 supernatant levels (Figure 4.3). Since ICAM-1 plays an essential role in the
adhesion of monocytes to the endothelial monolayer [202], a reduction of ICAM-1
expression in EA.hy926 cells by plant FAs should inhibit THP-1 adhesion.

Figure 7.6 depicts the correlation between % adhesion of THP-1 cells and % cell

surface expression of ICAM-1.
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Figure 7.6 % THP-1 adhesion vs cell surface expression of ICAM-1 (CD34) %.

Adhesion of THP-1 cells to activated EA.hy926 cells with 48 hours prior exposure to ALA, SDA,
GLA, PIN, EPA and DHA (50 uM) followed by 6 hour TNFa (1 ng/mL) and 1 hour co incubation with
THP-1 cells. % adhesion of control vs % of control (activated EA.hy926) cell surface expression of

ICAM-1 (CD54) after 48 hour exposure to SDA, EPA and DHA (25 and 50uM) followed by 6 hour

TNFa (1ng/mL).

This suggests a link between effects of FAs at 50 uM on adhesion of THP-1 cells
to ECs and on ICAM-1 surface expression on ECs with the exception of EPA
(Figure 7.6). EPA significantly reduced ICAM-1 surface expression in EA.hy926
cells compared to stimulated control (Figure 4.10), but adhesion of THP-1 cells
was unaffected by EPA (Figure 7.4). This is consistent with different modes of
action of DHA and EPA in modulation of leukocyte recruitment, as suggested by
Yates et al. [114]. It is also possible that adhesion molecules other than ICAM-1
become more important in this adhesion model. Blocking ICAM-1 using anti-
ICAM-1 monoclonal antibodies (mAbs) only reduced adhesion of monocytes to
stimulated ECs by 30% [204] suggesting the involvement of other contributing
factors and adhesion molecules. However, the evidence obtained with the current
model suggests ICAM-1 is very important in adhesion of monocytes to EA.hy926

cells.

The mechanism of how DHA reduces adhesion may involve PPARa. In Chapter 5 it
was shown that treatment with DHA increased PPARa gene expression. PPARa has

been shown to interfere with early stages of atherosclerosis through reduction of
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leukocyte adhesion to activated ECs [205]. These effects may be mediated in part
by reduction of ICAM-1: Naidenow et al. describe PPARa agonists to significantly
induce ICAM-1 surface, intracellular protein and mRNA expression in non-
stimulated ECs [206]. DHA itself is a PPARa agonist [207].

7.4.1 Conclusions

The findings are summarised in Table 7.2.

Table 7.2 Summary of effects of FA treatment on adhesion of THP-1 monocytes to
stimulated EA.hy926 cells

Fatty acid Comments
ALA SDA GLA PIN EPA DHA
THP-1 adhesion N2 N % N2 & NN Effect was dose

dependant

Overall these results support the current literature with regard to the marine-
derived FAs: DHA has a strong inhibitory effect on adhesion in this model which
confirms the observations of others [110, 112, 114, 164, 172, 173] while EPA is
without effect when used at 25 or 50 uM. The effect of higher concentrations of
EPA are not known in this model. The new data generated here with plant FAs
indicates the potential for plant-derived FAs as sustainable alternatives to marine
n-3 FAs to influence inflammation and atherosclerosis, since all of these FAs at 50

UM lead to reduced monocyte adhesion.

176




Chapter 8

Chapter 8: Using silencing of elongase 5 to
examine whether gamma-linolenic and
pinolenic acids retain their anti-

inflammatory effects in cultured endothelial

cells
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8.1 Introduction

There is an increasing need for suitable alternative FAs for the benefits of human
health, since stocks of oily fish, the richest source of EPA and DHA, are rapidly
declining. GLA is derived from a variety of different plant sources including;
evening primrose oil and borage oil. Older studies have reported some beneficial
effects of GLA supplementation on progression of atherosclerosis in animal
models [134, 208]; however there are fewer modern studies on GLA and
inflammation and cardiovascular outcomes. PIN which is found in pine nuts is
more unusual, and no studies report its effect on atherosclerosis; however some
describe anti-inflammatory effects in rats [209, 210]. Both of these FAs have been
underexplored, yet they may hold the potential to help to fill the void of
decreasing abundance of EPA and DHA.

GLA and PIN have been shown to have anti-inflammatory effects in cultured
human ECs (EA.hy926 cells) decreasing production of several inflammatory
mediators by ECs (Chapter 4) and decreasing monocyte adhesion to ECs (Chapter
7). EA.hy926 cells metabolised GLA and PIN to their elongation products DGLA
and ETrA, respectively (Chapter 3), leading to significant increases in cellular
DGLA and ETrA after incubation with their precursor FA (Figure 3.12 and

Figure 3.13). Thus it is possible that the identified effects of GLA and PIN are due
to their elongation products. The work described in this chapter aims to better

understand how GLA and PIN exert their anti-inflammatory effects in this model.

As described previously, FAs are metabolised through a series of elongation and
desaturation steps (section 1.1.2). Elongase 5, encoded by the ELOVL5 gene,
participates in the elongation of monounsaturated and polyunsaturated FAs of
18-20 carbons in length. Elongase 5 catalyses the first and rate-limiting reaction
of the long-chain FA elongation cycle, and acts specifically toward
polyunsaturated acyl-CoA with higher activity toward 18:3n-6 acyl-CoA compared
to other FAs of 18-20 carbons in length [211]. GLA is elongated to DGLA by
elongase5 [212]. PIN has been observed to be elongated to ETrA [177, 178], as
also observed here in EA.hy926 cells (Chapter 3); however, the enzyme
responsible for elongation of PIN has not been described. Similarities in the

structure of GLA and PIN suggest that they will be elongated by the same enzyme.

Increases in the amount of DGLA and ETrA in cells leads to an increase in
alternative substrate for the synthesis of eicosanoids which may have anti-
inflammatory effects. For example, DGLA is a substrate for COX-2 [213], and is
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metabolised to PGE,, which has been shown to suppress inflammation [134, 214,
215]. DGLA is also a substrate for 5-LOX. ETrA may also act via COX and LOX
metabolism [212]. It is also possible that both the precursor FAs (i.e. GLA and
PIN) and the elongation products (i.e. DGLA and ETrA) act simultaneously to

decrease or resolve inflammation.
To attempt to separate the effects of the precursor FAs from their elongation

products, silencing of ELOVLS5 using siRNA was used.

8.2 Aim and objectives

The aim of the research described in this chapter was to establish the elongation
pathway of PIN and to compare the effects of GLA and PIN on inflammatory

responses in EA.hy926 cells with or without elongase 5 silencing.
The specific objectives were to:

e Silence elongase 5 in EA.hy926 cells using siRNA.

e Quantify relative ELOVL5 gene expression after ELOVL5 silencing using RT-
qPCR.

e Compare quantities of elongation products in cells treated with GLA or PIN
with or without ELOVLS5 silencing.

e Compare the effects of plant-derived FAs (GLA and PIN) on production of
various inflammatory mediators (ICAM-1, MCP-1, VEGF, IL-6, IL-8, RANTES)
by cultured ECs with or without ELOVL5 silencing.

8.3 Methods

8.3.1 Reagents

Reagents and materials used for experiments are described in Appendix A.

8.3.2 siRNA mediated inhibition of ELOVL5

Silencing of ELOVL5 in EA.hy926 was achieved by siRNA mediated inhibition of

ELOVLS5 using Santa Cruz reagents and protocol.
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8.3.2.1 Principle of siRNA

RNA interference (RNAI) exercises two forms of post-transcriptional control. First
RNAI can inhibit the translation of target mRNA and second RNAI can direct target
MRNA destruction though the RISC complex (RNA-induced silencing complex).
Figure 8.1 depicts the siRNA principle.

DICER (endoribonuclease Dicer), an enzyme which cleaves double-stranded RNA
(dsRNA), first processes dsRNA leaving a two nucleotide long 3” overhang. This
primes the dsRNA for binding to the RISC complex and leads to activation of the
enzyme activity of argonaute, the RNAse component of the RISC complex that
destroys one of the RNA strands; the remaining guide strand, through
complementary binding, then leads the RISC complex to associate with and cleave

the target RNA molecules.

Transfer of genetic material into the cell takes place via liposomes, which merge
with the phospholipid membrane releasing the siRNA into the cell. siRNA enters
the cell via lipid-based transfection, siRNA binds RISC, siRNA strands are

separated, siRNA/RISC complex associates with the target mRNA and cleaves it.

Transfection of siRNA gene silencers into cultured cells provides an efficient

short-term decrease in target gene expression.
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Figure 8.1 Schematic of siRNA silencing protocol (Santa Cruz).

8.3.2.2 Protocol for elongase 5 silencing

The Santa Cruz Biotechnology Inc. protocol was followed. Confluent EA.hy926 cell
cultures were scraped from flasks and resuspended in antibiotic-free culture
medium at a density of 6.5 x 10° cells per mL. Cells were seeded at 6.5 x 10* cells

per well in 6-well flat bottom plates and incubated for 24 hours at 37°C.

Following incubation, supernatant was removed and cells were washed with 2 mL
DMEM (unsupplemented). siRNA transfection reagent mixture (1 mL), containing
ELOVLS5 siRNA or control siRNA and siRNA transfection reagent (all Santa Cruz
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Biotechnology Inc.) or supplemented DMEM was added to each well. Plates were
then incubated for 6 hours at 37°C. Finally medium was removed and the cells

used for different purposes.

8.3.3 Analysis of gene expression using RT-qPCR

The effect of ELVOLS5 silencing on ELOVL5 gene expression in EA.hy926 cells was
analysed by RT-gPCR. Following siRNA-mediated inhibition of ELOVL5, confluent
cultures were incubated with either culture medium with supplements (control) or
culture medium with supplements containing FAs (GLA or PIN) at a concentration
of 50 pM. Cells were incubated for 48 hours at 37°C.

8.3.3.1 Isolation of RNA

Total cellular RNA was extracted from cells using ReliaPrep™ RNA Cell Miniprep

System as described previously in section 2.3.4.1.

8.3.3.2 RNA analysis.

Isolated RNA quality and quantity was assessed by NanoDrop analysis
(section 2.3.4.2.1 and section 2.3.4.2.2) and the Agilent bioanalyzer
(section 2.3.4.2.3).

83.3.3 cDNA synthesis

GoScript™ Reverse Transcriptase was used to synthesise cDNA from total RNA as

described in section 2.3.4.3.

8.3.3.4 RT-qPCR

The expression of ELOVL5, and the control genes GAPDH, RPL13A and B2M was
assessed by gRT-PCR with TagMan® gene expression primers (see Appendix A for
primer details). The procedure was as described in section 2.3.4.4. Briefly cDNA
was diluted to 5 ng/pL and 4 pL added to 16 pL of reaction mix (prepared
according to the manufacturer’s specifications) per well in a 96-well plate. Plates
were then sealed and loaded into the thermocycler for the specific cycles

according to the manufacturer’s instructions

8.3.4 Analysis of cellular fatty acid composition

Following siRNA mediated inhibition of ELOVL5, confluent cultures were

incubated with either culture medium with supplements (control) or culture
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medium with supplements containing FAs (GLA or PIN) at a concentration of 50
UM. Cells were incubated for 48 hours at 37°C. FA composition of the cells was
determined by GC using the protocol described previously in section 3.3.3.3.1.
Briefly, after FA incubation the cells were scraped from the plate, collected by
centrifugation at 1200 rpm for 5 minutes, and resuspended in 0.9% NaCl at a

volume to achieve 1.25 x 10 cells/mL.

8.3.4.1 Gas chromatography analysis

Total lipid was extracted from cell pellets as described in section 3.3.4.1. FAMEs
were prepared (section 3.3.4.1) and analysed in using Hewlett-Packard 6890 gas

chromatograph (section 3.3.4.2).

8.3.5 Production of inflammatory mediators

Following siRNA mediated inhibition of ELOVL5, cells were incubated for 48 hours
at 37°C with GLA or PIN at a concentration of 50 uM followed by 24 hour
incubation with either DMEM or TNFa at 1 ng/mL. Supernatant was removed and
stored at -20°C until analysis. Concentrations of cytokines and adhesion
molecules in EC culture supernatants were determined simultaneously using
Human Magnetic Luminex Screening Assay kits by R&D using the assay described

in section 2.4.4.1.

8.3.6 Statistical analysis

Relative gene expression data were calculated using double delta Ct (AACt) values
expressed as fold change of the target gene in test samples relative to control
samples. Initially the geometric mean of the ACt for each housekeeping is
calculated for each sample, and this mean is used to calculate the relative

expression (see section 2.3.5).

Supernatant concentrations of cytokines and inflammatory mediators were
calculated using the Luminex Bio Plex manager 6 (2.3.3). FAME histograms were
analysed with Agilent ChemStation software (section 3.3.4) and FA concentrations

calculated as pg of FA/5x10° cells.

Data are expressed as mean = standard error; data analysis was performed in
PRISM and Excel. Multiple group differences were compared using one way
ANOVA.
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8.4 Results

Previously it was shown that incubation of EA.hy926 cells with GLA or PIN lead to
significant increases in the elongation metabolites DGLA and ETrA, respectively
(Figure 3.12 and Figure 3.13). Treatment with these FAs also lead to decreases in
production of inflammatory mediators by stimulated EA.hy926 cells (Figure 4.3 -
Figure 4.8). These effects may be due to the increase in the elongation
metabolites rather than to GLA and PIN themselves. In order to examine how
these FAs affect the production of inflammatory mediators, EA.hy926 cells were
exposed to ELOVLS5 siRNA prior to further assays; including RT-gPCR analysis, GC
analysis, and stimulation and inflammatory mediator production analysis. The
data shown are from 3 separate experiments each conducted in triplicate,

EA.hy926 were used at a passage of >30.

ELOVLS5 siRNA significantly decreased relative gene activity of ELOVLS in
EA.hy926 cells (Figure 8.3). Furthermore this decrease in gene activity lead to a
significant decrease the production of elongation products by EA.hy926 cells
incubated with GLA and PIN, with both production of DGLA and ETrA being
significantly decreased (Figure 8.4 and Figure 8.5). These observations provide
good evidence for the role of elongase 5 in the metabolism of both GLA and PIN
in ECs.

GLA and PIN significantly decreased production of the majority of the
inflammatory mediators within this model. Silencing of ELOVL5 in EA.hy926 cells
incubated with GLA and PIN lead to the loss of most of these anti-inflammatory
effects (Figure 8.6 - Figure 8.11).

8.4.1 RNA integrity

Total cellular RNA isolation was carried out using ReliaPrep™ RNA Cell Miniprep

columns (section 2.3.4.1).

Analysis of RNA using Agilent Bioanlyzer (RNA Total Eukaryote 2100 Nano) was
performed by Melissa Doherty, Laboratory manager (section 2.3.4.2.2). RNA

quantity and quality were also assessed using the NanoDrop (section 2.3.4.2.1).
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Figure 8.2 Aglient Bioanalyzer RNA integrity results.

Bioanalyzer profiles of RNA extracted from activated EA.hy926 (control) or 48 hour exposure to GLA and PIN
(50pM) with ELOVL5 siRNA. RIN scores were measured by Aglient bioanalyzer

Table 8.1 NanoDrop RNA analysis results

Samples ng/uL |A260 A280 260/280 | 260/230

DMEM siRNA +ve 225.9 5.648 2.65 2.13 2.09
GLA siRNA +ve 193.41 4.835 2.3 2.1 2.03
pin siRNA +ve 222.4 5.56 2.639 2.11 2.1

8.4.2 siRNA silencing of ELOVL5

Incubation of EA.hy926 cells with ELOVL5 siRNA was shown to significantly
decrease relative gene expression of ELOVL5 compared to non-siRNA treated cells
(p<0.001). ELOVLS relative gene expression was decreased by ~90% after ELOVL5
siRNA exposure across all conditions; control (DMEM alone) (-93%), GLA (50 uM) (-
87%) and PIN (50 uM) (-88%) (Figure 8.3). Control siRNA resulted in unaltered
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relative gene expression in EA.hy926 cells under all conditions (DMEM, GLA and
PIN) indicating the specificity of the ELOVL5 siRNA treatment.

8.4.2.1 RT-qPCR

1.5

1.0

0.5

(fold of increase)

* % % * * *
* k%

0.0+

Relative ELOVL5 gene expression

CTL GLA PIN CTL GLA PIN CTL GLA PIN

CTL ELOVL5S
siRNA siRNA

Figure 8.3 Effect of ELOVL5 siRNA on ELOVL5 gene expression in EA.hy926 cells

Mean (+SEM) (n = 3) gene expression of ELOVL5 in EA.hy926 (control (CTL)) or 48 hour exposure to GLA or PIN
(50uM), with or without exposure to control siRNA (CTL siRNA) or ELOVL5 siRNA. Ct values for
ELOVLS5 gene expression were normalised to RPL13A, B2M and GAPDH. One way ANOVA: control
treatments vs CTL siRNA and ELOVL5 siRNA; ***p<0.001

84.3 Fatty acid composition of EA.hy926 cells incubated with FA and with
ELOVLS5 silencing

The effects of GLA and PIN on FA composition of Hy.926 cells were near identical
to the previous results in Chapter 3. After 48 hour FA treatment, FAs were
successfully incorporated by EA.hy926 cells, with the appearance of specific
metabolic elongation products depending on FA. GLA incubation of non siRNA
treated cells (50 pM) lead to a significant increase in DGLA (p<0.001) (Figure 8.4);
similarly after PIN treatment (50 pM) there was a significant increase in ETrA
(p<0.001) (Figure 8.5).
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Figure 8.4 Incorporation of GLA and appearance of an elongation product (DGLA)
after incubation of EA.hy926 cells with GLA with or without ELOVL5
siRNA for 48 hours

Mean (xSEM) (n = 3) pug of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to GLA
(50uM) with or without ELOVL siRNA pre-treatment. Two way ANOVA; control vs FA, *p<0.05, ****p<0.0001
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Figure 8.5 Incorporation of PIN and appearance of an elongation product (ETrA)
after incubation of EA.hy926 cells with PIN with or without ELOVL5
siRNA for 48 hours

Mean (+SEM) (n = 3) pg of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to PIN
(50uM) with or without ELOVL siRNA pre-treatment. Two way ANOVA; control vs FA, *p<0.05,
~,'=~,'=~,'=~,'=p<0_000'|

Following ELOVLS siRNA treatment of EA.hy926 cells, incubation with GLA or PIN
no longer lead to the appearance of DGLA and ETrA (Figure 8.4 and Figure 8.5).
Indicating a decrease in FA elongation. Thus the reduced ELOVL5 gene activity, as
seen in the RT-gPCR results (Figure 8.3), likely lead to a decrease in elongase 5
protein, and ultimately the inability of EA.hy926 to elongate GLA or PIN. Control
siRNA did not alter the ability of EA.hy926 cells to metabolise precursor FAs to
their elongation products.

ELOVLS silencing in GLA treated cells lead to a build-up of GLA in the cells

(Figure 8.4), however this was not seen in PIN treated silenced cells (Figure 8.5).

The changes in composition after treatment with GLA and PIN in siRNA ELOVL5
silenced cells will enable the further examination of whether these FAs are acting
through their elongation products.
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8.4.4 Inflammatory mediators

In order to investigate the possible effect of DGLA and ETrA on the production of
inflammatory mediators, ELOVL5 siRNA silenced EA.hy926 cells were exposed to
GLA or PIN at concentrations of 50 uM for 48 hours followed by 24 hour TNFa

stimulation at 1 ng/mL. Concentrations of mediators in the culture medium after
24 hours were evaluated by Luminex assay. The data shown are from 3 separate

experiments each conducted in triplicate.

TNFa treatment was previously shown to increase production of each of the

analytes examined (
Figure 2.8 - Figure 2.13).

GLA and PIN had differential effects depending on metabolite examined. ELOVL5
silencing inhibited the majority of these effects, but this was not seen for
production of MCP-1 after GLA treatment in stimulated EA.hy926 cells.

GLA treatment lead to the significant decrease in 5 of the 6 analytes examined in

this model, with PIN treatment decreasing the production of 4 of the 6.

