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EFFECT OF 18-CARBON CIS AND TRANS FATTY ACIDS ON INFLAMMATORY RESPONSES
OF CULTURED HUMAN ENDOTHELIAL CELLS

by

Carina Valenzuela Avendano

The endothelium plays a key role in maintaining vascular homeostasis by regulating
vascular tone and permeability. Endothelial dysfunction is a pro-inflammatory state
characterized by chronic activation of the endothelium, which leads to atherosclerosis
and cardiovascular disease (CVD). Intake of trans fatty acids (TFAs) is associated with an
increased risk of CVD and other chronic diseases and this risk is usually associated with
industrial TFAs rather than ruminant TFAs; however the effect of TFAs on inflammation
remains unclear. The aim of this project was to compare the inflammatory response in
cultured EA.hy926 endothelial cells (ECs) exposed to different 18-carbon trans fatty acids
(trans vaccenic acid (TVA), elaidic acid (EA), cis vaccenic acid, conjugated cis-9,trans-11
and trans-10, cis-12 linoleic acids (CLAs)) of ruminant and industrial origin and to two 18-
carbon cis fatty acids (oleic and linoleic).

EA.hy926 cells remained viable at the different FA concentrations used, with the
exception of CLA10,12 at 50 uM. In addition, the FAs tested were incorporated into ECs in
culture in a dose dependent manner, and this incorporation was accompanied by the
appearance of some metabolic products. EA increased production of most of the
cytokines and adhesion molecules measured after inflammatory stimulation, while TVA
caused their reduction in non-stimulated cells and showed a neutral effect in tumour
necrosis factor (TNF)-a stimulated ECs. EA also showed some anti-inflammatory effects
under basal conditions when used at low concentrations. In relation to the effect of the
FAs on expression of inflammatory pathway genes, EA (50 uM) induced a significant
upregulation of toll-like receptor (TLR)-4 and cyclooxygenase (COX)-2 gene expression in
TNF-a stimulated cells. In contrast, TVA (1 uM) induced a significant downregulation of
nuclear factor kappa B subunit 1 (NFkB1) in TNF-a stimulated cells. TVA (10 uM) also
decreased the relative gene expression of COX-2 under basal conditions. EA (50 uM)
induced a significant increase of THP-1 monocyte cell adhesion to ECs, both with and
without TNF-a stimulation. In contrast, TVA (1 uM) reduced THP-1 monocyte adhesion,
under basal conditions and after TNF-a stimulation, and decreased the level of surface
expression of ICAM-1 when used at 50 uM.



In relation to the effects of the CLAs, CLA9,11 had neutral or anti-inflammatory effects in
non-stimulated ECs, reducing the levels of monocyte chemoattractant protein 1,
regulated on activation normal T expressed and secreted, interleukin (IL)-8 and IL-6.
CLA10,12 exposure reduced the same cytokines in basal conditions, which the exception
of IL-6, which was increased. In contrast, CLA10,12 increased the levels of most of the
inflammatory mediators after TNF-a stimulation. CLA9,11 had null effects after
inflammatory stimulation. Both CLAs increased NFkB gene expression under basal
conditions, together with a reduction of peroxisome proliferator activated receptor a,
COX-2 and IL-6 gene expression. Instead, both CLAs (1 uM) decreased the NFkB mRNA
appearance after TNF-a stimulation, but only CLA9,11 maintained this downregulation at
10 uM. CLA10,12 had no effect on THP-1 adhesion while decreasing significantly the % of
cells expressing ICAM-1 and also levels of ICAM-1 expression per cell when used at 10
puM. Although CLA9,11 did not have any effect on ICAM-1 cell surface expression, it
reduced the monocyte adhesion to the EA.hy926 cell monolayer.

The results suggest that TVA has some anti-inflammatory properties, while EA enhances
the response to an inflammatory stimulus. In addition, both CLAs showed similar effects
under basal conditions, acting generally in a neutral or modest anti-inflammatory way. In
contrast, after TNF-a stimulation, CLA10,12 showed some pro-inflammatory effects. This
suggests that the EC responses to some FAs may change depending on the presence of
inflammation. These findings suggest differential effects induced by the TFAs tested, in
general fitting with the idea that industrial TFAs and ruminant TFAs can have different
and perhaps opposing biological actions.
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Low-grade chronic Inflammation is a feature of obesity, and has been related to insulin
resistance and atherosclerosis. The vascular endothelium plays a key role in maintaining
vascular homeostasis by regulating vascular tone and permeability. Endothelial
dysfunction is a pro-inflammatory state characterized by chronic activation of the

endothelium, which leads to atherosclerosis and cardiovascular disease (CVD).

Intake of trans fatty acids (TFAs) is associated with an increased risk of CVD and other
chronic diseases; however the effect of TFAs on inflammation remains controversial. The
research described in this thesis explores the effects of 18-carbon TFAs on endothelial cell

inflammation.

This chapter will provide the background to understand the current knowledge in this
matter and explain why an endothelial cell model will be used to study the effect of
different types of TFAs on their inflammatory responses in relation to cardiovascular

disease development.