- ELOVLS + ELOVLS

400007 siRNA 400007 siRNA

30000+

I (pg/ml)

200004
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ICAM

100004

CTL GLA PIN CTL GLA PIN

Figure 8.6 Effect of FA exposure on ICAM-1 production by TNFa stimulated EA.hy926
cells, with or without ELOVL5 siRNA
Mean (xSEM) (n = 3) production of ICAM-1by TNFa activated EA.hy926 cells without incubation with FA (control;
CTL) or with 48 hours prior exposure to GLA and PIN (50pM) followed by 24 hour TNFa (1ng/mL).

EA.hy926 were prior incubated without (-) or with (+) ELOVL5 siRNA. ICAM-1 was measured in the
supernatant of endothelial cell cultures. One way ANOVA control vs FA, ***p<0.001.
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Figure 8.7 Effect of FA exposure on IL-6 production by TNFa stimulated EA.hy926 cells,
with or without ELOVL5 siRNA

Mean (+SEM) (n = 3) production of IL-6 by TNFa activated EA.hy926 cells without incubation with FA (control;
CTL) or with 48 hours prior exposure to GLA and PIN (50uM) followed by 24 hour TNFa (1ng/mL).
EA.hy926 were prior incubation without (-) or with (+) ELOVL5 siRNA. IL-6 was measured in the
supernatant of endothelial cell cultures. One way ANOVA control vs FA, **p<0.01
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Figure 8.8 Effect of FA exposure on IL-8 production by TNFa stimulated EA.hy926 cells,
with or without ELOVL5 siRNA

Mean (+SEM) (n = 3) production of IL-8 by TNFa activated EA.hy926 cells without incubation with FA (control,;
CTL) or with 48 hours prior exposure to GLA and PIN (50pM) followed by 24 hour TNFa (1ng/mL).
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EA.hy926 were prior incubation without (-) or with (+) ELOVL5 siRNA. IL-8 was measured in the
supernatant of endothelial cell cultures. One way ANOVA control vs FA, ***p<0.001.
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Figure 8.9 Effect of FA exposure on MCP-1 production by TNFa stimulated EA.hy926
cells, with or without ELOVL5 siRNA

Mean (+SEM) (n = 3) production of MCP-1 by TNFa activated EA.hy926 cells without incubation with FA (control;
CTL) or with 48 hours prior exposure to GLA and PIN (50pM) followed by 24 hour TNFa (1ng/mL).
EA.hy926 were prior incubation without (-) or with (+) ELOVL5 siRNA. MCP-1 was measured in the

supernatant of endothelial cell cultures. One way ANOVA control vs FA, *<p.0.05, ***p<0.001.
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Figure 8.10 Effect of FA exposure on RANTES production by TNFa stimulated EA.hy926
cells, with or without ELOVL5 siRNA

Mean (+SEM) (n = 3) production of RANTES by TNFa activated EA.hy926 cells without incubation with FA (control;
CTL) or with 48 hours prior exposure to GLA and PIN (50pM) followed by 24 hour TNFa (1ng/mL).
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EA.hy926 were prior incubation without (-) or with (+) ELOVL5 siRNA. RANTES was measured in the

supernatant of endothelial cell cultures. One way ANOVA control vs FA, ***p<0.001.
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Figure 8.11 Effect of FA exposure on VEGF production by TNFa stimulated EA.hy926
cells, with or without ELOVL5 siRNA

Mean (+SEM) (n = 3) production of VEGF by TNFa activated EA.hy926 cells without incubation with FA (control;
CTL) or with 48 hours prior exposure to GLA and PIN (50uM) followed by 24 hour TNFa (1ng/mL). EA.hy926 were
prior incubation without (-) or with (+) ELOVL5 siRNA. VEGF was measured in the supernatant of endothelial cell

cultures. One way ANOVA control vs FA, **p<0.01.

GLA and PIN both significantly decreased the secretion of ICAM-1 compared to
stimulated control cells (p<0.001) (Figure 9.5). This reduction was not seen in
ELOVLS5 siRNA silenced cells: incubation of these cells with GLA or PIN lead to no
changes in levels of ICAM-1. Similar results were observed after treatment with
GLA and PIN and IL-6 production (Figure 9.6), which was significantly decreased
by both FAs (P<0.01), and again this reduction was not seen in ELOVL5 siRNA

treated cells.

GLA treatment also lead to the significant decrease of RANTES (p<0.05) and VEGF
(p<0.0T1) by EA.hy926 cells compared to stimulated control cells (Figure 9.9 and
Figure 9.10). These effects of GLA treatment were not seen in ELOVL5 siRNA
treated cells.

IL-8 production by EA.hy926 was significantly decreased after exposure to PIN
(p<0.001) (Figure 9.7), and was no longer seen in ELOVL5 siRNA treated cells.
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MCP-1 production was also decreased after treatment with both FAs (Figure 9.8),
with a greater reduction observed after GLA treatment compared to PIN (p<0.001
and p<0.05 respectively). ELOVL5 siRNA silencing only prevented the effects of
PIN. GLA incubation in ELOVLS5 silenced cells still lead to the same significant
decrease in MCP-1 as seen in unsilenced cells (p<0.001). This may indicate a
direct role for GLA and MCP-1 regulation.

8.5 Discussion

The aims of the research described in this chapter were to firstly identify the
likely elongation pathway of PIN to ETrA in EA.hy926 cells and secondly to
compare the anti-inflammatory effects of two plant-derived FAs (GLA and PIN) in
EA.hy926 cells that have their elongase 5 activity silenced via siRNA mediated
inhibition. siRNA inhibition of ELOVL5 was analysed via RT-gPCR, and the
production of elongation products in EA.hy926 analysed via GC. The effects of
these interventions on production of various inflammatory mediators (ICAM-1,
MCP-1, VEGF, IL-6, IL-8, RANTES) by cultured ECs were analysed by Luminex.

These objectives and the overarching aim were met.

siRNA was shown to successfully silence ELOVLS5 in the cells as shown by 80-90%
decrease in relative gene expression (RT-qPCR). This was shown to result in a
reduction in elongation products after incubation of the cells with GLA and PIN in
SsiRNA ELOVLS silenced cells, as shown by GC analysis. This strongly suggests
that the gene silencing resulted in less protein (enzyme). siRNA controls proved
the specificity of the manipulation, which was shown by GC and RT-gPCR analysis
which revealed similar results to control cells after incubation: elongation

products were present and the relative gene expression of ELOVL5 was unaltered.

As shown previously, incubation of EA.hy926 cells with GLA and PIN lead to an
increase in both DGLA and ETrA. These results have also been seen by others.
Levin et al. saw modest increases in DGLA in LL carcinoma cells and HL-60
leukaemia cells after GLA incubation [216], and Chapkin et al. saw DGLA levels
increase in murine macrophages incubated with GLA [176]. Chuang et al. describe
dose-dependent increases in ETrA in RAW264.7 murine macrophages after
incubation with PIN [179].
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Here it was demonstrated that siRNA silencing of ELOVLS5 lead to the inhibition of
the ability of EA.hy926 cells to metabolise GLA and PIN to DGLA and ETrA.
Although this pathway is described by others for GLA [212], the metabolic
pathway of elongation of PIN has not been described previously. These results
provide strong evidence for elongase 5 being directly involved in the elongation
of PIN.

GLA and PIN at a concentration of 50 uM showed inhibitory effects on
inflammatory mediator production by stimulated EA.hy926 cells (Figure 8.6 -
Figure 8.11), confirming results from earlier (Chapter 3). Comparison of
inflammatory mediator production by ELOVL5 siRNA silenced EA.hy926 cells
showed a loss in some of these anti-inflammatory effects of GLA and PIN,
although differential effects were seen depending on the inflammatory marker

examined.

GLA had the greatest inhibitory effect on mediator production compared to
control (TNFa stimulated EA.hy926 cells). PIN also significantly reduced many of
the mediators examined. Observations made here are similar to previous results
(Chapter 3). All decreases in production of inflammatory mediators were
abolished by ELOVL5 silencing other than the effect of GLA treatment on MCP-1
production which remained unchanged in silenced cells. This suggests a direct
role for GLA in controlling MCP-1 production. Dirks et al. described reduced MCP-

1 in Sprague Dawley arts fed GLA in the form of evening primrose oil [210].

Loss of the effects of GLA and PIN in ELOVLS silenced cells indicate that the anti-
inflammatory actions of these FAs described in this model are likely exerted
through their elongation products. Direct effects of DGLA or ETrA on ECs have

not yet been explored.

DGLA can be metabolised to anti-inflammatory eicosanoids via the COX pathway
(described section 1.4.1). This may indicate how the metabolism of GLA to DGLA
can lead to anti-inflammatory effects. Chapkin et al. describe that a DGLA diet
supressed the development of dermatitis in vivo in NC/Tnd mice through
generation of prostaglandin D1 [176]. Others describe significant prevention of
atherosclerosis in high cholesterol diet fed mice by feeding DGLA [217]. This
effect was attenuated by naproxen a COX-2 inhibitor, suggesting that it was
driven by COX-2 and 1-series PG production. Chene et al. also describe that DGLA
induced COX-2 activity in HaCat cells [191]. Together these findings suggest that

GLA may act via elongation to DGLA and subsequent production of anti-
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inflammatory eicosanoids via COX-2. The possible mechanism of action of ETrA
has however been less explored. Chaung et al. describe PIN as resulting in a
decrease in both PGE, and PGE, in LPS stimulated RAW264.7 murine macrophages,

but an increase in COX-2 protein levels [179].

8.5.1 Conclusion

Together these data suggest a role for the elongation products DGLA and ETrA as
having anti-inflammatory actions in this model. The pathway of metabolism of PIN
to ETrA has not been described before, but here inhibition of ETrA production in
ELOVLS silenced EA.hy926 was seen suggesting that PIN is metabolised by
elongase 5. The effects of GLA and PIN on inflammation in this model indicate a
therapeutic role for these sustainable FAs, but that they mainly act through their
elongation products. Thus, there are likely to be therapeutic actions for DGLA and
ETrA.
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Chapter 9: Effects of altering the ratio of
linoleic acid to alpha-linolenic acid on
inflammatory responses of cultured

endothelial cells
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9.1 Introduction

LA and ALA are essential FAs in humans. LA is one of the most abundant FAs
within modern Western diets. It is the most abundant PUFA in the diet and is
consumed in much larger quantities than ALA. Furthermore, LA intake increased
markedly in Western diets over the course of the 20th century [17]. ALA intake
seems not to have increased as much [17] meaning that the ratio of LA to ALA
and the ratio on n-6 to n-3 FAs in the diet has increased over time. As previously
described in section 1.1.3.1, LA and ALA compete for D6D and their metabolites
have different biological activities. Metabolism of LA leads to the production of
AA, which is a substrate for synthesis of inflammatory eicosanoids, which have
been shown to be increased in inflammatory conditions [18]. ALA is metabolised
to EPA and DHA, and the eicosanoids and docosanoids derived from these have
been shown to be less inflammatory or pro-resolving in nature [78, 79]. Therefore
it is argued that the increase in dietary LA can lead to a more inflammatory state

and predisposition to inflammatory conditions, including atherosclerosis [18].

Cell culture studies offer an ideal way to explore the effects of altering LA and
ALA in a controlled manner that is difficult to achieve using other experimental
models. Therefore the EA.hy926 cell model was used to investigate the effect of
altering the ratio of LA to ALA on inflammatory responses. Few studies have
examined the effects of different ratios of LA and ALA in ECs and how this might

impact on inflammatory status [192, 218].

In the experiments described in this chapter, the ratios of LA to ALA used were
based on current consumption among different countries [21], although
consumption of these FAs is difficult to determine accurately as they come from
many different sources. Table 9.1 shows the estimate of different average dietary
ratios of LA to ALA in different countries for men and women. Based on these
estimates, ratios with higher quantities of LA to ALA were chosen with the highest
being 19:1 LA to ALA. However it was also chosen to examine a 1:1 ratio of LA
and ALA and a ratio where by ALA was the abundant FA, 0.25:1 LA to ALA.
Exploration of the effects of these ratios in the inflammatory model will help to
understand the mechanism of action of competition between ALA and LA for D6D
and whether an increase in ALA consumption has the potential to reduce
inflammation. Plant-derived ALA may therefore help to slow atherosclerosis

progression.
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Table 9.1 Estimated ratios of consumption of LA:ALA across the world (Baker et
al. [21])

Country LA:ALA ratio
Men Women
Australia/New | 9.1 10.1
Zealand
Austria 9.1 9.5
Belgium 9.8 9.1
Denmark 6.5 5.2
Finland 4.5 4.5
France 9.2 9
Germany 5.8 6.1
Greece 15.5 14.1
Iceland NA NA
Italy 18.1*
Netherlands 9.1 9.5
Norway 7.6 7.8
Portugal 17.3*
Spain 27*
Sweden 6.1 [ 6.5
UK 8.1*
USA 9.9 | 10.8

The research described in this chapter compares the effects of ALA, LA and five
different ratios of LA to ALA on inflammatory responses of ECs in vitro. This is an
important step in understanding how the shift in the consumption of these FAs in

human diets may influence inflammatory processes.

9.1.1 Aim and objectives

The aim of the research described in this chapter was to compare the effects of

five different LA:ALA ratios on inflammatory responses of cultured ECs.
The specific objectives were to:

e Determine the viability of EA.hy926 cells after culture with TNFa and
various ratios of LA to ALA;

e Determine the FA composition of EA.hy926 cells after culture with various
ratios of LA to ALA;

e Compare the effects of ALA, LA and five LA:ALA ratios on production of
inflammatory mediators (ICAM-1, MCP-1, VEGF, IL-6, IL-8, RANTES) by
cultured ECs;
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9.2 Methods

All experimental work carried out in the chapter was in collaboration with
Christian Bork.

9.2.1 Reagents

Reagents and materials used for experiments are described in Appendix A.

9.2.2 Fatty acid dilution.

ALA was dissolved in 100% ethanol to prepare 160 mM, 100 mM, 40 mM, 20 mM
and 10 mM stock solutions. LA was dissolved in 100% ethanol to prepare 190
mM, 180 mM, 160 mM, 100 mM and 40 mM stock solutions. Dilutions were made
from stocks in DMEM (complete medium) to create working concentrations of
each FA. This gave an ethanol concentration of 0.1% in working concentrations.
FAs were diluted according to requirements for each experiment. Prior to each
experimental procedure GC analysis was used to verify FA stock concentrations

(data not shown).

9.2.2.1 Fatty acid concentrations and LA:ALA ratios

LA and ALA were diluted in DMEM and added to EA.hy926 cells at different
concentrations to create a ratio of LA to ALA and a total overall concentration of
100 pM. For example 50 uM ALA was added to 50 uM LA giving a 1:1 ratio of
LA:ALA (Ratio 1; R1) and the total concentration of LA+ALA of 100 pM. Table 9.2

shows the concentrations of individual FA for each ratio.
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Table 9.2 Fatty acid ratio concentrations

Total Concentration
FA or ratio FA concentration (M) (M)
LA ALA

ALA - 100 100
Ratio 0.25 20 80 100
Ratio 1 50 50 100
Ratio 4 80 20 100
Ratio 9 90 10 100
Ratio 19 95 5 100
LA 100 - 100

9.2.3 Treatment of EA.hy926 cells with fatty acids

As described previously (section 2.3.2) confluent EA.hy926 cells were scraped
from flasks and resuspended at a density of 2 x 10° cells per mL. Cells were
seeded at 1 x 10* cells per well in 96-well flat bottom plates, and incubated for 48
hours at 37°C with the FAs at a concentration of 100 pM followed by 24 hour
incubation with TNFa at 1 ng/mL prior to further analysis.

9.2.4 MTT assay

Cell viability was measured using the MTT Cell Proliferation assay kit described
(section 3.3.3.1). The assay procedure was carried out as described in

section 3.3.3.1.1. Briefly EA.hy926 cells were seeded at 1 x 10* cells per well in
96-well flat bottom plates, incubated for 48 hours at 37°C with various FAs ratios
at a total FA concentration of 100 uM followed by 24 hour incubation with either
DMEM or TNFa at 1 ng/mL.

After treatment, MTT at 5 ng/mL was added to wells (100 pl/well), and incubated
for 4 hours at 37°C. After incubation, 85 pl supernatant was removed and 75 pl
DMSO added to each well and wells were then incubated at 37°C for a further 5

minutes. Plates were then read on the plate reader at 540 nm. Controls consisted
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of cells incubated with DMEM alone and DMEM with 0.1% ethanol. Controls in
DMEM alone were considered to be 100% viable; effects of treatments were

determined as a % of control.

9.2.5 Analysis of cellular FA composition

Confluent cultures were incubated with either culture medium with supplements
(control) or culture medium with supplements containing FAs (ALA, LA and
ALA/LA ratios) at a concentration of 100 pM. Cells were incubated for 48 hours at
37°C. The GC protocol was used as described previously in section 3.3.3.3.1;
briefly after FA incubation cells were scraped, centrifuged at 1200 rpm for 5
minutes, and resuspended in 0.9% NACI at a volume to achieve 1.25 x 10°
cells/mL.

9.2.5.1 GC analysis

Total lipid was extracted from cell pellets as described in section 3.3.4.1. FAMEs
were prepared (section 3.3.4.1) and analysed using a Hewlett-Packard 6890 gas

chromatograph (section 3.3.4.2).

9.2.6 Production of inflammatory mediators

Cells were incubated for 48 hours at 37°C with ALA, LA or LA:ALA ratios at a total
FA concentration of 100 pM followed by 24 hour incubation with either DMEM or
TNFa at 1Tng/mL. Supernatant was removed and stored at -20°C until analysis.
Concentrations of cytokines and adhesion molecules in EC culture supernatants
were determined simultaneously using Human Magnetic Luminex Screening Assay

kits by R&D using the assay described in section 2.4.4.1.

9.2.7 Statistical analysis

Supernatant concentrations of cytokines and inflammatory mediators were
calculated using the Luminex Bio Plex Manager 6.0 software (2.3.3). FAME
histograms were analysed with Agilent ChemStation software (section 3.3.4) and

FA concentrations calculated as pg of FA/1x10¢ cells.

Data are expressed as mean = standard error; data analysis was performed in
PRISM and Excel. Multiple group differences were compared using one way
ANOVA.
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9.3 Results

9.3.1 Viability of EA.hy926 exposed to LA and ALA different ratios

FAs were dissolved in ethanol and further diluted in DMEM before EA.hy926 cell
exposure. The data shown are from 3 separate experiments each conducted in
triplicate, EA.hy926 were used at a passage of >30. Cells were incubated for 48
hours with FA ratios and then further exposed to TNFa at 1 ng/mL for 24 hours
(see Figure 2.21 for the experimental design). Cell viability was measured using
the MTT assay and viability was calculated as a % of control (DMEM). Ethanol at
0.1% did not affect cell viability. Cells exposed to 1 ng/mL TNFa alone were
shown to be viable over this time course (>90%). FAs combined with TNFa

exposure had no significant effect on EA.hy926 cell viability (Figure 9.1).

N DMEM

B TNFo 1ng/mL

Cell viability (% of control)

5 ———— RATIOS

[100uM]

Figure 9.1 Effect of ALA, LA and different ratios of LA:ALA at 100 pM with or
without TNFa on EA.hy926 cell viability

Mean (£SEM) (n = 3) % of control (EA.hy926 + DMEM) cell viability after 48 hour exposure to ALA, LA and LA:ALA
ratios (100 puM) followed by 24 hour TNFa (1ng/mL). Two way ANOVA
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FA treatment after 48 hour in unstimulated cells did not affect viability. EA.hy926
cell viability (Figure 9.1), although there was a tendency for ratio 1 (R1) to

decrease viability although this was not significant.

FA treatment for 48 hour followed by 24 hour 1Tng/mL TNFa had no significant
effect on EA.hy926 cell viability (Figure 9.1). There was a tendency for LA
treatment alone at 100 pM to decrease EA.hy926 cell viability, although this was
not significant. Viability for these FAs was deemed acceptable (>75%) at

concentrations of 100 uM.

9.3.2 Fatty acid incorporation into EA.hy926 cells

FAs were dissolved in ethanol and further diluted in DMEM, EA.hy926 cells were
incubated with the ALA, LA and different FA ratios for 48 hours to allow
incorporation into the cells. The data shown are from 3 separate experiments
each conducted in triplicate, EA.hy926 were used at a passage of >30.Figure 9.2
to Figure 9.4 show the change in FA composition after 48 hour incubation with

each FA treatment at a total concentration of 100 pM.

After 48 hour FA treatment, FAs were successfully taken up by EA.hy926 cells in a
dose-dependent manner. Incubation with the different FA ratios lead to different
changes in cell FA composition compared to control cells (DMEM alone) and to
the appearance of specific metabolic elongation products. The products being
metabolised may be of importance when examining the effects these ratios have

on the inflammatory status in stimulated EA.hy926 cells.
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Figure 9.2 Incorporation of ALA and LA and after incubation of EA.hy926 cells
with ALA, LA and ratios of LA:ALA for 48 hours

Mean (+SEM) (n = 3) pg of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to ALA,
LA and ratios of LA:ALA (100uM) Two way ANOVA; control vs FA, **p<0.01, ****p<0.0001

Figure 9.2 shows the incorporation of ALA and LA after incubation with ALA, LA
and the different ratios. There was a significant dose-dependent increase in LA in
EA.hy926 cells after incubation with ratios with increasing LA concentration.
Ratios 1, 4 and 9 significantly increased LA in the cells (p<0.001, p<0.001,
p<0.001 respectively), which was further significantly increased with ratio 19
(p<0.0001) and with LA alone (p<0.0001). ALA in EA.hy929 cells only significantly
increased after incubation with ALA alone (100 uM) (p<0.01).
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Figure 9.3 Incorporation of EPA, DPA and DHA after incubation of EA.hy926 cells
with ALA, LA and ratios of LA:ALA for 48 hours

Mean (+xSEM) (n = 3) pug of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to ALA,
LA and ratios of LA:ALA (100pM) Two way ANOVA,; control vs FA, *p<0.05, ****p<0.0001

Figure 9.3 shows the presence of ALA metabolites; EPA, DPA and DHA after
incubation with ALA, LA and the different ratios. Incubation with ALA alone (100
uM) significantly increased DPA in EA.hy926 cells (p<0.05). DHA was seen to
significantly decrease across all treatments, but to a lesser extent after LA
treatment; ALA (p<0.0001), R0.25 (p<0.0001), R1 (p<0.0001), R4 (p<0.0001); R9
(p<0.0001) and LA (p<0.05). No changes in EPA were observed after any

treatment compared to control cells.
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Figure 9.4 Incorporation of GLA, DGLA and AA after incubation of EA.hy926 cells
with ALA, LA and ratios of LA:ALA for 48 hours

Mean (+xSEM) (n = 3) pug of FA/10° cells compared to control (EA.hy926 +DMEM) after 48 hour exposure to ALA,
LA and ratios of LA:ALA (100uM) Two way ANOVA; control vs FA, ****p<0.0001

Figure 9.4 shows incorporation of LA metabolites; GLA, DGLA and AA. No
changes were observed in GLA or DGLA quantities in EA.hy926 cells after any
treatment. AA was shown to significantly decrease after incubation with all

treatments compared to control cells (p<0.0001 for all conditions).
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9.3.3 Inflammatory mediators

In order to investigate the effect of different FAs on the production of
inflammatory mediators, EA.hy926 cells were exposed to ALA, LA and different
LA:ALA ratios at total FA concentrations of 100 uM for 48 hours followed by 24
hour TNFa stimulation at 1 ng/mL. Concentrations of mediators in the culture
medium after 24 hours were evaluated by Luminex assay. The data shown are
from 3 separate experiments each conducted in triplicate, EA.hy926 were used at

a passage of >30.

TNFa treatment was previously shown to increase production of each of the

analytes examined (

Figure 2.8 - Figure 2.13). FA exposure was shown to have differential effects
depending on the individual FA and LA:ALA ratio (Figure 9.5 to Figure 9.10). ALA
showed the most potent anti-inflammatory effects for all analytes measured, as
did low LA:ALA ratios, however some decreases in inflammatory markers were

observed after incubation with LA alone.

9.3.3.1 ICAM-1
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Figure 9.5 Effect of FA exposure on ICAM-1 production by TNFa stimulated EA.hy926

cells

Mean (+SEM) (n = 3) production of ICAM-1by TNFa activated EA.hy926 cells without prior incubation with FA
(control; CTL) or with 48 hours prior exposure to ALA, LA or ratios of LA:ALA (100 pM) followed
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by 24 hour TNFa (1ng/mL). ICAM-1 was measured in the supernatant of endothelial cell cultures.
One way ANOVA: control vs FA *p<0.05

9.3.3.2 IL-6
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Figure 9.6 Effect of FA exposure on IL-6 production by TNFa stimulated EA.hy926 cells

Mean (+SEM) (n = 3) production of IL-6 by TNFa activated EA.hy926 cells without prior incubation with FA
(control; CTL) or with 48 hours prior exposure to ALA, LA or ratios of LA:ALA (100 uM) followed
by 24 hour TNFa (1ng/mL). ICAM-1 was measured in the supernatant of endothelial cell cultures.

One way ANOVA: control vs FA *p<0.05, **p<0.01, ****p<0.0001
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Figure 9.7 Effect of FA exposure on IL-8 production by TNFa stimulated EA.hy926 cells

Mean (+SEM) (n = 3) production of IL-8 by TNFa activated EA.hy926 cells without prior incubation with FA
(control; CTL) or with 48 hours prior exposure to ALA, LA or ratios of LA:ALA (100 uM) followed
by 24 hour TNFa (1ng/mL). ICAM-1 was measured in the supernatant of endothelial cell cultures.

One way ANOVA: control vs FA *p<0.05, **p<0.01, ****p<0.0001
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9.3.34 MCP-1
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Figure 9.8 Effect of FA exposure on MCP-1 production by TNFa stimulated EA.hy926 cells

Mean (+SEM) (n = 3) production of MCP-1 by TNFa activated EA.hy926 cells without prior incubation with FA
(control; CTL) or with 48 hours prior exposure to ALA, LA or ratios of LA:ALA (100 uM) followed
by 24 hour TNFa (1ng/mL). ICAM-1 was measured in the supernatant of endothelial cell cultures.

One way ANOVA: control vs FA *p<0.05, **p<0.01, ***p<0.001
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9.3.3.5 RANTES
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Figure 9.9 Effect of FA exposure on RANTES production by TNFa stimulated EA.hy926

cells
Mean (+SEM) (n = 3) production of RANTES by TNFa activated EA.hy926 cells without prior incubation with FA
(control; CTL) or with 48 hours prior exposure to ALA, LA or ratios of LA:ALA (100 uM) followed

by 24 hour TNFa (1ng/mL). ICAM-1 was measured in the supernatant of endothelial cell cultures.
One way ANOVA: control vs FA, ****p<0.0001
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9.3.3.6 VEGF
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Figure 9.10 Effect of FA exposure on VEGF production by TNFa stimulated EA.hy926 cells

Mean (+SEM) (n = 3) production of VEGF by TNFa activated EA.hy926 cells without prior incubation with FA
(control; CTL) or with 48 hours prior exposure to ALA, LA or ratios of LA:ALA (100 uM) followed
by 24 hour TNFa (1ng/mL). ICAM-1 was measured in the supernatant of endothelial cell cultures.

One way ANOVA: control vs FA, **p<0.01

ALA treatment alone at a concentration of 100 pM significantly decreased
production of several of the inflammatory mediators examined in this model. ALA
had a potent inhibitory effect on the secretion of both IL-6 and RANTES in
EA.hy926 cells compared to stimulated control cells (p<0.0001). MCP-1
production was also significantly decreased after ALA treatment (p<0.001), as
were VEGF and ICAM-1 secretion (p<0.01, p<0.05 respectively). Additionally ALA
exposure had a tendency to decrease IL-8 production, however this was not

significant.

Ratio 0.25 (R0.25) lead to some significant decreases in inflammatory mediators.
RANTES was significantly reduced after R0.25 exposure (p<0.0001), as was IL-6
(p<0.01) and MCP-1 production (p<0.05). R0.25 also had a tendency to decrease
ICAM-1 and VEGF production compared to stimulated EA.hy926 cells.

Ratio 1 (R1) treatment also lead to some significant decreases in mediator

secretion compared to stimulated control cells. RANTES, MCP-1 and IL-6 were all
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significantly reduced compared to control cells (p<0.0001, p<0.01, p<0.05
respectively).

Ratio 4 (R4) incubation decreased fewer of the mediators being produced by
stimulated cells. Production of RANTES and MCP-1 were both significantly
decreased (p<0.0001, p<0.05 respectively) after R4 treatment compared to

control stimulated cells.

Neither Ratio 9 (R9) nor ratio 19 (R19) had any effect on any of the mediators

analysed in this inflammatory model.

Interestingly, incubation of EA.hy926 with LA alone lead to significant decreases
in the production of both RANTES and MCP-1 (p<0.0001, p<0.05 respectively).

Inflammatory mediator production was diminished in a dose-dependent manner
with increasing relative ALA to LA, with greatest inhibition after treatment with
R0O.25 to least inhibition at R19. ALA treatment alone had the most potent effect;

however LA alone also decreased some of the mediators examined.
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9.4 Discussion

These results confirm that ALA is anti-inflammatory in this model and so has the
potential to slow the initiation and progression of atherosclerosis. ALA had potent
anti-inflammatory effects in this model at a concentration of 100 pM. Earlier
findings however did not indicate such potent properties of ALA, this may be due

to the higher concentration being used in these experiments.

Interestingly LA at 100 pM also showed some anti-inflammatory effects. However
the highest ratio of LA to ALA, ratio 19, did not affect the inflammatory mediator
production of stimulated ECs, instead mediator production by cells treated with
the highest ratio remained fully responsive to the TNFa stimulation. Lowering the
ratio of LA to ALA decreased the inflammatory response of ECs in a ratio
dependent manner. These observations indicate that a high ratio of LA to ALA
may favour inflammation (and atherosclerosis), that increased prevalence of
inflammatory conditions like allergy and asthma in the late 20* century may
relate to the increased ratio of the Western diet, and that those who are suffering
with an inflammatory condition would not benefit from consuming much higher
quantities of LA than ALA.

9.4.1 FA content of ECs according to different LA to ALA ratios

The concentrations of FAs used within this model were shown to be non-toxic in
EA.hy926 cells, consistent with what others have reported [174, 183, 219]. The
concentrations of ALA used here are physiologically relevant [220]. Furthermore
higher plasma ALA concentrations have been reported in humans after
supplementation with milled flaxseed (~130 pM) [221]. The concentrations of LA
used here are generally lower than those seen in human plasma [220]. The ratios
used were chosen to represent dietary consumption differences which would
result in different ratios in blood. Unpublished data from our laboratory indicates
total plasma LA of ~1960 pM in healthy subjects with total plasma ALA of ~50 uM
ALA, giving a ratio of 40:1 LA:ALA. Similarly in the Toronto Nutrigenomics and
Health Study total plasma lipids of young healthy Canadian adults had ~2200 pM
LA, ~55 pM ALA -and ~40:1 LA:ALA [220].

Incubation with the different FA ratios lead to changes in cell FA composition
compared to control cells (DMEM alone) and to the appearance of specific
metabolic elongation products. EA.hy926 cells incorporated LA and ALA in a

dose-dependent manner with increasing LA:ALA (Figure 9.2) with only significant
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increases in ALA after treatment with ALA alone. Surprisingly each ratio was
shown to significantly decrease AA (Figure 9.4) and DHA (Figure 9.3). Others too
describe decreased DHA in phospholipids after incubation of human respiratory
ECs with LA and ALA (180 uM) [219], although they observed no change in AA.
Incorporation patterns of FAs after exposure of ECs to different ratios of LA:ALA,
however have not been described. ALA treatment of EA.hy926 cells alone was
shown to significantly increase DPA content (Figure 9.3). This indicates that
cultured ECs have an intact PUFA desaturation and elongation pathway that
produces DPA as the end product of ALA metabolism. This is consistent with
many other studies showing that ALA is a good substrate for DPA but not for DHA
synthesis [21]. The increase in DPA with increased exposure to ALA could explain
some of the anti-inflammatory effects of ALA. Increases of DPA in EA.hy926 cells

were also seen in Chapter 3 after 10 and 50 pyM ALA treatment.

9.4.2 Effects on inflammatory mediators

In this model ALA treatment alone decreased production of the majority of the
analytes measured, some decreases were also seen after LA treatment alone and
different ratios of LA to ALA had anti-inflammatory effects with increasing ALA
concentration. Few others have described effects of ratios of LA to ALA in ECs
[192, 218]. Yang et al. describe no changes in IL-6 production by unstimulated
EA.hy926 cells among treatments with several different ratios of LA to ALA (1:1,
5:1, 10:1, 20:1) and at two different total concentrations (20 and 100 puM) [218].
Wang et al. describe effects of ALA, LA and different ratios of these FAs in
polychlorinated biphenyls (PCB)-induced ECs, they reported increased VCAM-1
and COX-2 expression as well as NF-kB activity in the presence of LA, which was
diminished by increasing relative amounts of ALA to LA. PGE, levels were also

decreased with increasing amounts of ALA relative to LA [192].

Others have also investigated the individual effects of ALA or LA on the
inflammatory status of ECs. Erdinest et al. examined effects of ALA and LA at 200
UM on the production of IL-6 and IL-8 in LPS stimulated HCE cells [183]. They
described decreased IL-6 protein content after incubation with both ALA and LA.
They also observed a significant reduction in IL-8 protein levels after ALA
treatment, but no changes after LA treatment [183]. However with the current
model contrasting observations were made: ALA exposure to EC alone reduced IL-
6 secretion (Figure 9.6) and neither ALA or LA treatment lead to reduction of IL-8
production in EA.hy926 cells (Figure 9.7).
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Young et al. describe differential effects of LA exposure at 180 pyM in TNFa
stimulated HUVECs [222], they observed increased basal IL-8 production by
HUVECs after LA treatment compared to unstimulated control cells; however LA
had no effect on TNFa stimulated HUVECs. Similarly they observed upregulation
of cell surface expression of ICAM-1 after exposure of LA in HUVECs, but ICAM-1
expression was decreased in LA treated TNFa stimulated HUVECs [222]. Reissig et
al. too described LA treatment lead to reduced cell surface expression of ICAM-1
in IL-1a stimulated HCAECs, and observed a tendency for LA to diminish adhesion
of monocytes [223]. However LA treatment did not decrease ICAM-1 secretion by
EA.hy926 cells in the current model. Likewise Stachowska et al. saw no changes
in ICAM-1 secretion in non-stimulated HUVECs after LA treatment at 100 pM
[224]. These differences may be due to the variation of LA concentrations used in

these models.

Those who have examined effects of ALA describe similar decreases in ICAM-1.
ALA exposure (50 pM) attenuated ICAM-1 expression in HUVECs exposed to high
glucose [168]. Shen et al. also describe that ALA treatment (50 and 200 pyM)
reduced ICAM-1 secretion in LPS stimulated HUVECs [167]; however IL-6 secretion
remained unchanged after treatment with any concentration of ALA [167]. ALA
treatment was shown to decrease IL-6 production by EA.hy926 cells in the current

model (Figure 9.6).

Of these studies examining the effects of LA, ALA or ratios of these FAs on
inflammatory markers in vitro, no others have reported effects on VEGF, MCP-1or
RANTES. These inflammatory mediators are important in the progression of both
endothelial dysfunction and atherosclerosis. ALA was shown to decrease each of
these mediators and this may indicate a role for this plant-derived FAs in reducing
inflammation and preventing or slowing atherosclerosis. Interestingly LA alone
was also shown to reduce MCP-1 and RANTES which may also indicate a role for
this FA, although concentrations of LA used within this model are sustainably less

than those seen in human plasma.

9.4.3 Conclusion

ALA decreased production of most of the mediators examined. Importantly,
different ratios of LA to ALA had a differential effect with the largest effects
occurring at the lowest ratios (i.e. with a higher amount of ALA). This may
indicate not only a potential role for ALA in controlling inflammation and in the

reduction of atherosclerosis, but also may point to a need for a change in the
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consumption of LA. In contrast to expectations LA alone also reduced production

of several inflammatory mediators.
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Chapter 10: General discussion and

conclusions
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10.1 Rationale and summary of the main findings

There is epidemiological evidence of an association between dietary n-3 PUFAs
and protection from cardiovascular disease (1.3.1). This may in part be due to
reduction in atherosclerotic plague growth and data suggests FAs may help to
modulate atherosclerosis by affecting endothelial activation. n-3 PUFAs are
predominantly found in fatty fish and seafood and various health organisations
recommend an intake of 2-3 portions of fish a week to sustain beneficial effects
[225]. Since fish stocks are becoming increasingly low, there is a need for a more
sustainable source of n-3 FAs for supporting human health; non n-3 FAs may also
be relevant to this objective. Some plants provide PUFAs which have been
underexplored, and the aim of this research was to assess the potential beneficial
effects of plant-derived PUFAs, including reduction in production of inflammatory
mediators known to be involved in atherosclerotic plaque formation and
progression. The overall objective of this research is to identify a sustainable

source of beneficial PUFAs defined as having an anti-inflammatory effect.

The present study compared the effects of some plant-derived PUFAs to VLC
marine-derived n-3 PUFAs on the inflammatory response in EA.hy926 cells. The

aims of this research were met.

An inflammatory EC model was successfully set up using EA.hy926 ECs and
stimulation with TNFa. Using this model effects of plant and marine-derived FAs
on the production of various inflammatory mediators, and on expression of
several inflammatory genes and intracellular proteins were examined.
Furthermore effects of FAs on adhesion of monocytes to EA.hy926 cells were also
explored. Anti-inflammatory actions of GLA and PIN were then further examined
by silencing elongase 5 in EA.hy926 cells and seeing how this altered the effects
of the two FAs. Lastly different ratios of LA and ALA were examined within this
model. Together these experiments set out to a) find a potential sustainable
source of n-3 FAs (or other PUFAs) with anti-inflammatory effects in order to
benefit human health and b) evaluate the possible impact of higher quantities of
LA and different ratios of LA to ALA as seen within Western diets, all within the

context of endothelial dysfunction and atherosclerosis development.

The results obtained show clear anti-inflammatory effects of the marine-derived
FAs, EPA and DHA in ECs, which is in line with much of the literature. This
includes reduction in production various inflammatory mediators such as IL-6, IL-

8, ICAM-1 and MCP-1, as well as to reduction in cell surface ICAM-1 expression,
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which have also been reported by others [110, 150, 152, 158, 182, 187, 188].
Furthermore DHA treatment lead to reduced adhesion of monocytes to EC
monolayers, which has also been reported by many others [110-112, 114, 150,
164,172,173, 182].

EPA and DHA also altered gene expression in ECs in a variety of ways, but not
necessarily in the expected anti-inflammatory manner. Again literature suggests
mixed outcomes of EPA and DHA on gene expression in a variety of cell models
[152, 174, 190, 191]. Examination of COX-2 and activated NF-kB after EPA and
DHA exposure however did indicate anti-inflammatory actions. Mixed outcomes
between gene expression data and protein concentrations are also described in
the literature [190, 191].

The findings confirm anti-inflammatory actions of EPA and DHA and suggest that
DHA is more potent than EPA and that EPA and DHA may sometimes act through

different mechanisms.

Plant-derived FAs could also act in an anti-inflammatory way in the model used.
ALA and SDA treatment of ECs had minimal effects on mediator production, gene
expression and intracellular proteins at the concentrations used in the early
experiments. ALA used at a higher concentrations in later experiments had larger
effects. SDA had a tendency to reduce both the cell surface expression of ICAM-1
and monocyte adhesion. Few studies report their effect in ECs or other cell types
[167, 168, 184], however, lack of potency of ALA and SDA has been described in
human trials [21]. This may relate to the relatively low intakes often used in
human studies and the likelihood that these plant n-3 FAs need to be converted

to the more bioactive EPA and DHA to exert strong effects.

GLA and PIN were both shown to reduce production of several of the
inflammatory mediators examined, inflammatory protein expression, and
adhesion of monocytes. Few studies have described inflammatory outcomes with
these FAs [137, 183, 189].

Thus, amongst the FAs used here the identified order of anti-inflammatory

potency is as follows:
ALA, SDA < GLA, PIN < EPA < DHA

ECs elongated GLA and PIN to DGLA and ETrA, respectively. Silencing elongase 5
activity in EA.hy926 cells abolished elongation of GLA and PIN and resulting in

loss of most anti-inflammatory activities. This indicates a role for the longer chain
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FAs DGLA and ETrA in modulation of inflammation. Thus plant oils rich in GLA or
PIN or in their elongation products represent promising alternatives to marine n-3
FA sources for the prevention, control and treatment of inflammation and for

prevention of atherosclerosis.

Lastly the ratio of ALA to LA was explored within this inflammatory EC model. ALA
at the concentration used had a potent anti-inflammatory effect and ratios with
increasing abundance of ALA too showed reduction in production of inflammatory
mediators. However exposure to EA.hy926 cells to LA alone also decreased
production of several inflammatory mediators. Although this was unexpected, the
literature suggests some anti-inflammatory actions of both ALA and LA in a
variety of cell models [167, 168, 183, 222, 223].

10.2 Incorporation of fatty acids

FAs exist within the membrane of cells, mainly in phospholipids, and from here
can exert many of their biological effects (section 1.2.6.2). These include changes
in lipid rafts (signalling platforms) and in lipid mediator generation. Through
these mechanisms FAs can modulate how the endothelium interacts with
inflammatory cells and with external signals. It has been shown that when there
are higher levels of EPA and DHA within cell membrane phospholipids there are
alterations in cell signalling and increases in the production of EPA and DHA

derived mediators [1] leading to less inflammation.

All FAs were shown to be incorporated into cells in a dose-dependent manner
after 48 hour exposure at 10 or 50 pyM (Figure 3.10 - Figure 3.15). Incubation
with the different FAs also lead to the appearance of various different elongation
products suggesting that ECs are able to elongate and desaturate PUFAs. These
products may play a critical role in the anti-inflammatory activities of each FA

investigated.

All FAs (ALA, SDA, GLA, PIN, EPA and DHA) were significantly incorporated into
EA.hy926 cells, presumably in the cellular membrane, after 48 hours incubation
with a concentration of 50 pM. SDA increased to a relatively low extent but there
was significant incorporation of its metabolic products 20:4n-3, EPA and DPA.
This may suggest that SDA is efficiently converted to its metabolic elongation
products by ECs. Studies suggest conversion of SDA to be more efficient than
from ALA due to it not requiring the first catalytic D6D step [12]. However ALA
treatment did lead to a small increases in DPA. Livingston et al. observed no
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significant changes in ALA content of HAECs after treatment with ALA (20 uM)
and reported no changes in EPA or DHA [166]. This is similar to observations

made here and may explain the lack of effect of ALA on mediator production.

GLA significantly increased the cellular content of its elongation product DGLA.
DGLA has also been shown to have anti-inflammatory effects since it is a
precursor of eicosanoids via COX and LOX oxidation, producing PGE, which has
anti-inflammatory properties including inhibition of smooth muscle cell

proliferation associated with atherosclerotic plaque development [134, 135].

Incubation with PIN at 50 pM lead to increases in an unknown elongation product.
This product was later successfully identified using GC/MS as ETrA, an isomer of
DGLA. Like PIN, ETrA is a PMI-PUFA and this unusual structure may lead to
significant biological effects through action on membrane functionality through
changes in lipid rafts etc. ETrA may also be a precursor to bioactive lipid

mediators.

10.3 Effect of fatty acids on inflammatory processes

ECs are the main barrier of exchange and contact between blood and tissues and
therefore immune mediators and molecules secreted by these cells play a major
role in inflammatory processes. Inflammation caused by endothelial dysfunction
and leukocyte infiltration into the blood vessel wall plays a central role in all
stages of atherosclerosis development and progression. Initial lesion
development begins with focal endothelial dysfunction [43] induced by chronic
inflammatory processes within the arterial wall. Figure 1.7 shows the processes
involved in atherosclerosis and the interaction between ECs and inflammatory
cells. It has been described that marine-derived n-3 PUFAs EPA and DHA show
anti-inflammatory effects on ECs [112, 150, 152, 164, 172, 173, 182, 188], as
confirmed in the current study, and the literature suggests that the effect of EPA
and DHA on the endothelium could in part be responsible for their health
benefiting actions [26]. Plant-derived FAs may also help to lower endothelial
inflammation and by doing so could have the potential to ameliorate
atherosclerosis. However effects of bioactive plant-derived FAs on ECs are poorly
explored [167, 168, 183].
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10.3.1 Inflammatory mediator production and adhesion of THP-1 to
EA.hy926 cells

It was observed that 24 hour exposure to 1 ng/mL TNFa significantly upregulated
all mediators analysed in EA.hy926 cells (Chapter 2). Pre-treatment with FA
showed differential effects on TNFa-induced production of mediators in EA.hy926
cells depending on FA type, FA concentration and mediator examined. Overall
marine-derived FAs (EPA and DHA) demonstrated the greatest inhibitory effects
across all mediators. Plant-derived FAs also demonstrated some inhibitory effects,
but to a lesser extent (Figure 4.3 - Figure 4.8). Flow cytometry analysis revealed
SDA, EPA and DHA to all have inhibitory effects on the cell surface expression of
ICAM-1, with DHA being the most potent FA (Figure 4.9).

Marine-derived n-3 FAs showed the most potent inhibitory effect on both
inflammatory mediator production by stimulated EA.hy926 cells and cell surface
expression of ICAM-1 on those cells. DHA also decreased adhesion of THP-1 cells
to stimulated EA.hy926 cells. Of the plant-derived FAs, GLA and PIN (at 50 pM)
had the most significant anti-inflammatory effects, whereas ALA and SDA did not
affect secretion of any of the inflammatory mediators examined (except when
ALA was used at 100 uM). However each of the plant-derived FAs, at higher
concentrations (50 pM), did decrease adhesion of THP-1 cells to EA.hy926 cells.

ALAs lack of biological activity at the lower concentrations may in part be due to
less metabolic elongation products observed after incubation, which others also
report [166]. Those who have investigated the effects of ALA on EC inflammation
describe mixed outcomes. In agreement with the findings of the current study
Shen et al. [167] reported lack of effect of ALA on IL-6 production by LPS
stimulated HUVECs. However, others describe anti-inflammatory effects of ALA,
including reduction of IL-6, IL-8 [183] and ICAM-1 [167, 168], after exposure to
different concentrations of ALA and in a variety of stimulated ECs. Zhang et al.
also describe reduction of neutrophil adhesion to stimulated HUVECs after ALA
exposure at 50 pM. They argued this decrease was due to reduction in both
ICAM-1 and P-selectin, which may suggest why despite ALA having no influence
on ICAM-1 in EA.hy926 cells the FA still down regulated adhesion of THP-1 cells.
When ALA was used at 100 uM it had significant effects on inflammatory mediator

production.

SDA treatment at 50 uM had no significant effect on any of the mediators

analysed, but SDA had the greatest inhibitory effect on ICAM-1 cell surface
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expression when compared to the other plant-derived FAs. SDA also decreased
adhesion of THP-1 cells to EA.hy926 cells when used at 50 pM, which may
indicate a role for SDA regulating ICAM-1 activity and therefore adhesion of
monocytes. Few studies report effects of SDA in vitro; however similar to these
findings SDA was shown to have no effect on MCP-1 production in 3T3-L1
adipocytes [184]. No other previous research has investigated the effect of SDA

exposure on monocyte binding to human ECs.

The lack of effects of these particular plant-derived FAs is likely due to the extent
to which these FAs are elongated to their longer chain more bioactive

metabolites.

GLA treatment at 50 pM significantly decreased soluble ICAM-1 when compared
to control cells. There was a tendency for GLA to decrease MCP-1. Kim et al.
observed reduced MCP-1 production in both rat kidney epithelial cells (NRK-52E)
and mesangial cells after treatment with GLA at 10 and 100 pyM [189]; however
few studies report effects of GLA on ECs. Similar lack of effects of GLA on IL-6 and
IL-8 were observed by Erdinest et al. after treatment with GLA (200 pM) in LPS-
stimulated HCECs [183]. De Caterina et al observed little effect of GLA in human
saphenous vein ECs, though they were examining VCAM-1 expression [158].
However adhesion of THP-1 cells to EA.hy926 cells was reduced after GLA
treatment (50 pM). This could be due to an effect on an adhesion molecule other
than ICAM-1. Again no other reports of effects of GLA on endothelial - monocyte

interactions.

PIN treatment at 50 pM significantly reduced soluble ICAM-1 and MCP-1 secretion,
with a tendency to reduced RANTES secretion. Others have shown PIN to reduce
IL-6 production in LPS-induced murine microglial BV-2 cells [137]. However an
effect of PIN on IL-6 was not observed in the current study. Treatment of
EA.hy926 cells with PIN at 50 pM was also shown to reduce the adhesion of THP-1
cell to EA.hy926 cell monolayers; again no others report effects of PIN on these

types of interactions.

In this study EPA and DHA (50 puM) significantly decreased production of all
soluble mediators examined (ICAM-1, MCP-1, IL-6, IL-8, RANTES and VEGF), with
the exception of RANTES production after EPA incubation. DHA was also shown to
decrease the adhesion of THP-1 cells to stimulated EA.hy926 cells. Many others
have observed anti-inflammatory effects of EPA and DHA in a variety of cell types

similar to the effects seen within this inflammatory EC model. De Caterina and
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Libby demonstrated a decrease in in ICAM-1, IL-6 and IL-8 after n-3 PUFA
treatment of ECs [188]. Goua et al. saw significant reductions in TNFa-induced
ICAM-1 expression in HUVECs after incubation with 25 pM EPA and DHA [150].
Another study examined the effect of EPA and DHA on ICAM-1 mRNA expression
in IL-1B activated HUVECs by Northern blot and concluded that EPA and DHA at 65
UM attenuated IL-1B induced ICAM-1 expression in HUVECs [111]. Grenon et al.
too showed an effect of EPA on EA.hy926 cell adhesion molecule expression
although they described little or no effect compared to control cells (TNFa

activated) but did argue inhibitory effects compared to n-6 PUFAs [152].

Several studies have also explored effects of EPA and DHA on monocyte adhesion
to ECs. Similar to the findings described here, Wang et al. demonstrated a
reduction of THP-1 cell adhesion to TNFa stimulated HAECs after DHA exposure
(80 pM), with no change in monocyte adhesion after EPA exposure [112]. Similar
reports were made by Yates et al. who describe significant reduction of adhesion
of neutrophils to TNFa stimulated HUVECs after DHA treatment (5 pM) with no
effects of EPA treatment (5 puM). However, much of the literature describes
reduced adhesion after exposure of both EPA and DHA to ECs [164, 172, 173].
Thus an inhibitory effect of DHA treatment of ECs on adhesion of monocytes is

consistently reported in the literature and is confirmed here.

The anti-inflammatory effects of EPA and DHA are consistent with data in the
literature showing that they slow or prevent atherosclerosis in experimental

animal models and lower the risk of mortality from CVD in humans [83].

Where cells were treated with FAs at a concentration of 50 uM there appears to be
a reduction in mediator production with increasing chain length but also double
bond number, position and orientation. The longer chain FAs (marine-derived)
had the greatest overall anti-inflammatory effects while the simplest n-3 FA, ALA,
had little effect. Some anti-inflammatory effects were seen after GLA treatment

and greater potency was observed with PIN treatment.

Differences observed between the various studies in the literature may be due to
FA concentration discrepancy. In this study each FA concentration was checked
before use by using GC. This has not been done with studies already reported in

the literature and is a significant strength of the current work.
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10.3.2 The importance of elongation of GLA and PIN

Anti-inflammatory actions of GLA and PIN within this model were further explored
by silencing of elongase 5 within EA.hy926 cells so blocking the production of

elongation metabolites of the two FAs.

siRNA was shown to successfully silence ELOVLS in the cells as shown by 80-90%
decrease in relative gene expression. This was shown to result in a reduction in
elongation products after incubation of the cells with GLA and PIN in siRNA
ELOVLS silenced cells, as shown by GC analysis. Here it was demonstrated that
siRNA silencing of ELOVLS5 lead to the inhibition of the ability of EA.hy926 cells to
metabolise GLA and PIN to DGLA and ETrA. This provides strong evidence for
elongase 5 being directly involved in the elongation of PIN, which has not been

previously described.

GLA and PIN at a concentration of 50 uM showed inhibitory effects on
inflammatory mediator production by stimulated EA.hy926 cells, confirming
previous anti-inflammatory effects of these FAs within this model. All decreases in
production of inflammatory mediators were abolished by ELOVL5 silencing other
than the effect of GLA treatment on MCP-1 production which remained unchanged
in silenced cells. This suggests a direct role for GLA in controlling MCP-1
production. Dirks et al. described reduced MCP-1 in Sprague Dawley rats fed GLA

in the form of evening primrose oil [210].

Loss of the effects of GLA and PIN in ELOVLS5 silenced cells indicates that the anti-
inflammatory actions of these FAs described in this model are likely exerted
through their elongation products. Direct effects of DGLA or ETrA on ECs have
not yet been explored, although DGLA has been shown to significantly prevent
atherosclerosis in mice fed a high cholesterol diet [217]. This effect was
attenuated by naproxen, a COX-2 inhibitor, suggesting that it was driven by COX-
2 and 1-series PG production. Chene et al. also reported reduced COX-2 activity in
HaCat cells incubated with GLA [191]. These observations indicate that GLA may
act via elongation to DGLA and subsequent production of anti-inflammatory
eicosanoids via COX-2. ETrA has not been explored in EC models; however
Chaung et al. describe PIN as resulting in a decrease in both PGE, and PGE, in LPS
stimulated RAW264.7 murine macrophages, but an increase in COX-2 protein
levels [179].

The effects of GLA and PIN on inflammation in this model indicate a therapeutic

role for these sustainable FAs, but that they mainly act through their elongation
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products. Thus, there are likely to be therapeutic actions for DGLA and ETrA.
These 20-carbon FAs should be further explored.

10.3.3 Effects of LA:ALA ratio on inflammation

LA is one of the most abundant FAs within current Western diets and is consumed
in much larger quantities than ALA, driving an increase in the ratio of LA to ALA.
As previously described in section 1.1.3.1, LA and ALA compete for D6D and their
metabolites have different biological activities. Metabolism of LA leads to the
production of AA, which is a substrate for synthesis of inflammatory eicosanoids,
which have been shown to increase in inflammatory conditions [18]. ALA is
metabolised to EPA and DHA, and the eicosanoids and docosanoids derived from
these have been shown to be less inflammatory or pro-resolving in nature [78,
79]. Therefore it is argued that the increase in dietary LA can lead to a more
inflammatory state and predisposition to inflammatory conditions, including

atherosclerosis [18].

Altering ratios of LA to ALA within this inflammatory EC model were explored.
Incubation with the different FA ratios lead to changes in cell lipid composition
compared to control cells (DMEM alone) and to the appearance of specific
metabolic elongation products. EA.hy926 cells incorporated LA and ALA in a
dose-dependent manner with increasing LA:ALA ratio. ALA treatment alone was
shown to decrease production of the majority of the analytes measured (ICAM-1,
IL-6, MCP-1, RANTES and VEGF); some decreases were also seen after LA
treatment alone (MCP-1 and RANTES). Different ratios of LA to ALA had anti-
inflammatory effects with increasing ALA concentration. Few others have
described effects of ratios of LA to ALA in ECs [192, 218]. Yang et al. describe no
changes in IL-6 production by EA.hy926 cells among treatments with several
different ratios of LA to ALA (1:1, 5:1, 10:1, 20:1) and at two different total
concentrations (20 and 100 uM) [218]. Wang et al. describe effects of ALA, LA and
different ratios of these FAs in polychlorinated biphenyls (PCB)-induced ECs, they
reported increased VCAM-1 and COX-2 expression as well as NF-kB activity in the
presence of LA, which was diminished by increasing relative amounts of ALA to
LA. PGE, levels were also down regulated with increasing amounts of ALA to LA
[192].

The inflammatory mediators studied here are important in the progression of
endothelial dysfunction and atherosclerosis development. When used at a

concentration of 100 pM, ALA was shown to decrease production of many of
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these mediators and this indicates a potential role for this plant-derived FAs.
Interestingly LA alone was also shown to reduce MCP-1 and RANTES production
which may also indicate a role for this FA, although concentrations of LA used
within this model are sustainably less than those seen in human studies. Perhaps

LA can have some beneficial effects if consumed in lower quantities.

10.3.4 Fatty acid effects on gene and protein expression

Anti-inflammatory effects of the various FAs is likely through the alteration and
activation of different inflammatory genes [65] in turn through altered activity of
key transcription factors. FAs can regulate the activity of several transcription
factors including PPARs [207] and NF-kB [162]. In some cases this can occur
through direct binding to the transcription factor and in other cases this can also
be achieved via binding of FA metabolites. For example DHA can bind to PPARs
[207]. Furthermore FAs can act indirectly on gene expression through either their
effects on pathways that involve changes in membrane lipid composition such as
G-protein receptor signalling, or their effects on enzyme-mediated pathways such
as COX [65, 162, 191].

A time course was conducted to assess the effect of TNFa on inflammatory gene
expression and intracellular proteins and from here the effect of FAs was

examined.

Treatment with EPA and DHA was shown to induce the greatest fold change on
expression of various different genes examined in stimulated EA.hy926 cells.
However expression of both pro and anti-inflammatory pathways was altered in
EA.hy926 cells after treatment with these FAs indicating a complex role for EPA
and DHA in inflammation. Effects on genes and their proteins (e.g. COX-2) were
not always in the same direction. Others too have seen different effects of DHA in

gene expression compared to protein expression in model systems [190, 191].

Both EPA and DHA increased the gene expression of IL-6 in EA.hy926 cells,
despite both of these FAs decreasing secretion of IL-6. Others also describe
similar increases in IL-6 gene expression after treatment with EPA at ~16 pM in
non-activated EA.hy926 cells [152]. It is possible the IL-6 protein is not translated,
or changes in membrane composition after EPA and DHA treatment may lead to
the blocking of the secretion of this protein.

DHA and EPA treatment was also shown to upregulate COX-2 gene expression in

EA.hy926 cells. Others also observed increased COX-2 gene expression after
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treatment of HUVECs with DHA (80 pM) [190] and of human keratinocyte HaCat
cells with EPA (20 pM) [191]. However the intracellular protein levels of COX-2
were significantly reduced by EPA and DHA in EA.hy926 cells. Others too report
reduced protein quantities of COX-2 after EPA and DHA treatment of HUVECs
[162] and HSVECs [196], although some report no changes in COX-2 levels after
treatment with EPA or DHA in VEGF stimulated HUVECs [165].

DHA treatment was shown to increase gene expression of PPARa, but had no
effect on NF-kB gene expression. However DHA treatment did decrease cellular
proteins quantities of NF-kB. EPA treatment resulted in significantly higher ratio
of pNF-kBp65/NF-kBp65 than DHA, indicating differences in how these marine-
derived FAs affect inflammation. Similarly DHA has been shown to reduce NF-kB
activity in HSVECs [196] and HAECs [164]. Likewise Wang et al. observed a
reduction in phosphorylation of IkBa after DHA (80 pM) and not EPA (80 uM)
treatment in TNFa stimulated HAECs [112].

Of the plant-derived FAs only pre-treatment with GLA and SDA had significant

effects on inflammatory gene expression; ALA and PIN were shown to have no
effect on expression of any of the genes examined. Pre-treatment with PIN was
shown to decrease protein levels of COX-2, whereas no other plant-derived FA
had effect on COX-2 or NF-kB protein quantities.

GLA significantly increased gene expression of IL-6, with a tendency to increase
COX-2 at both 25 and 50 pM. GLA was also seen to significantly reduce PPARa at
25 uM compared to control cells. SDA at 25 uM significantly increased relative
IKKB gene expression compared to control cells. There is no previous research on
the effects of these plant-derived FAs on gene expression in ECs. Some
researchers have reported differences after treatment with ALA and GLA in other
cell types. Similar to the effects of GLA in Ea.hy926 cells, others observed
increases in COX-2 expression in human keratinocyte HaCat cells [191]. Similar to
findings made here, ALA (20 puM) had no effect on COX-2 gene expression in
oxidative stress induced porcine ECs [192]. However Erdinest et al. described ALA
to significantly decrease IkBa and IL-6 expression in LPS-stimulated human

corneal epithelial cells [183].

Effects of plant-derived FAs in on COX-2 and NF-kB are not well described. Similar
to the findings described here, others describe no changes in COX-2 levels after
treatment with either ALA or SDA in HUVECs [165], or ALA treatment of porcine
ECs [192]. There are no studies describing effects of GLA or PIN on COX-2 or NF-
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kB activity in human ECs. Cao et al. describe reduced NF-kB activity in LPS-
stimulated primary goat mammary gland epithelial cells after GLA treatment (100
uM) [186].

Together these data suggest complex modulation of endothelial inflammation
through FAs. Marine-derived DHA was shown to have potent anti-inflammatory
actions, through reduction of inflammatory mediators, cellular inflammatory
protein levels as well as cell surface expression of ICAM-1 and adhesion of THP-1
monocytes to EA.hy926 cells. EPA too showed significant anti-inflammatory
effects. However gene expression data indicated these FAs to be involved in both
pro and anti-inflammatory responses. Interestingly DHA and EPA acted differently

on monocyte adhesion, indicating different roles for these FAs in inflammation.

10.4 Final conclusions

The findings of this study show the potency of marine-derived EPA and DHA to
control inflammatory processes, which is in line with the literature. Many RCTs
demonstrate EPA and DHA supplementation as reducing CVD morbidity and
mortality (section 1.3.1), which in turn is likely mediated through changes in
cellular membrane compassion that will influence cell and tissue responses.
Furthermore changes in endothelial composition can change endothelial-
monocyte interactions and thus help to reduce development of atherosclerosis.
Results seen here with EPA and DHA support this notion, by reducing

inflammatory responses in EA.hy926 cells.

Some of the plant-derived FAs tested have anti-inflammatory effects but they are
less potent than EPA and DHA. For example EA.hy926 cells treated with SDA
showed a small reduction in ICAM-1 cell surface expression. ICAM-1 plays a
critical role in adhesion of monocytes to the surface of the endothelium and may
be upregulated in dysfunctional endothelium which may lead to the development
of atherosclerosis. Therefore SDA may provide a sustainable source to help to
inhibit atherosclerotic progression. Treatment with PIN and GLA also decreased
soluble ICAM-1 and MCP-1, both important in inflammation and atherosclerosis.
MCP-1 has been described as being responsible for the transmigration of
monocytes into the intima at sites of lesion formation. Reduction in these
inflammatory mediators could help to alleviate plaque formation. Actions of GLA
and PIN on decreasing inflammatory mediators were abolished after blocking
EA.hy926 cells ability to create the elongation products DGLA and ETrA from GLA
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and PIN, thus indicting a role for these longer chain PUFAs. PIN treatment was
also shown to decrease COX-2 protein, which may in turn reduce inflammatory
mediator production from AA. Furthermore all plant-derived FAs decreased the
adhesion of THP-1 cells to Ea.hy926 cells, again providing evidence for these
plant-derived FAs as an alternative source to EPA and DHA in controlling
inflammation and perhaps inhibiting atherosclerosis. Furthermore increasing ALA
abundance over LA in EA.hy926 cells lead to decreased secretion of many of the

inflammatory mediators measured.

Taken together these data indicate that plant-derived FAs could help to reduce
the inflammation involved in atherosclerosis. From these findings it is clear that
plant-derived PUFAs still need further examination and the mechanisms behind

anti-inflammatory properties of GLA and PIN need to be explored.

10.5 Study limitations and future work

Like all pieces of scientific research, the current study has some limitations.

The inflammatory EC model was set up using EA.hy926 cells, an EC line. Use of a
cell line may help to limit problems with biological variation which may occur
when using primary cells taken from multiple samples/donors, and can in turn
lead to experimental variation. EA.hy926 cells showed consistent results when
treated with TNFa which allowed for robust exploration of the mechanisms of FAs
in stimulated ECs. Whilst these cells do have many of the innate properties of
primary ECs [154, 155], they may not act in exactly the same way for all
processes. Therefore it would be of interest to repeat these sets of experiments

in other cell types including primary HUVECs.

Although effects of FAs on pNF-KBp65 were identified and are likely to be
involved in many of the inflammatory outcomes measured, the NF-kB signalling
pathway was not fully explored. In particular the levels of different components
involved in the NF-kB cascade could be assessed in future research: IKB kinases,
IKB, phosphorylated IKB and nuclear NF-kB protein. Gene expression and protein
concentrations of these molecules may be assessed by western blotting or RT-
gPCR. The effect of these FAs on the PPARa and PPARy system within ECs could

also be further explored again, by western blot.

The intracellular IL-6 protein concentration should be assessed particularly after

EPA and DHA treatments, since these FAs were shown to increase IL-6 gene
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expression but to decrease secretion of IL-6. It is possible that IL-6 protein is
prevented from leaving the cell due to the altered membrane. This may also be
explored using western blot and intracellular flow cytometry, in order to examine
whether altered membrane composition, after FA treatment, could inhibit the

movement of IL-6 out of the cell.

Effects on COX-2 protein were seen but lipid mediators were not assessed. Future
work could examine a panel of COX and LOX metabolites, such as prostaglandins,

in order to identify effects of plant and marine FAs on these.

The ability of FAs to affect adhesive interactions between THP-1 monocytes and
ECs was identified in the current research. The adhesion assay that was
developed used static conditions which are not physiological. Thus examining
adhesion under conditions of flow will be important in taking this research
forward. This could be combined with investigating the ability of MAbs to ICAM-1

and other adhesion molecules to interfere with the adhesive interaction.

It would also be interesting to explore the effects of other stimuli such as LPS or
IL-6, on inflammatory mediator production in EA.hy926 cells, and if FA treatment
in EA.hy926 cells exposed to other stimuli results in similar outcome as after

TNFa stimulation.

Ultimately other cell lines, animal studies and human trials will be needed to
clarify the role of plant-derived FAs to control inflammation and atherosclerosis.

In this regard GLA, PIN and their elongated derivatives have good potential.

Initially animal studies may be used to examine effects of the different FAs. The
plant derived FAs could be incorporated into diets of animals prone to develop
atherosclerotic plaques or cardiovascular disease such as apoE or LDL receptor
knockout mice, in order to study the potential therapeutic use of these FAs.
Furthermore human clinical trials could be developed which may include plant

derived FAs as part of a healthy diet.

Inflammation and endothelial dysfunction play a critical role in the development
of atherosclerosis and cardiovascular disease. FAs studied in this model show
potential to reduce inflammation and restore functionality of EA.hy926 cells,
indicating a potential therapeutic role for FAs in slowing atherosclerosis. Marine
derived FAs replicated similar anti-inflammatory actions in EA.hy926 as seen in

various other studies, whilst novel plant-derived FAs also showed some anti-
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inflammatory effects but are less studied, indicating a need for future research

into these particular FA.
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Appendix A

Methods

Flow cytometer set up for BD FACSCalibur

Reagents used and their sources

Detector | Voltage Amp Mode Compensation
FSC EOO 5.24 Lin FL1 0.7
SSC 427 3.00 Lin FL2 0.0
FL1 505 1.00 Log FL2 0.0
FL2 628 1.00 Log FL3 0.0
FL3 150 1.00 Log

Section Reagent/Material Supplier

Cat. No.

Cell culture | EA.hy926 ATCC CRL- LGC standards
2922 - Human,
somatic cell hybrid,
endothelial

CRL-2922

THP-1 ECACC - THP-1, | ECACC
human monocytic
leukaemia

88081201

Dulbecco’s Modified Sigma
Eagle’s Medium
(DMEM) - high glucose

D6546

Foetal bovine serum Sigma

F7524

Penicillin/ Sigma
Streptomycin/
Glutamine

G6784

HAT media Sigma
supplement

H0262

Recombinant human PeproTech EC
TNF-a,

300-0TA
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Flow Foetal bovine serum Sigma F7524
Cytometry
Phosphate Buffer Sigma
Saline (PBS)
PE Mouse Anti-Human | BD Biosciences 555511
CD54
BD CellFIX BD Biosciences 340181
BD Sheath Solution BD Biosciences
(FACS Flow)
Luminex Human Magnetic R&D Systems LXSAHM-06
Kits Luminex Screening
Assay (IL-6, IL-8,
RANTES, MCP-1, VEGF
and ICAM-1)
PCR ReliaPrep™ RNA Cell Promega Z6011
Miniprep System
GoScript™ Reverse Promega A5003
Transcriptase
TagMan® Gene Thermo Fisher 4331182

Expression primers ;-

NF-kB (subunit 1)
(Hs00765730_m1)

PPARa
(Hs00947536_m1)

PPARg
(Hs00234592_m1)

MCP1
(Hs00234140_m1)

B2M
(Hs00187842_m1)

GAPDH
(Hs02786624_g1)

Scientific
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RPL13A
(Hs04194366_g1)

TagMan® Gene
Expression Master Mix

Thermo Fisher
Scientific

4369016

Western
blotting

Optiblot SDS Gel 10%
(10x10cm) - 12 Well

Abcam

ab119202

Anti-COX-2 /
Cyclooxygenase 2
antibody [EP1978Y]
(1/500 dilution)

Abcam

ab62331

Anti-GAPDH antibody
[EPR16891] (1/10,000
dilution)

Abcam

ab181602

Anti-NF-kB p65
antibody [E379]
(1/10,000 dilution)

Abcam

ab32536

Anti - NFKB p65
(Phospho s536)
antibody [EP2294Y]
(1/2000 dilution)

Abcam

ab76302

Goat Anti-Rabbit 1gG
H&L (HRP) (1/10,000
dilution)

Abcam

ab205718

Prism Ultra Protein
Ladder (10-245 kDa)

Abcam

ab116028

SuperSignal™ West
Pico PLUS
Chemiluminescent
Substrate

Thermo Fisher
Scientific

34580

4x Laemmli protein
sample buffer for SDS-
PAGE

Bio-Rad

1610747

Fatty Acids

Linolenic acid (ALA)

Sigma

L2376

Stearidonic acid (SDA)

Larodan

10-1840
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Y-linolenic acid (GLA) Sigma L2378
Pinolenic acid (PIN) Cayman 10008654
Chemical
Eicosapentaenoic acid | Sigma E2011
(EPA)
Docosahexaenoic acid | Sigma D2534
(DHA)
Linoleic Acid Cayman 90150
siRNA
siRNA dilution buffer Santa Cruz sc-29527
biotechnology
siRNA transfection Santa Cruz sC-29528
reagent biotechnology
siRNA transfection Santa Cruz sc-36868
medium biotechnology
ELOVLS siRNA Santa Cruz sC-62269
biotechnology
Control siRNA-A Santa Cruz sc-37007
biotechnology
Static
adhesion
Vybrant™ Cell Fisher Scientific VXV13181

Adhesion Assay Kit
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Appendix B

Results

GC analysis - Cell culture fatty acid composition after 48 hours

incubation with various fatty acids

pg/1x10°cells 10uM
Control ALA SDA GLA PIN EPA DHA
16:0 4.607 4.556 3.500 3.035%** 3.565* 3.717* 3.531%**
16:1n7 0.334 0.259 0.330 0.220 0.217 0.263 0.236
18:00 4.540 3.452% 3.052%** 3.286%* 3.268** 3.157**** 3.202%***
18:1n-9 3.163 1.608*** 1.555%*** 2.330 1.860%* 2.496 2.100**
18:2n-6 0.453 0.526 0.459 0.352 0.374 0.400 0.373
PIN 0.000 0.000 0.000 0.000 0.513 0.000 0.000
GLA 18:3n-6 0.101 0.051 0.057 0.269 0.055 0.058 0.026
ALA 18:3n-3 0.056 1.585%%* 0.013 0.019 0.016 0.017 0.027
SDA 18:4n-3 0.000 0.000 0.356 0.000 0.000 0.000 0.000
ETrA 0.000 0.000 0.000 0.464 2.247%**x* 0.000 0.000
DGLA 20:3n--6 0.276 0.396 0.251 1.583** 0.014 0.276 0.181
20:4n-6 0.760 0.637 0.729 1.091 0.298 0.403 0.381
20:3n-3 0.105 0.750 0.745 1.146 0.527 0.465 0.547
20:4n-3 0.054 0.170 0.366 0.138 0.197 0.120 0.117
EPA 20:5n-3 0.156 0.293 0.851 0.037 0.023 0.637 0.157
DPA 22:5n-3 0.000 1.237%* 2.24p%*** 0.516 0.584 3.009**** 0.561
DHA 22:6n-3 0.667 0.909 0.789 0.533 0.705 0.594 2.704***x*

Mean (n=3) Control vs FA at 10 pyM *p<0.01; **p<0.01; ***p<0.001; ****p<0.0001
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pg/1x10° cells 50uM
Control ALA SDA GLA PIN EPA DHA
16:0 4.607 3.774 3.887 4.063 3.703* 2.936%*** 2.561****
16:1n-7 0.334 0.164 0.264 0.176 0.191 0.185 0.148
18:00 4.540 3.911 3.560** 3.718% 3.473** 2.868**¥** 2.528****
18:1n-9 3.163 1.262**** 1.370**** 1.177%*** 1.429%%** 1.058**** 0.429%**x*
18:2n-6 0.453 0.294 0.357 0.115 0.201 0.263 0.328
PIN 0.000 0.000 0.008 0.000 3.302%*** 0.000 0.000
GLA 18:3n-6 0.101 0.120 0.097 1.806%*** 0.000 0.020 0.023
ALA 18:3n-3 0.056 4.485%*** 0.030 0.073 0.097 0.029 0.000
SDA 18:4n-3 0.000 0.000 0.709 0.000 0.000 0.000 0.000
ETrA 0.000 0.000 0.000 0.000 8.613***x* 0.000 0.000
DGLA 20:3n-6 0.276 0.352 0.295 7.299%*** 0.000 0.248 0.245
20:4n-6 0.760 0.887 0.244 1.355 0.279 0.199 0.048*
20:3n-3 0.105 0.776 0.309 0.130 0.118 0.350 0.619
20:4n-3 0.054 0.339 4.107**** 0.000 0.000 0.066 0.000
EPA 20:5n-3 0.156 0.293 l.elp**** 0.458 0.620 2.135%*%* 0.000
DPA 22:5n-3 0.000 0.835 1.786**** 0.175 0.155 4.149%*** 0.594
DHA 22:6n-3 0.667 0.409 0.361 0.632 0.565 0.220 2.807****

Mean (n=3) Control vs FA at 50 pM; **p<0.01; ***p<0.001; ****p<0.0001
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Appendix C

Results

GC analysis - Fatty acid composition of complete culture medium

pg/mL DMEM DMEM DMEM Ave.
16:00 8.186 6.236 5.478 6.633
16:1n7 0.514 0.398 0.433 0.449
18:00 6.387 3.955 3.464 4.602
18:1n-9 6.205 5.185 4.519 5.303
18:2n-6 1.111 1.046 0.933 1.030
PIN 0.000 0.000 0.000 0.000
GLA 18:3n-6 0.035 0.041 0.025 0.034
ALA 18:3n-3 0.103 0.058 0.050 0.070
SDA 18:4n-3 0.000 0.000 0.000 0.000
ETA 0.000 0.000 0.000 0.000
DGLA 20:3n--6 0.571 0.506 0.440 0.506
20:4n-6 1.413 1.469 1.307 1.396
20:3n-3 0.000 0.000 0.000 0.000
20:4n-3 0.050 0.063 0.059 0.057
EPA 20:5n-3 0.247 0.239 0.210 0.232
DPA 22:5n-3 0.000 0.000 0.000 0.000
DHA 22:6n-3 1.029 1.062 0.868 0.987

Example FA compositions from complete culture medium (DMEM) and mean (n=3)



e

GC analysis - Fatty acid stock concentrations and calculations

FAs were then diluted to appropriate stock concentrations based on GC analysis.

Area ALA ALA SDA SDA GLA GLA PIN PIN EPA EPA DHA DHA

X 298.046| 258.151| 204.966| 200.265( 190.971| 204.836| 189.609| 201.719| 171.951| 181.435| 211.807| 196.663
21:0 Standard 392.392] 357.375| 296.635 309.69| 337.197| 337.736| 318.126] 332.238( 285.318 300.05 347.65 318.97
21.0 std 30 30 30 30 30 30 30 30 30 30 30 30
21.0 area/added 13.07973| 11.9125| 9.887833 10.323] 11.2399| 11.25787| 10.6042( 11.0746 9.5106| 10.00167( 11.58833| 10.63233
ug per 800 pL ALA ALA SDA SDA GLA GLA PIN PIN EPA EPA DHA DHA

X 22.78686| 21.6706| 20.72911| 19.39988| 16.99045| 18.19492| 17.88056| 18.21456( 18.07993( 18.14048| 18.27761| 18.49669
ug per mL ALA ALA SDA SDA GLA GLA PIN PIN EPA EPA DHA DHA

X 28.48357| 27.08825| 25.91139| 24.24985| 21.23807| 22.74365| 22.3507| 22.7682| 22.59991| 22.6756| 22.84701| 23.12087
Vials ug/Ml mg/MI MW mM uM Average SD

ALA 28.48357| 0.028484] 278.43| 0.102301( 102.3007

ALA 27.08825| 0.027088| 278.43| 0.097289| 97.28926| 99.79495| 3.543591

SDA 25.91139| 0.025911 276.41| 0.093743| 93.74259

SDA 24.24985| 0.02425 276.41) 0.087731| 87.73147| 90.73703| 4.250506

GLA 21.23807| 0.021238| 278.43| 0.076278| 76.27794

GLA 22.74365| 0.022744f 278.43| 0.081685| 81.68535| 78.98165| 3.823615

PIN 22.3507| 0.022351| 278.43| 0.080274| 80.27402

PIN 22.7682| 0.022768| 278.43[ 0.081774] 81.77353| 81.02378| 1.060312

EPA 22.59991 0.0226] 302.49| 0.074713| 74.71293

EPA 22.6756| 0.022676| 302.49| 0.074963| 74.96313| 74.83803| 0.176913

DHA 22.84701) 0.022847 328.49| 0.069552| 69.55161

DHA 23.12087| 0.023121 328.49| 0.070385| 70.3853| 69.96845| 0.589504




List of References

References

245



List of References

List of References

[1]. Calder PC. Functional Roles of Fatty Acids and Their Effects on Human Health.
JPEN J Parenter Enteral Nutr 2015;39(1 Suppl):18S-32S.

[2]. Burdge GC, Calder PC. Introduction to fatty acids and lipids. World Rev Nutr
Diet 2015;112:1-16.

[3]. Gurr M, Hardwood JL and Frayn, KN. Lipid Biochemistry: An Introduction.
Oxford: Blackwell Science; 2002.

[4]. Frayn KN. Metabolic Regulation: A Human Perspective. 3rd ed. UK: Wiley-
Blackwell; 2010.

[5]. Nakamura MT, Nara TY. Structure, function, and dietary regulation of delta6,
delta5, and delta9 desaturases. Annu Rev Nutr 2004;24:345-76.

[6]. Agbaga MP, Mandal MN, Anderson RE. Retinal very long-chain PUFAs: new
insights from studies on ELOVL4 protein. J Lipid Res 2010;51(7):1624-42.

[7]. Sassa T, Kihara A. Metabolism of very long-chain Fatty acids: genes and
pathophysiology. Biomol Ther (Seoul) 2014;22(2):83-92.

[8]. Bernert JT, Jr., Sprecher H. Studies to determine the role rates of chain
elongation and desaturation play in regulating the unsaturated fatty acid
composition of rat liver lipids. Biochim Biophys Acta 1975;398(3):354-63.

[9]. Sprecher H, Chen Q, Yin FQ. Regulation of the biosynthesis of 22:5n-6 and
22:6n-3: a complex intracellular process. Lipids 1999;34 Suppl:S153-6.

[10]. Hrelia S, Celadon M, Rossi CA, Biagi PL, Bordoni A. Delta-6-desaturation of
linoleic and alpha-linolenic acids in aged rats: a kinetic analysis. Biochem
Int 1990;22(4):659-67.

[11]. Gregory MK, Gibson RA, Cook-Johnson RJ, Cleland LG, James MJ. Elongase
reactions as control points in long-chain polyunsaturated fatty acid
synthesis. PLoS One 2011;6(12):€29662.

[12]. Whelan J, Gouffon J, Zhao Y. Effects of dietary stearidonic acid on
biomarkers of lipid metabolism. J Nutr 2012;142(3):630S-34S.

[13]. EFSA Panel on Dietetic Products NaAN. Scientific Opinion on Dietary
Reference Values for fats, including saturated fatty acids, polyunsaturated
fatty acids, monounsaturated fatty acids, trans fatty acids, and cholesterol.
European Food Safety Authority Journal 2010;8(3):107.

[14]. . British Nutrition Foundation - n-3 Fatty Acids and Health - Briefing Paper.
https://www.nutrition.org.uk/bnf-publications/briefingpapers/n-3-fatty-
acids-and-health.html.

[15]. Papanikolaou Y, Brooks J, Reider C, Fulgoni VL, 3rd. U.S. adults are not
meeting recommended levels for fish and omega-3 fatty acid intake:
results of an analysis using observational data from NHANES 2003-2008.
Nutr J2014;13:31.

246


https://www.nutrition.org.uk/bnf-publications/briefingpapers/n-3-fatty-acids-and-health.html
https://www.nutrition.org.uk/bnf-publications/briefingpapers/n-3-fatty-acids-and-health.html

[16]

[17].

[18].

[19].

[20].

[2T].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31]

List of References

. . Scientific Advisory Comittee on Nutrition (SACN) and Comittee on Toxicity
(COT). Advice on fish consumption: benefits & risks.
https://cot.food.gov.uk/sites/default/files/cot/fishreport200401.pdf.

Blasbalg TL, Hibbeln JR, Ramsden CE, Majchrzak SF, Rawlings RR. Changes in
consumption of omega-3 and omega-6 fatty acids in the United States
during the 20th century. Am J Clin Nutr 2011;93(5):950-62.

Simopoulos AP. The importance of the omega-6/omega-3 fatty acid ratio in
cardiovascular disease and other chronic diseases. Exp Biol Med (Maywood)
2008;233(6):674-88.

Calder PC. Polyunsaturated fatty acids and inflammation. Biochem Soc Trans
2005;33(Pt 2):423-7.

Pischon T, Hankinson SE, Hotamisligil GS, Rifai N, Willett WC, Rimm EB.
Habitual dietary intake of n-3 and n-6 fatty acids in relation to
inflammatory markers among US men and women. Circulation
2003;108(2):155-60.

Baker EJ, Miles EA, Burdge GC, Yagoob P, Calder PC. Metabolism and
functional effects of plant-derived omega-3 fatty acids in humans. Prog
Lipid Res 2016;64:30-56.

Calder PC. Inflammation: An Introduction. In: Garg ML, Wood L.G. (ed.)
Nutrition and Physical Activity in Inflammatory Diseases. www.cabi.org:
CABI; 2013.

Yadav R, Larbi KY, Young RE, Nourshargh S. Migration of leukocytes through
the vessel wall and beyond. Thromb Haemost 2003;90(4):598-606.

Pastrana JL, Sha X, Virtue A, Mai J, Cueto R, Lee IA, et al. Regulatory T cells
and Atherosclerosis. J Clin Exp Cardiolog 2012;2012(Suppl 12):2.

Ait-Oufella H, Salomon BL, Potteaux S, Robertson AK, Gourdy P, Zoll J, et al.
Natural regulatory T cells control the development of atherosclerosis in
mice. Nat Med 2006;12(2):178-80.

Baker EJ, Yusof MH, Yagoob P, Miles EA, Calder PC. Omega-3 fatty acids and
leukocyte-endothelium adhesion: Novel anti-atherosclerotic actions. Mol
Aspects Med 2018;64:169-81.

Butcher EC, Picker LJ. Lymphocyte homing and homeostasis. Science
1996;272(5258):60-6.

Imhof BA, Dunon D. Leukocyte migration and adhesion. Adv Immunol
1995;58:345-416.

Berlin C, Bargatze RF, Campbell JJ, von Andrian UH, Szabo MC, Hasslen SR, et
al. alpha 4 integrins mediate lymphocyte attachment and rolling under
physiologic flow. Cell 1995;80(3):413-22.

Symon FA, Wardlaw AJ. Selectins and their counter receptors: a bitter sweet
attraction. Thorax 1996;51(11):1155-7.

. Constantin G, Majeed M, Giagulli C, Piccio L, Kim JY, Butcher EC, et al.
Chemokines trigger immediate beta2 integrin affinity and mobility

247


https://cot.food.gov.uk/sites/default/files/cot/fishreport200401.pdf
http://www.cabi.org/

List of References

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].
[44].

[45].

[46].

[47].

changes: differential regulation and roles in lymphocyte arrest under flow.
Immunity 2000;13(6):759-69.

Mitchell S, Vargas J, Hoffmann A. Signaling via the NFkappaB system. Wiley
Interdiscip Rev Syst Biol Med 2016;8(3):227-41.

Sigal LH. Basic science for the clinician 39: NF-kappaB-function, activation,
control, and consequences. J Clin Rheumatol 2006;12(4):207-11.

Kumar A, Takada Y, Boriek AM, Aggarwal BB. Nuclear factor-kappaB: its role
in health and disease. J Mol Med (Berl) 2004;82(7):434-48.

Calder PC. Omega-3 polyunsaturated fatty acids and inflammatory
processes: nutrition or pharmacology? Br J Clin Pharmacol 2013;75(3):645-
62.

Novak TE, Babcock TA, Jho DH, Helton WS, Espat NJ. NF-kappa B inhibition by
omega -3 fatty acids modulates LPS-stimulated macrophage TNF-alpha
transcription. Am J Physiol Lung Cell Mol Physiol 2003;284(1):L84-9.

Zhao Y, Joshi-Barve S, Barve S, Chen LH. Eicosapentaenoic acid prevents LPS-
induced TNF-alpha expression by preventing NF-kappaB activation. J Am
Coll Nutr 2004;23(1):71-8.

Lee JY, Sohn KH, Rhee SH, Hwang D. Saturated fatty acids, but not
unsaturated fatty acids, induce the expression of cyclooxygenase-2
mediated through Toll-like receptor 4. J Biol Chem 2001;276(20):16683-9.

Kong W, Yen JH, Vassiliou E, Adhikary S, Toscano MG, Ganea D.
Docosahexaenoic acid prevents dendritic cell maturation and in vitro and
in vivo expression of the IL-12 cytokine family. Lipids Health Dis
2010;9:12.

Grabbe C, Husnjak K, Dikic I. The spatial and temporal organization of
ubiquitin networks. Nat Rev Mol Cell Biol 2011;12(5):295-307.

Calder PC, Albers R, Antoine JM, Blum S, Bourdet-Sicard R, Ferns GA, et al.
Inflammatory disease processes and interactions with nutrition. Br J Nutr
2009;101 Suppl 1:S1-45.

Calder PC, Ahluwalia N, Brouns F, Buetler T, Clement K, Cunningham K, et al.
Dietary factors and low-grade inflammation in relation to overweight and
obesity. Br J Nutr 2011;106 Suppl 3:5S5-78.

Lusis AJ. Atherosclerosis. Nature 2000:407(6801):233-41.

Heather A. MK. Cardiovascular Disease and Inflammation Nutrition and
Physical Activity in Inflammatory Diseases. www.cabi.org: CABI; 201 3.

Berliner J, Leitinger N, Watson A, Huber J, Fogelman A, Navab M. Oxidized
lipids in atherogenesis: formation, destruction and action. Thromb
Haemost 1997;78(1):195-9.

Qiao JH, Tripathi J, Mishra NK, Cai Y, Tripathi S, Wang XP, et al. Role of
macrophage colony-stimulating factor in atherosclerosis: studies of
osteopetrotic mice. Am J Pathol 1997;150(5):1687-99.

Ross R. Atherosclerosis is an inflammatory disease. Am Heart J 1999;138(5
Pt 2):S419-20.

248


http://www.cabi.org/

[48].

[49].

[50].

[5T].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

List of References

Ross R. Atherosclerosis--an inflammatory disease. N Engl | Med
1999:340(2):115-26.

Blake GJ, Ridker PM. Novel clinical markers of vascular wall inflammation.
Circ Res 2001;89(9):763-71.

Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N
Engl ) Med 2005;352(16):1685-95.

The Emerging Risk Factors C. C-reactive protein concentration and risk of
coronary heart disease, stroke, and mortality: an individual participant
meta-analysis. The Lancet 2010;375(9709):132-40.

Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons from
sudden coronary death: a comprehensive morphological classification
scheme for atherosclerotic lesions. Arterioscler Thromb Vasc Biol
2000;20(5):1262-75.

Tedgui A, Mallat Z. Cytokines in atherosclerosis: pathogenic and regulatory
pathways. Physiol Rev 2006;86(2):515-81.

Ohta H, Wada H, Niwa T, Kirii H, Iwamoto N, Fujii H, et al. Disruption of
tumor necrosis factor-alpha gene diminishes the development of
atherosclerosis in ApoE-deficient mice. Atherosclerosis 2005;180(1):11-7.

Chan J, Prado-Lourenco L, Khachigian LM, Bennett MR, Di Bartolo BA,
Kavurma MM. TRAIL promotes VSMC proliferation and neointima formation
in a FGF-2-, Sp1 phosphorylation-, and NFkappaB-dependent manner. Circ
Res 2010:;106(6):1061-71.

Duffy AM B-HD, Harmey JH. Vascular Endothelial Growth Factor (VEGF) and
Its Role in Non-Endothelial Cells: Autocrine Signalling by VEGF.
http://www.ncbi.nlm.nih.gov/books/NBK6482/.

Szmitko PE, Wang CH, Weisel RD, de Almeida JR, Anderson TJ, Verma S. New
markers of inflammation and endothelial cell activation: Part |. Circulation
2003:;108(16):1917-23.

Moore KJ, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a dynamic
balance. Nat Rev Immunol 2013;13(10):709-21.

Pant S, Deshmukh A, Gurumurthy GS, Pothineni NV, Watts TE, Romeo F, et al.
Inflammation and atherosclerosis--revisited. J Cardiovasc Pharmacol Ther
2014:19(2):170-8.

Simons K, Gerl MJ. Revitalizing membrane rafts: new tools and insights. Nat
Rev Mol Cell Biol 2010;11(10):688-99.

[61]. Johnson DR, Bhatnagar RS, Knoll LJ, Gordon JI. Genetic and biochemical

[62].

[63].

studies of protein N-myristoylation. Annu Rev Biochem 1994;63:869-914.

Mitchell DA, Vasudevan A, Linder ME, Deschenes RJ. Protein palmitoylation
by a family of DHHC protein S-acyltransferases. J Lipid Res
2006:47(6):1118-27.

Xu X, So JS, Park JG, Lee AH. Transcriptional control of hepatic lipid
metabolism by SREBP and ChREBP. Semin Liver Dis 2013;33(4):301-11.

249


http://www.ncbi.nlm.nih.gov/books/NBK6482/

List of References

[64]. Lin J, Yang R, Tarr PT, Wu PH, Handschin C, Li S, et al. Hyperlipidemic effects
of dietary saturated fats mediated through PGC-1beta coactivation of
SREBP. Cell 2005;120(2):261-73.

[65]. Jump DB, Clarke SD. Regulation of gene expression by dietary fat. Annu Rev
Nutr 1999;19:63-90.

[66]. Strable MS, Ntambi JM. Genetic control of de novo lipogenesis: role in diet-
induced obesity. Crit Rev Biochem Mol Biol 2010;45(3):199-214.

[67]. Maloney E, Sweet IR, Hockenbery DM, Pham M, Rizzo NO, Tateya S, et al.
Activation of NF-kappaB by palmitate in endothelial cells: a key role for
NADPH oxidase-derived superoxide in response to TLR4 activation.
Arterioscler Thromb Vasc Biol 2009;29(9):1370-5.

[68]. Wong SW, Kwon MJ, Choi AM, Kim HP, Nakahira K, Hwang DH. Fatty acids
modulate Toll-like receptor 4 activation through regulation of receptor
dimerization and recruitment into lipid rafts in a reactive oxygen species-
dependent manner. J Biol Chem 2009;284(40):27384-92.

[69]. Calder PC. Mechanisms of action of (n-3) fatty acids. J Nutr
2012:142(3):592S5-99S.

[70]. Calder PC. n-3 fatty acids, inflammation and immunity: new mechanisms to
explain old actions. Proc Nutr Soc 2013;72(3):326-36.

[71]. Calder PC, Yaqoob P, Harvey DJ, Watts A, Newsholme EA. Incorporation of
fatty acids by concanavalin A-stimulated lymphocytes and the effect on
fatty acid composition and membrane fluidity. Biochem J 1994;300 ( Pt
2):509-18.

[72]. Miles EA, Calder PC. Modulation of immune function by dietary fatty acids.
Proc Nutr Soc 1998;57(2):277-92.

[73]. Gottlicher M, Widmark E, Li Q, Gustafsson JA. Fatty acids activate a chimera
of the clofibric acid-activated receptor and the glucocorticoid receptor.
Proc Natl Acad Sci US A 1992:89(10):4653-7.

[74]. Healy DA, Wallace FA, Miles EA, Calder PC, Newsholm P. Effect of low-to-
moderate amounts of dietary fish oil on neutrophil lipid composition and
function. Lipids 2000;35(7):763-8.

[75]. Calder PC. Marine omega-3 fatty acids and inflammatory processes: Effects,
mechanisms and clinical relevance. Biochim Biophys Acta
2015;1851(4):469-84.

[76]. Calder PC. Polyunsaturated fatty acids and inflammatory processes: New
twists in an old tale. Biochimie 2009;91(6):791-5.

[77]. Bannenberg G, Serhan CN. Specialized pro-resolving lipid mediators in the
inflammatory response: An update. Biochim Biophys Acta
2010;1801(12):1260-73.

[78]. Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual anti-
inflammatory and pro-resolution lipid mediators. Nat Rev Immunol
2008;8(5):349-61.

[79]. Serhan CN, Yacoubian S, Yang R. Anti-inflammatory and proresolving lipid
mediators. Annu Rev Pathol 2008;3:279-312.

250



[80].

[81].

[82].

[83].

[84].

[85].

[86].

[87].

[88].

[89].

[90].

[91].

[92].

[93].

[94].

List of References

Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, et al. GPR120 is
an omega-3 fatty acid receptor mediating potent anti-inflammatory and
insulin-sensitizing effects. Cell 2010;142(5):687-98.

Oh DY, Olefsky JM. Omega 3 fatty acids and GPR120. Cell Metab
2012;15(5):564-5.

Calder PC. Very long chain omega-3 (n-3) fatty acids and human health.
European Journal of Lipid Science and Technology 2014;116(10):1280-300.

Calder PC. n-3 Fatty acids and cardiovascular disease: evidence explained
and mechanisms explored. Clin Sci (Lond) 2004;107(1):1-11.

Yokoyama M, Origasa H, Matsuzaki M, Matsuzawa Y, Saito Y, Ishikawa Y, et
al. Effects of eicosapentaenoic acid on major coronary events in
hypercholesterolaemic patients (JELIS): a randomised open-label, blinded
endpoint analysis. Lancet 2007;369(9567):1090-8.

Marik PE, Varon J. Omega-3 dietary supplements and the risk of
cardiovascular events: a systematic review. Clin Cardiol 2009;32(7):365-72.

SanGiovanni JP, Parra-Cabrera S, Colditz GA, Berkey CS, Dwyer JT. Meta-
analysis of dietary essential fatty acids and long-chain polyunsaturated
fatty acids as they relate to visual resolution acuity in healthy preterm
infants. Pediatrics 2000;105(6):1292-8.

Calder PC. Session 3: Joint Nutrition Society and Irish Nutrition and Dietetic
Institute Symposium on 'Nutrition and autoimmune disease' PUFA,
inflammatory processes and rheumatoid arthritis. Proc Nutr Soc
2008;67(4):409-18.

Barros R, Moreira A, Fonseca J, Delgado L, Castel-Branco MG, Haahtela T, et
al. Dietary intake of alpha-linolenic acid and low ratio of n-6:n-3 PUFA are
associated with decreased exhaled NO and improved asthma control. Br J
Nutr 2011;106(3):441-50.

Ma DW, Seo J, Switzer KC, Fan YY, McMurray DN, Lupton JR, et al. n-3 PUFA
and membrane microdomains: a new frontier in bioactive lipid research. J
Nutr Biochem 2004;15(11):700-6.

Nakamura MT, Cheon Y, Li Y, Nara TY. Mechanisms of regulation of gene
expression by fatty acids. Lipids 2004;39(11):1077-83.

Shaikh SR, Edidin M. Polyunsaturated fatty acids, membrane organization, T
cells, and antigen presentation. Am J Clin Nutr 2006;84(6):1277-89.

Turk HF, Chapkin RS. Membrane lipid raft organization is uniquely modified
by n-3 polyunsaturated fatty acids. Prostaglandins Leukot Essent Fatty
Acids 2013;88(1):43-7.

Weaver KL, Ivester P, Seeds M, Case LD, Arm JP, Chilton FH. Effect of dietary
fatty acids on inflammatory gene expression in healthy humans. J Biol
Chem 2009;284(23):15400-7.

Georgiadi A, Boekschoten MV, Muller M, Kersten S. Detailed transcriptomics
analysis of the effect of dietary fatty acids on gene expression in the heart.
Physiol Genomics 2012;44(6):352-61.

251



List of References

[95]. Dyerberg J, Bang HO, Stoffersen E, Moncada S, Vane JR. Eicosapentaenoic
acid and prevention of thrombosis and atherosclerosis? Lancet
1978;2(8081):117-9.

[96]. Kromann N, Green A. Epidemiological studies in the Upernavik district,
Greenland. Incidence of some chronic diseases 1950-1974. Acta Med
Scand 1980;208(5):401-6.

[97]. Kris-Etherton PM, Harris WS, Appel LJ, American Heart Association. Nutrition
C. Fish consumption, fish oil, omega-3 fatty acids, and cardiovascular
disease. Circulation 2002;106(21):2747-57.

[98]. Wang C, Harris WS, Chung M, Lichtenstein AH, Balk EM, Kupelnick B, et al. n-
3 Fatty acids from fish or fish-oil supplements, but not alpha-linolenic acid,
benefit cardiovascular disease outcomes in primary- and secondary-
prevention studies: a systematic review. Am J Clin Nutr 2006;84(1):5-17.

[99]. He K, Song Y, Daviglus ML, Liu K, Van Horn L, Dyer AR, et al. Accumulated
evidence on fish consumption and coronary heart disease mortality: a
meta-analysis of cohort studies. Circulation 2004;109(22):2705-11.

[100]. He K, Song Y, Daviglus ML, Liu K, Van Horn L, Dyer AR, et al. Fish
consumption and incidence of stroke: a meta-analysis of cohort studies.
Stroke 2004;35(7):1538-42.

[101]. Chowdhury R, Warnakula S, Kunutsor S, Crowe F, Ward HA, Johnson L, et al.
Association of dietary, circulating, and supplement fatty acids with
coronary risk: a systematic review and meta-analysis. Ann Intern Med
2014;160(6):398-406.

[102]. Burr ML, Fehily AM, Gilbert JF, Rogers S, Holliday RM, Sweetnam PM, et al.
Effects of changes in fat, fish, and fibre intakes on death and myocardial
reinfarction: diet and reinfarction trial (DART). Lancet 1989;2(8666):757-
61.

[103]. Dietary supplementation with n-3 polyunsaturated fatty acids and vitamin E
after myocardial infarction: results of the GISSI-Prevenzione trial. Gruppo
Italiano per lo Studio della Sopravvivenza nell'Infarto miocardico. Lancet
1999;354(9177):447-55.

[104]. Tavazzi L, Maggioni AP, Marchioli R, Barlera S, Franzosi MG, Latini R, et al.
Effect of n-3 polyunsaturated fatty acids in patients with chronic heart
failure (the GISSI-HF trial): a randomised, double-blind, placebo-controlled
trial. Lancet 2008;372(9645):1223-30.

[105]. Kromhout D, Giltay EJ, Geleijnse JM, Alpha Omega Trial G. n-3 fatty acids
and cardiovascular events after myocardial infarction. N Engl ] Med
2010;363(21):2015-26.

[106]. Galan P, Kesse-Guyot E, Czernichow S, Briancon S, Blacher J, Hercberg S, et
al. Effects of B vitamins and omega 3 fatty acids on cardiovascular
diseases: a randomised placebo controlled trial. BMJ 2010;341:c6273.

[107]. Rauch B, Schiele R, Schneider S, Diller F, Victor N, Gohlke H, et al. OMEGA,
a randomized, placebo-controlled trial to test the effect of highly purified
omega-3 fatty acids on top of modern guideline-adjusted therapy after
myocardial infarction. Circulation 2010;122(21):2152-9.

252



[108].

[109].

[110].

[111].

[112].

[113].

[114].

[115].

[116].

[117].

[118].

[119].

[120].

List of References

Yates CM, Calder PC, Ed Rainger G. Pharmacology and therapeutics of
omega-3 polyunsaturated fatty acids in chronic inflammatory disease.
Pharmacol Ther 2014;141(3):272-82.

Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis. Circulation
2002;105(9):1135-43.

De Caterina R, Cybulsky MI, Clinton SK, Gimbrone MA, Jr., Libby P. The
omega-3 fatty acid docosahexaenoate reduces cytokine-induced
expression of proatherogenic and proinflammatory proteins in human
endothelial cells. Arterioscler Thromb 1994:14(11):1829-36.

Collie-Duguid ES, Wahle KW. Inhibitory effect of fish oil N-3
polyunsaturated fatty acids on the expression of endothelial cell adhesion
molecules. Biochem Biophys Res Commun 1996;220(3):969-74.

Wang TM, Chen {J, Lee TS, Chao HY, Wu WH, Hsieh SC, et al.
Docosahexaenoic acid attenuates VCAM-1 expression and NF-kappaB
activation in TNF-alpha-treated human aortic endothelial cells. J Nutr
Biochem 2011:;22(2):187-94.

Wang Y, Liu Q, Thorlacius H. Docosahexaenoic acid inhibits cytokine-
induced expression of P-selectin and neutrophil adhesion to endothelial
cells. Eur J Pharmacol 2003;459(2-3):269-73.

Yates CM, Tull SP, Madden J, Calder PC, Grimble RF, Nash GB, et al.
Docosahexaenoic acid inhibits the adhesion of flowing neutrophils to
cytokine stimulated human umbilical vein endothelial cells. J Nutr
2011;141(7):1331-4.

Agriculture. USDoHaHSaUSDo. 2015-2020 Dietary Guidelines for
Americans. http://health.gov/dietaryguidelines/2015/quidelines/.

EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific
Opinion on Dietary Reference Values for fats, including saturated fatty
acids, polyunsaturated fatty acids, monounsaturated fatty acids, trans fatty
acids, and cholesterol. European Food Safety Authority Journal
2010;8(3):1461

Salem N, Jr., Eggersdorfer M. Is the world supply of omega-3 fatty acids
adequate for optimal human nutrition? Curr Opin Clin Nutr Metab Care
2015;18(2):147-54.

(FAO) UNFaAO. General situation of world fish stocks.
http://www.fao.org/newsroom/common/ecg/1000505/en/stocks.pdf.

Parker RW, Tyedmers PH. Life cycle environmental impacts of three
products derived from wild-caught Antarctic krill (Euphausia superba).
Environ Sci Technol 2012;46(9):4958-65.

Kuratko CA, R. Hoffman, J. Salem, N Jr. Enrichment of infant formula with
omega-3 fatty acids. In: Jacobsen CN, NS. Horn, AF. Sorensen, A-DM. (ed.)
Food enrichment with omega-3 fatty acids.: Woodhead Publishing LTD;
2013.

253


http://health.gov/dietaryguidelines/2015/guidelines/
http://www.fao.org/newsroom/common/ecg/1000505/en/stocks.pdf

List of References

[121].

[122].

[123].

[124].

[125].

[126].

[127].

[128].

[129].

[130].

[131].

[132].

[133].

[134].

[135].

Kuratko CS, N Jr. Long chain omega-3 fatty acids from algae: composition,
stability, metabolism and health effects. European Journal of Lipid Science
and Technology 2013;115:965-76.

Ministry of Agriculture FaF. Dietary Intake of lodine and Fatty Acids. Food
Information Surveillance Sheet.; 1997.

Hulshof KF, van Erp-Baart MA, Anttolainen M, Becker W, Church SM, Couet
C, et al. Intake of fatty acids in western Europe with emphasis on trans
fatty acids: the TRANSFAIR Study. Eur J Clin Nutr 1999;53(2):143-57.

Ollis TE, Meyer BJ, Howe PR. Australian food sources and intakes of omega-
6 and omega-3 polyunsaturated fatty acids. Ann Nutr Metab
1999;43(6):346-55.

Kris-Etherton PM, Taylor DS, Yu-Poth S, Huth P, Moriarty K, Fishell V, et al.
Polyunsaturated fatty acids in the food chain in the United States. Am J Clin
Nutr 2000;71(1 Suppl):179S-88S.

Innis SM, Elias SL. Intakes of essential n-6 and n-3 polyunsaturated fatty
acids among pregnant Canadian women. Am J Clin Nutr 2003;77(2):473-8.

Surette ME, Edens M, Chilton FH, Tramposch KM. Dietary echium oil
increases plasma and neutrophil long-chain (n-3) fatty acids and lowers
serum triacylglycerols in hypertriglyceridemic humans. J Nutr
2004;134(6):1406-11.

Berti M, Johnson BL, Dash S, Fisher S, Wilckens R, Hevia F. Echium: A source
of Stearidonic Acid Adapted to the Northern Great Plains in the US.
https://www.hort.purdue.edu/newcrop/ncnu07/pdfs/berti120-125.pdf.

Bioriginal. Echium oil. http://www.bioriginal.com/learning-center/omega-
ingredients/plant-sourced/echium-oil-eu/ (accessed 17/11/2014).

Ursin VM. Modification of plant lipids for human health: development of
functional land-based omega-3 fatty acids. J Nutr 2003;133(12):4271-4.

Steven D. Ehrlich N. Gamma-linolenic acid.
http://umm.edu/health/medical/altmed/supplement/gammalinolenic-acid
(accessed 01/09/2016).

Miles EA, Banerjee T, Calder PC. The influence of different combinations of
gamma-linolenic, stearidonic and eicosapentaenoic acids on the fatty acid
composition of blood lipids and mononuclear cells in human volunteers.
Prostaglandins Leukot Essent Fatty Acids 2004;70(6):529-38.

Kapoor R, Huang YS. Gamma linolenic acid: an antiinflammatory omega-6
fatty acid. Curr Pharm Biotechnol 2006;7(6):531-4.

Fan YY, Ramos KS, Chapkin RS. Dietary gamma-linolenic acid modulates
macrophage-vascular smooth muscle cell interactions. Evidence for a
macrophage-derived soluble factor that downregulates DNA synthesis in
smooth muscle cells. Arterioscler Thromb Vasc Biol 1995;15(9):1397-403.

Zurier RB, Rossetti RG, Jacobson EW, DeMarco DM, Liu NY, Temming JE, et
al. gamma-Linolenic acid treatment of rheumatoid arthritis. A randomized,
placebo-controlled trial. Arthritis Rheum 1996;39(11):1808-17.

254


https://www.hort.purdue.edu/newcrop/ncnu07/pdfs/berti120-125.pdf
http://www.bioriginal.com/learning-center/omega-ingredients/plant-sourced/echium-oil-eu/
http://www.bioriginal.com/learning-center/omega-ingredients/plant-sourced/echium-oil-eu/
http://umm.edu/health/medical/altmed/supplement/gammalinolenic-acid

[136].

[137].

[138].

[139].

[140].

[141].

[142].

[143].

[144].

[145].

[146].

[147].

List of References

Lee JW, Lee KW, Lee SW, Kim IH, Rhee C. Selective increase in pinolenic acid
(all-cis-5,9,12-18:3) in Korean pine nut oil by crystallization and its effect
on LDL-receptor activity. Lipids 2004;39(4):383-7.

Chen SJ, Chuang LT, Liao JS, Huang WC, Lin HH. Phospholipid Incorporation
of Non-Methylene-Interrupted Fatty Acids (NMIFA) in Murine Microglial BV-2
Cells Reduces Pro-Inflammatory Mediator Production. Inflammation
2015;38(6):2133-45.

Sueishi K, Yonemitsu Y, Nakagawa K, Kaneda Y, Kumamoto M, Nakashima
Y. Atherosclerosis and angiogenesis. Its pathophysiological significance in
humans as well as in an animal model induced by the gene transfer of
vascular endothelial growth factor. Ann N'Y Acad Sci 1997;811:311-22; 22-
4.

Moulton KS, Heller E, Konerding MA, Flynn E, Palinski W, Folkman J.
Angiogenesis inhibitors endostatin or TNP-470 reduce intimal
neovascularization and plaque growth in apolipoprotein E-deficient mice.
Circulation 1999;99(13):1726-32.

Celletti FL, Waugh JM, Amabile PG, Kao EY, Boroumand S, Dake MD.
Inhibition of vascular endothelial growth factor-mediated neointima
progression with angiostatin or paclitaxel. J Vasc Interv Radiol
2002;13(7):703-7.

Bevilacqua MP, Stengelin S, Gimbrone MA, Jr., Seed B. Endothelial leukocyte
adhesion molecule 1: an inducible receptor for neutrophils related to
complement regulatory proteins and lectins. Science
1989;243(4895):1160-5.

Dustin ML, Rothlein R, Bhan AK, Dinarello CA, Springer TA. Induction by IL
1 and interferon-gamma: tissue distribution, biochemistry, and function of
a natural adherence molecule (ICAM-1). J Immunol 1986:;137(1):245-54.

Chen C, Khismatullin DB. Synergistic effect of histamine and TNF-alpha on
monocyte adhesion to vascular endothelial cells. Inflammation
2013;36(2):309-109.

Bradfield PF, Johnson-Leger CA, Zimmerli C, Imhof BA. LPS differentially
regulates adhesion and transendothelial migration of human monocytes
under static and flow conditions. Int Immunol 2008;20(2):247-57.

Lieber M, Smith B, Szakal A, Nelson-Rees W, Todaro G. A continuous tumor-
cell line from a human lung carcinoma with properties of type Il alveolar
epithelial cells. Int J Cancer 1976;17(1):62-70.

Edgell CJ, McDonald CC, Graham JB. Permanent cell line expressing human
factor Vlll-related antigen established by hybridization. Proc Natl Acad Sci
USA1983;80(12):3734-7.

Bouis D, Hospers GA, Meijer C, Molema G, Mulder NH. Endothelium in vitro:
a review of human vascular endothelial cell lines for blood vessel-related
research. Angiogenesis 2001;4(2):91-102.

255



List of References

[148].

[149].

[150].

[151].

[152].

[153].

[154].

[155].

[156].

[157].

[158].

[159].

[160].

McKellar GE, McCarey DW, Sattar N, Mclnnes IB. Role for TNF in
atherosclerosis? Lessons from autoimmune disease. Nat Rev Cardiol
2009:6(6):410-7.

Bergh N, Ulfhammer E, Glise K, Jern S, Karlsson L. Influence of TNF-alpha
and biomechanical stress on endothelial anti- and prothrombotic genes.
Biochem Biophys Res Commun 2009;385(3):314-8.

Goua M, Mulgrew S, Frank J, Rees D, Sneddon AA, Wahle KW. Regulation of
adhesion molecule expression in human endothelial and smooth muscle
cells by omega-3 fatty acids and conjugated linoleic acids: involvement of
the transcription factor NF-kappaB? Prostaglandins Leukot Essent Fatty
Acids 2008;78(1):33-43.

Mayer K, Schmidt R, Muhly-Reinholz M, Bogeholz T, Gokorsch S,
Grimminger F, et al. In vitro mimicry of essential fatty acid deficiency in
human endothelial cells by TNFalpha impact of omega-3 versus omega-6
fatty acids. J Lipid Res 2002;43(6):944-51.

Grenon SM, Aguado-Zuniga J, Hatton JP, Owens CD, Conte MS, Hughes-
Fulford M. Effects of fatty acids on endothelial cells: inflammation and
monocyte adhesion. J Surg Res 2012;177(1):e35-43.

Huang CS, Lin AH, Yang TC, Liu KL, Chen HW, Lii CK. Shikonin inhibits
oxidized LDL-induced monocyte adhesion by suppressing NFkappaB
activation via up-regulation of PI3K/Akt/Nrf2-dependent antioxidation in
EA.hy926 endothelial cells. Biochem Pharmacol 2015;93(3):352-61.

Stepanova Ol, Safronova NU, Furaeva KN, Lvova TU, Sokolov DI, Selkov SA.
Effects of placental secretory factors on cytokine production by endothelial
cells. Bull Exp Biol Med 2013;154(3):375-8.

Lidington EA, Moyes DL, McCormack AM, Rose ML. A comparison of
primary endothelial cells and endothelial cell lines for studies of immune
interactions. Transpl Immunol 1999;7(4):239-46.

Kenneth J. Livak TDS. Analysis of Relative Gene Expression Data Using Real-
Time Quantitative PCR and the 2-A ACT Method,. Methods

2001;25(4):402-08.

Reza JZ, Doosti M, Salehipour M, Packnejad M, Mojarrad M, Heidari M.
Modulation peroxisome proliferators activated receptor alpha (PPAR alpha)
and acyl coenzyme A: cholesterol acyltransferasel (ACAT1) gene
expression by fatty acids in foam cell. Lipids Health Dis 2009;8:38.

De Caterina R, Liao JK, Libby P. Fatty acid modulation of endothelial
activation. Am J Clin Nutr 2000;71(1 Suppl):213s-23s.

Yaqoob P, Pala HS, Cortina-Borja M, Newsholme EA, Calder PC.
Encapsulated fish oil enriched in alpha-tocopherol alters plasma
phospholipid and mononuclear cell fatty acid compositions but not
mononuclear cell functions. Eur J Clin Invest 2000;30(3):260-74.

Browning LM, Walker CG, Mander AP, West AL, Madden J, Gambell JM, et al.
Incorporation of eicosapentaenoic and docosahexaenoic acids into lipid
pools when given as supplements providing doses equivalent to typical
intakes of oily fish. Am J Clin Nutr 2012;96(4):748-58.

256



[161].

[162].

[163].

[164].

[165].

[166].

[167].

[168].

[169].

[170].
[171].

[172].

[173].

List of References

Rees D, Miles EA, Banerjee T, Wells SJ, Roynette CE, Wahle KW, et al. Dose-
related effects of eicosapentaenoic acid on innate immune function in
healthy humans: a comparison of young and older men. Am J Clin Nutr
2006;83(2):331-42.

Lee SA, Kim HJ, Chang KC, Baek JC, Park JK, Shin JK, et al. DHA and EPA
Down-regulate COX-2 Expression through Suppression of NF-kappaB
Activity in LPS-treated Human Umbilical Vein Endothelial Cells. Korean J
Physiol Pharmacol 2009;13(4):301-7.

Khalfoun B, Thibault F, Watier H, Bardos P, Lebranchu Y. Docosahexaenoic
and eicosapentaenoic acids inhibit in vitro human endothelial cell
production of interleukin-6. Adv Exp Med Biol 1997;400B:589-97.

Huang CY, Sheu WH, Chiang AN. Docosahexaenoic acid and
eicosapentaenoic acid suppress adhesion molecule expression in human
aortic endothelial cells via differential mechanisms. Mol Nutr Food Res
2015;59(4):751-62.

Szymczak M, Murray M, Petrovic N. Modulation of angiogenesis by omega-
3 polyunsaturated fatty acids is mediated by cyclooxygenases. Blood
2008;111(7):3514-21.

Livingstone KM, Givens DI, Jackson KG, Lovegrove JA. Comparative effect of
dairy fatty acids on cell adhesion molecules, nitric oxide and relative gene
expression in healthy and diabetic human aortic endothelial cells.
Atherosclerosis 2014;234(1):65-72.

Shen Y, Chen G, Xiao A, Xie Y, Liu L, Cao Y. In vitro effect of flaxseed oil
and alpha-linolenic acid against the toxicity of lipopolysaccharide (LPS) to

human umbilical vein endothelial cells. Inflammopharmacology
2018;26(2):645-54.

Zhang W, Li R, Li J, Wang W, Tie R, Tian F, et al. Alpha-linolenic acid exerts
an endothelial protective effect against high glucose injury via PI3K/Akt
pathway. PLoS One 2013;8(7):e68489.

Calder PC, Yagoob P. Understanding omega-3 polyunsaturated fatty acids.
Postgrad Med 2009;121(6):148-57.

Christie WW. The Lipid Home. www.lipidhome.co.uk.

De Caterina R, Bernini W, Carluccio MA, Liao JK, Libby P. Structural
requirements for inhibition of cytokine-induced endothelial activation by
unsaturated fatty acids. J Lipid Res 1998;39(5):1062-70.

Chen H, Li D, Chen J, Roberts GJ, Saldeen T, Mehta JL. EPA and DHA
attenuate ox-LDL-induced expression of adhesion molecules in human
coronary artery endothelial cells via protein kinase B pathway. J Mol Cell
Cardiol 2003;35(7):769-75.

Mayer K, Merfels M, Muhly-Reinholz M, Gokorsch S, Rosseau S, Lohmeyer J,
et al. Omega-3 fatty acids suppress monocyte adhesion to human
endothelial cells: role of endothelial PAF generation. Am J Physiol Heart
Circ Physiol 2002;283(2):H811-8.

257


http://www.lipidhome.co.uk/

List of References

[174]. Shaw DI, Hall WL, Jeffs NR, Williams CM. Comparative effects of fatty acids

[175].

on endothelial inflammatory gene expression. Eur J Nutr 2007;46(6):321-
8.

Li Y, Rong Y, Bao L, Nie B, Ren G, Zheng C, et al. Suppression of adipocyte
differentiation and lipid accumulation by stearidonic acid (SDA) in 3T3-L1
cells. Lipids Health Dis 2017;16(1):181.

[176]. Chapkin RS, Somers SD, Schumacher L, Erickson KL. Fatty acid composition

of macrophage phospholipids in mice fed fish or borage oil. Lipids
1988;23(4):380-3.

[177]. Tanaka T, Hattori T, Kouchi M, Hirano K, Satouchi K. Methylene-interrupted

double bond in polyunsaturated fatty acid is an essential structure for
metabolism by the fatty acid chain elongation system of rat liver. Biochim
Biophys Acta 1998;1393(2-3):299-306.

[178]. Tanaka T, Takimoto T, Morishige J, Kikuta Y, Sugiura T, Satouchi K. Non-

methylene-interrupted polyunsaturated fatty acids: effective substitute for
arachidonate of phosphatidylinositol. Biochem Biophys Res Commun
1999;264(3):683-8.

[179]. Chuang LT, Tsai PJ, Lee CL, Huang YS. Uptake and incorporation of

pinolenic acid reduces n-6 polyunsaturated fatty acid and downstream
prostaglandin formation in murine macrophage. Lipids 2009;44(3):217-24.

[180]. James MJ, Ursin VM, Cleland LG. Metabolism of stearidonic acid in human

[181].

[182].

[183].

subjects: comparison with the metabolism of other n-3 fatty acids. Am J
Clin Nutr 2003;77(5):1140-5.

Krul ES, Lemke SL, Mukherjea R, Taylor ML, Goldstein DA, Su H, et al.
Effects of duration of treatment and dosage of eicosapentaenoic acid and
stearidonic acid on red blood cell eicosapentaenoic acid content.
Prostaglandins Leukot Essent Fatty Acids 2012;86(1-2):51-9.

Ibrahim A, Mbodji K, Hassan A, Aziz M, Boukhettala N, Coeffier M, et al.
Anti-inflammatory and anti-angiogenic effect of long chain n-3
polyunsaturated fatty acids in intestinal microvascular endothelium. Clin
Nutr 2011;30(5):678-87.

Erdinest N, Shmueli O, Grossman Y, Ovadia H, Solomon A. Anti-
inflammatory effects of alpha linolenic acid on human corneal epithelial
cells. Invest Ophthalmol Vis Sci 2012;53(8):4396-406.

[184]. Cranmer-Byng MM, Liddle DM, De Boer AA, Monk JM, Robinson LE.

[185].

Proinflammatory effects of arachidonic acid in a lipopolysaccharide-
induced inflammatory microenvironment in 3T3-L1 adipocytes in vitro.
Appl Physiol Nutr Metab 2015;40(2):142-54.

Bork CS, Veno SK, Lundbye-Christensen S, Jakobsen MU, Tjonneland A,
Calder PC, et al. Adipose tissue content of alpha-linolenic acid and the risk
of ischemic stroke and ischemic stroke subtypes: A Danish case-cohort
study. PLoS One 2018;13(6):e0198927.

[186]. Cao D, Luo J, Zang W, Chen D, Xu H, Shi H, et al. Gamma-Linolenic Acid

Suppresses NF-kappaBeta Signaling via CD36 in the Lipopolysaccharide-
Induced Inflammatory Response in Primary Goat Mammary Gland Epithelial
Cells. Inflammation 2016;39(3):1225-37.

258



[187].

[188].

[189].

[190].

[191].

[192].

[193].

[194].

[195].

[196].

[197].

[198].

[199].

List of References

De Caterina R, Cybulsky MA, Clinton SK, Gimbrone MA, Libby P. Omega-3
fatty acids and endothelial leukocyte adhesion molecules. Prostaglandins,
Leukotrienes and Essential Fatty Acids 1995;52(2):191-95.

De Caterina R, Libby P. Control of endothelial leukocyte adhesion
molecules by fatty acids. Lipids 1996;31 Suppl:S57-63.

Kim DH, Yoo TH, Lee SH, Kang HY, Nam BY, Kwak SJ, et al. Gamma linolenic
acid exerts anti-inflammatory and anti-fibrotic effects in diabetic
nephropathy. Yonsei Med J 2012;53(6):1165-75.

Gdula-Argasinska J, Czepiel J, Toton-Zuranska J, Jurczyszyn A, Perucki W,
Wolkow P. Docosahexaenoic acid regulates gene expression in HUVEC cells
treated with polycyclic aromatic hydrocarbons. Toxicol Lett
2015:236(2):75-81.

Chene G, Dubourdeau M, Balard P, Escoubet-Lozach L, Orfila C, Berry A, et
al. n-3 and n-6 polyunsaturated fatty acids induce the expression of COX-2
via PPARgamma activation in human keratinocyte HaCaT cells. Biochim
Biophys Acta 2007;1771(5):576-89.

Wang L, Reiterer G, Toborek M, Hennig B. Changing ratios of omega-6 to
omega-3 fatty acids can differentially modulate polychlorinated biphenyl
toxicity in endothelial cells. Chem Biol Interact 2008;172(1):27-38.

Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. Cold
Spring Harb Perspect Biol 2009;1(6):a001651.

Westwick JK, Schwamborn K, Mercurio F. Chapter 252 - NF £ B: A Key
Integrator of Cell Signaling. In: Bradshaw RA, Dennis EA (eds.) Handbook of
Cell Signaling (Second Edition). San Diego: Academic Press; 2010 p2069-
76.

Hoffmann A, Levchenko A, Scott ML, Baltimore D. The lkappaB-NF-kappaB
signaling module: temporal control and selective gene activation. Science
2002;298(5596):1241-5.

Massaro M, Habib A, Lubrano L, Del Turco S, Lazzerini G, Bourcier T, et al.
The omega-3 fatty acid docosahexaenoate attenuates endothelial
cyclooxygenase-2 induction through both NADP(H) oxidase and PKC
epsilon inhibition. Proc Natl Acad Sci U S A 2006;103(41):15184-9.

Chen X, Wang Q, Zhan L, Shu A. Effects and mechanisms of
docosahexaenoic acid on the generation of angiopoietin-2 by rat brain
microvascular endothelial cells under an oxygen- and glucose-deprivation
environment. Springerplus 2016;5(1):1518.

Lee CH, Lee SD, Ou HC, Lai SC, Cheng YJ. Eicosapentaenoic acid protects
against palmitic acid-induced endothelial dysfunction via activation of the
AMPK/eNQOS pathway. Int J Mol Sci 2014;15(6):10334-49.

Del Gobbo LC, Imamura F, Aslibekyan S, Marklund M, Virtanen JK,
Wennberg M, et al. omega-3 Polyunsaturated Fatty Acid Biomarkers and
Coronary Heart Disease: Pooling Project of 19 Cohort Studies. JAMA Intern
Med 2016;176(8):1155-66.

259



List of References

[200].

[201].

[202].

[203].

[204].

[205].

[206].

[207].

[208].

[209].

[210].

[211].

[212].

[213].

[214].

Cawood AL, Ding R, Napper FL, Young RH, Williams JA, Ward MJ, et al.
Eicosapentaenoic acid (EPA) from highly concentrated n-3 fatty acid ethyl
esters is incorporated into advanced atherosclerotic plaques and higher
plaque EPA is associated with decreased plaque inflammation and
increased stability. Atherosclerosis 2010;212(1):252-9.

Gemerden FV. The ability of EA.hy926 endothelial cells to recruit THP-1
monocytes: a static adhesion model for studying atherosclerosis:
University of Southampton, 2017.

Rahman A, Fazal F. Hug tightly and say goodbye: role of endothelial ICAM-
1 in leukocyte transmigration. Antioxid Redox Signal 2009;11(4):823-39.

Yamada H, Yoshida M, Nakano Y, Suganami T, Satoh N, Mita T, et al. In vivo
and in vitro inhibition of monocyte adhesion to endothelial cells and
endothelial adhesion molecules by eicosapentaenoic acid. Arterioscler
Thromb Vasc Biol 2008:28(12):2173-9.

Takahashi M, lkeda U, Masuyama J, Kitagawa S, Kasahara T, Saito M, et al.
Involvement of adhesion molecules in human monocyte adhesion to and
transmigration through endothelial cells in vitro. Atherosclerosis
1994;108(1):73-81.

Zandbergen F, Plutzky J. PPARalpha in atherosclerosis and inflammation.
Biochim Biophys Acta 2007;1771(8):972-82.

Naidenow J, Hrgovic I, Doll M, Hailemariam-Jahn T, Lang V, Kleemann J, et
al. Peroxisome proliferator-activated receptor (PPAR) alpha and delta
activators induce ICAM-1 expression in quiescent non stimulated
endothelial cells. J Inflamm (Lond) 2016;13:27.

Grygiel-Gorniak B. Peroxisome proliferator-activated receptors and their
ligands: nutritional and clinical implications--a review. Nutr J 2014;13:17.

Fan YY, Chapkin RS. Importance of dietary gamma-linolenic acid in human
health and nutrition. J Nutr 1998;128(9):1411-4.

Shikov AN, Pozharitskaya ON, Makarov VG, Makarova MN. Anti-
inflammatory effect of Pinus sibirica oil extract in animal models. J Nat
Med 2008;62(4):436-40.

Dirks J, van Aswegen CH, du Plessis DJ. Cytokine levels affected by gamma-
linolenic acid. Prostaglandins Leukot Essent Fatty Acids 1998;59(4):273-7.

. UniProtKB - QINYP7 (ELOV5_HUMAN).
https://www.uniprot.org/uniprot/Q9NYP7.

Sergeant S, Rahbar E, Chilton FH. Gamma-linolenic acid, Dihommo-gamma
linolenic, Eicosanoids and Inflammatory Processes. Eur J Pharmacol
2016;785:77-86.

Borgeat P, Hamberg M, Samuelsson B. Transformation of arachidonic acid
and homo-gamma-linolenic acid by rabbit polymorphonuclear leukocytes.
Monohydroxy acids from novel lipoxygenases. J Biol Chem
1976;251(24):7816-20.

Tabolacci C, Lentini A, Provenzano B, Gismondi A, Rossi S, Beninati S.
Similar antineoplastic effects of nimesulide, a selective COX-2 inhibitor,

260


https://www.uniprot.org/uniprot/Q9NYP7

[215].

[216].

[217].

[218].

[219].

[220].

[221].

[222].

[223].

[224].

[225].

List of References

and prostaglandin E1 on B16-F10 murine melanoma cells. Melanoma Res
2010;20(4):273-9.

Zurier RB. Role of prostaglandins E in inflammation and immune responses.
Adv Prostaglandin Thromboxane Leukot Res 1991;21B:947-53.

Levin G, Duffin KL, Obukowicz MG, Hummert SL, Fujiwara H, Needleman P,
et al. Differential metabolism of dihomo-gamma-linolenic acid and
arachidonic acid by cyclo-oxygenase-1 and cyclo-oxygenase-2: implications
for cellular synthesis of prostaglandin E1 and prostaglandin E2. Biochem |
2002;365(Pt 2):489-96.

Takai S, Jin D, Kawashima H, Kimura M, Shiraishi-Tateishi A, Tanaka T, et
al. Anti-atherosclerotic effects of dihomo-gamma-linolenic acid in ApoE-
deficient mice. J Atheroscler Thromb 2009;16(4):480-9.

Yang L, Song Z, Wang F, Xia H, Liu H, Shu G, et al. Effects of Linoleic and
Alpha-Linolenic Ratios and Concentrations on In Vitro Endothelial Cell
Responses. European Journal of Lipid Science and Technology 2018;120(9).

Bryan DL, Hart P, Forsyth K, Gibson R. Incorporation of alpha-linolenic acid
and linoleic acid into human respiratory epithelial cell lines. Lipids
2001;36(7):713-7.

Abdelmagid SA, Clarke SE, Nielsen DE, Badawi A, EI-Sohemy A, Mutch DM,
et al. Comprehensive profiling of plasma fatty acid concentrations in young
healthy Canadian adults. PLoS One 2015;10(2):e0116195.

Edel AL, Patenaude AF, Richard MN, Dibrov E, Austria JA, Aukema HM, et al.
The effect of flaxseed dose on circulating concentrations of alpha-linolenic
acid and secoisolariciresinol diglucoside derived enterolignans in young,
healthy adults. Eur J Nutr 2016;55(2):651-63.

Young VM, Toborek M, Yang F, McClain CJ, Hennig B. Effect of linoleic acid
on endothelial cell inflammatory mediators. Metabolism 1998;47(5):566-
72.

Reissig D, Rassoul F, Salvetter J, Wagner O, Richter V. Effect of fatty acids
on expression of endothelial leukocyte adhesion molecules. Eur J Nutr
2003:42(4):224-7.

Stachowska E, Siennicka A, Baskiewcz-Halasa M, Bober J, Machalinski B,
Chlubek D. Conjugated linoleic acid isomers may diminish human
macrophages adhesion to endothelial surface. Int J Food Sci Nutr
2012;63(1):30-5.

(SACN) SACoN. Advice on fish consumption: benefits and risks.
https://www.gov.uk/government/publications/sacn-advice-on-fish-

consumption.

261


https://www.gov.uk/government/publications/sacn-advice-on-fish-consumption
https://www.gov.uk/government/publications/sacn-advice-on-fish-consumption

	Thesis-copyright-declaration-text-4 (1)
	E.Baker Thesis V2.pdf
	Table of Contents
	List of Tables
	List of Figures
	List of Accompanying Materials
	DECLARATION OF AUTHORSHIP
	Acknowledgements
	Definitions and Abbreviations
	Chapter 1:  Introduction
	1.1 Fatty acids
	1.1.1 Fatty acids - Chemical structure and nomenclature
	1.1.2 Fatty acids - metabolism and biosynthesis
	1.1.2.1 Fatty acid biosynthesis de novo

	1.1.3 Fatty acids - sources and intakes
	1.1.3.1 Omega-6/omega-3 fatty acid ratio


	1.2 Inflammation
	1.2.1 Mechanisms involved in the inflammatory response
	1.2.2 Chemotaxis and cell migration
	1.2.3 NF-kB
	1.2.4 Chronic inflammation
	1.2.5 Atherosclerosis
	1.2.6 Functions of fatty acids in inflammatory processes
	1.2.6.1 Saturated fatty acids
	1.2.6.2 EPA and DHA


	1.3 Long chain n-3 fatty acids in CVD
	1.3.1 Evidence
	1.3.2 Recommendations for intake of fish, fatty fish and long chain n-3 PUFA

	1.4 Sustainability
	1.4.1 Alternative sources of bioactive fatty acids

	1.5 Aim and Objectives

	Chapter 2:  Establishing an Inflammatory Endothelial Cell Model
	2.1 Introduction
	2.2 Aim and Objectives
	2.3 Methods
	2.3.1 Reagents
	2.3.2 Endothelial cell culture
	2.3.2.1 Inflammatory mediator production
	2.3.2.2 Gene expression
	2.3.2.3 Protein expression

	2.3.3 Detection of inflammatory mediators
	2.3.3.1 Principle of Luminex assay
	2.3.3.1.1 Assay procedure


	2.3.4 Analysis of gene expression using RT-qPCR
	2.3.4.1 Isolation of RNA
	2.3.4.2  RNA analysis
	2.3.4.2.1 NanoDrop Spectrophotometer (NDS) analysis
	2.3.4.2.2 RNA quantification
	2.3.4.2.3 Agilent Bioanalyzer analysis

	2.3.4.3 cDNA synthesis
	2.3.4.4 Principle of RT-qPCR
	2.3.4.4.1 Assay procdure


	2.3.5 Relative gene expression quantification
	2.3.6 Detection of protein expression
	2.3.6.1 Protein extraction
	2.3.6.2 Protein quantification
	2.3.6.2.1 Principle of the BCA assay
	2.3.6.2.2 Assay procedure

	2.3.6.3 Principle of Western blot
	2.3.6.3.1 Assay procedure

	2.3.6.4 Quantification of western blots with ImageJ


	2.4 Results
	2.4.1 Optimization of the effect of different TNFα concentrations on inflammatory mediators in EA.hy926 cells
	2.4.2 RNA integrity
	2.4.3 Optimization of TNFα duration on inflammatory gene expression in EA.hy926 cells
	2.4.4 Optimization of TNFα duration on protein expression in EA.hy926

	2.5 Discussion

	Chapter 3:  Fatty Acid Incorporation into Cultured Endothelial Cells
	3.1 Introduction
	3.2 Aim and Objectives
	3.3 Methods
	3.3.1 Reagents
	3.3.2 Fatty acid dilution.
	3.3.3 Viability of EA.hy926 cells treated with fatty acids
	3.3.3.1 Principle of MTT assay
	3.3.3.1.1 Assay procedure

	3.3.3.2 Visualisation of EA.hy926
	3.3.3.3 Principle of gas chromatography
	3.3.3.3.1 GC procedure – Incorporation of FAs into EA.hy926

	3.3.3.4 Principle of Gas Chromatography/Mass spectrometry
	3.3.3.4.1 GC/MS procedure – Incorporation of pinolenic acid into EA.hy926 cells


	3.3.4 EA.hy926 cell fatty acid analysis by gas chromatography
	3.3.4.1 Lipid extraction and formation of FAMEs
	3.3.4.2 GC analysis

	3.3.5 Statistical analysis

	3.4 Results
	3.4.1 Viability of EA.hy926 cells treated with TNFα and Fatty Acids
	3.4.2 FA incorporation into EA.hy929 cells
	3.4.3 GC/MS results
	3.4.3.1 Identification of the unknown FA produced in EA.hy926 cells after incubation with PIN


	3.5 Discussion
	3.5.1 FA incorporation and metabolism
	3.5.2 Conclusions


	Chapter 4:  Effect of fatty acids on production of inflammatory mediators by cultured endothelial cells
	4.1 Introduction
	4.2 Aim and Objectives
	4.3 Methods
	4.3.1 Reagents
	4.3.2 Production of inflammatory mediators by cultured EA.hy926 cells
	4.3.2.1 Cell surface expression of ICAM-1 determined by flow cytometry
	4.3.2.2 Principle of flow cytometry

	4.3.3 Statistical analysis

	4.4 Results
	4.4.1 Effect of fatty acid treatment on production of inflammatory mediators by EA.hy926 cells
	4.4.1.1 ICAM-1
	4.4.1.2 IL-6
	4.4.1.3 IL-8
	4.4.1.4 MCP-1
	4.4.1.5 RANTES
	4.4.1.6 VEGF

	4.4.2 Effect of fatty acid treatment on ICAM-1 cell surface expression in response to TNFα

	4.5 Discussion
	4.5.1 Effects of FA on inflammatory mediators
	4.5.2 Conclusions


	Chapter 5:  Effects of fatty acids on inflammatory gene expression in cultured endothelial cells
	5.1 Introduction
	5.2 Aim and objectives
	5.3 Methods
	5.3.1 Reagents
	5.3.2 Endothelial cell culture
	5.3.3 Analysis of gene expression using RT-qPCR
	5.3.3.1 Isolation of RNA
	5.3.3.2 RNA analysis.

	5.3.4 cDNA synthesis
	5.3.5 RT-qPCR
	5.3.6 geNorm analysis
	5.3.7 Statistical analysis

	5.4 Results
	5.4.1 RNA integrity
	5.4.2 Reference gene identification
	5.4.3 Effect of fatty acid treatment on gene expression
	5.4.3.1 NF-kB
	5.4.3.2 IKKB
	5.4.3.3 PPAR
	5.4.3.4 COX-2
	5.4.3.5 MCP-1
	5.4.3.6 IL-6


	5.5 Discussion
	5.5.1 Effects of fatty acids on gene expression
	5.5.2 Conclusions


	Chapter 6:  Effect of fatty acids on inflammatory proteins in cultured endothelial cells
	6.1 Introduction
	6.2 Aim and objectives
	6.3 Methods
	6.3.1 Reagents
	6.3.2 Endothelial cell culture
	6.3.2.1 Analysis of inflammatory intracellular proteins by EA.hy926
	6.3.2.2 Protein quantification BCA assay
	6.3.2.3 Western blotting

	6.3.3 Statistical analysis

	6.4 Results
	6.4.1 COX-2
	6.4.2 NF-kB

	6.5 Discussion
	6.5.1 Conclusions


	Chapter 7:  Binding of monocytes to fatty acid treated endothelial cells
	7.1 Introduction
	7.1.1 Aim and objectives

	7.2 Methods
	7.2.1 Reagents
	7.2.2 Endothelial cell culture
	7.2.3 THP-1 cell culture
	7.2.4 Static adhesion
	7.2.4.1 Principle of the static adhesion assay
	7.2.4.2 Protocol of the assay

	7.2.5 Visualisation of THP-1 binding
	7.2.6 Statistical analysis

	7.3 Results
	7.4 Discussion
	7.4.1 Conclusions


	Chapter 8:  Using silencing of elongase 5 to examine whether gamma-linolenic and pinolenic acids retain their anti-inflammatory effects in cultured endothelial cells
	8.1 Introduction
	8.2 Aim and objectives
	8.3 Methods
	8.3.1 Reagents
	8.3.2 siRNA mediated inhibition of ELOVL5
	8.3.2.1 Principle of siRNA
	8.3.2.2 Protocol for elongase 5 silencing

	8.3.3 Analysis of gene expression using RT-qPCR
	8.3.3.1 Isolation of RNA
	8.3.3.2 RNA analysis.
	8.3.3.3 cDNA synthesis
	8.3.3.4 RT-qPCR

	8.3.4 Analysis of cellular fatty acid composition
	8.3.4.1 Gas chromatography analysis

	8.3.5 Production of inflammatory mediators
	8.3.6 Statistical analysis

	8.4 Results
	8.4.1 RNA integrity
	8.4.2 siRNA silencing of ELOVL5
	8.4.2.1 RT-qPCR

	8.4.3 Fatty acid composition of EA.hy926 cells incubated with FA and with ELOVL5 silencing
	8.4.4 Inflammatory mediators

	8.5 Discussion
	8.5.1 Conclusion


	Chapter 9:  Effects of altering the ratio of linoleic acid to alpha-linolenic acid on inflammatory responses of cultured endothelial cells
	9.1 Introduction
	9.1.1 Aim and objectives

	9.2 Methods
	9.2.1 Reagents
	9.2.2 Fatty acid dilution.
	9.2.2.1 Fatty acid concentrations and LA:ALA ratios

	9.2.3 Treatment of EA.hy926 cells with fatty acids
	9.2.4 MTT assay
	9.2.5 Analysis of cellular FA composition
	9.2.5.1 GC analysis

	9.2.6 Production of inflammatory mediators
	9.2.7 Statistical analysis

	9.3 Results
	9.3.1 Viability of EA.hy926 exposed to LA and ALA different ratios
	9.3.2 Fatty acid incorporation into EA.hy926 cells
	9.3.3 Inflammatory mediators
	9.3.3.1 ICAM-1
	9.3.3.2 IL-6
	9.3.3.3 IL-8
	9.3.3.4 MCP-1
	9.3.3.5 RANTES
	9.3.3.6 VEGF


	9.4 Discussion
	9.4.1 FA content of ECs according to different LA to ALA ratios
	9.4.2 Effects on inflammatory mediators
	9.4.3 Conclusion


	Chapter 10:  General discussion and conclusions
	10.1 Rationale and summary of the main findings
	10.2 Incorporation of fatty acids
	10.3 Effect of fatty acids on inflammatory processes
	10.3.1 Inflammatory mediator production and adhesion of THP-1 to EA.hy926 cells
	10.3.2 The importance of elongation of GLA and PIN
	10.3.3 Effects of LA:ALA ratio on inflammation
	10.3.4 Fatty acid effects on gene and protein expression

	10.4 Final conclusions
	10.5 Study limitations and future work

	Appendices
	Appendix A
	Appendix B
	Appendix C
	References
	List of References