1.1 Fatty acids

Lipids are essential components of cell membranes, playing varied roles in mediating and
controlling an extensive array of cellular activities including membrane structure and
organization, metabolic and gene regulation, protein structure and function, energy
production and signalling pathways. They have been associated with immune and
inflammatory responses, cell proliferation, mediation of apoptosis and also have been
linked to the pathogenesis of many diseases, including CVD, diabetes, cancer and

neurodegenerative disorders (Calder, 2004).

Lipids consist of a large number of organic compounds, including fatty acids (FA),
monoacylglycerols (MG), diacylglycerols (DG), triacylglycerols (TAG), phospholipids (PL),
eicosanoids, resolvins, docosanoids, sterols, sterol esters, carotenoids, vitamins A and E,
fatty alcohols, hydrocarbons and wax esters. These lipids and their FA components are
widely dispersed in nature. Dietary fat includes all the lipids in plant and animal tissues
that are eaten as food. The most common fats (solid) or oils (liquid) are glycerolipids,
which are largely composed of TG. The TG are accompanied by minor amounts of PL, MG,

DG and sterols/sterol esters. FA constitute the main components of many of these lipid

2
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entities and are required by humans as a source of energy and for metabolic and

structural activities (FAO, 2010).

Different foods contain different amounts of fat and different types of FA, and these may
be affected by processing, storage, and cooking methods. The majority of FAs consumed
in the diet are available to the bloodstream through efficient processes of digestion and
absorption. FAs can also be synthesized in the human body, either from non-lipid
precursors such as glucose or from other FA; exceptions to this are the essential FAs (i.e.
linoleic and a-linolenic acids (LA, ALA)), which must be obtained from the diet (Calder,

2015a).

1.1.1 Structure and geometry of FA

Fatty acids are carboxylic acids with hydrocarbon chains ranging from 2 to 30 carbons
long, with a carboxyl group at one end and a methyl group at the other. Based on the
chain length, FA are classified as short chain (2—6 carbon atoms), medium chain (8-12
carbon atoms), and long chain (14 or more carbon atoms). The most common dietary FAs
are also classified into three broad classes according to the degree of unsaturation;
saturated fatty acids (SFA) do not contain double bonds in the hydrocarbon chain,
monounsaturated fatty acids (MUFA) have one double bond and polyunsaturated fatty
acids (PUFA) have two or more double bonds. In general, these FAs have an even number
of carbon atoms and have unbranched structures. The double bonds of naturally
occurring unsaturated FAs usually have a cis orientation, meaning that the hydrogen
atoms attached to the double bonds are on the same side (FAO, 2010). On the other
hand, TFAs have one or more double bonds in the trans geometric configuration,
meaning that the carbon chain extends from the opposite side of the double bond and
this spatial variance provides them with different physical, chemical and biological

properties when compared to their cis isomers (Figure 1).
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Figure 1.1: Cis and trans spatial configuration of fatty acids.

1.1.2

TFA structure and metabolism

TFAs may be produced naturally through metabolism or may be produced through

industrial processing. TFAs from natural and industrial sources have different structures;

the main 18-carbon TFAs used in this project are shown in table 1.1. Ruminant

biohydrogenation of unsaturated FAs produces mainly trans-vaccenic acid (TVA; trans-11

18:1) and cis-9, trans-11 conjugated linoleic acid (CLA9,11) as intermediates during

bacterial fermentation. In contrast, during catalytic hydrogenation of vegetable oils,

ethylenic double bonds progressively disappear by being saturated by hydrogen. Before

disappearing, their positions can shift along the FA chain (positional isomerization) and/or

their geometry can change from cis to trans configuration and back, leading to various

TFAs in the final product, although the main one is elaidic acid (EA; trans-9 18:1).

Table 1.1: Chemical structure of the 18-carbon TFAs of interest in this project

TFA

Systematic Name

Structure

trans vaccenic acid;
trans-11 18:1; TVA

trans-11-
octadecenoic
acid

Elaidic acid; trans 9
18:1; EA

trans-9-
octadecenoic
acid

Rumenic acid; cis 9,
trans 11 conjugated
linoleic acid; CLA9,11

9Z,11E-octadeca-

9,11-dienoic acid

trans 10, cis 12
conjugated linoleic
acid; CLA10,12

10E,12Z-
octadeca-10,12-
dienoic acid
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In a trans double bond, the two hydrogen atoms bound to the carbon atoms that form
the double bond are located on opposite sides of the carbon chain. Unlike the cis isomeric
configuration, the double bond angle of TFAs is smaller and the acyl chain is more linear,
resulting in a more rigid and straight molecule with a higher melting point. The spatial
structure of TFAs is between that of saturated FAs and cis unsaturated FAs (Valenzuela &
Morgado, 1999). Consequently, the presence of trans double bonds causes the physical
properties of the FA to be more similar to those of a saturated rather than an unsaturated
FA. As with cis FAs, TFAs can be metabolized by oxidation, elongation, and desaturation
processes (Chardigny et al, 2007). There is evidence that TVA can be converted into
CLA9,11 in different human, mouse and ruminant tissues (e.g. adipose tissue, mammary
glands) (Griinari et al, 2000; Mosley et al, 2006a; Mosley et al, 2006b; Santora et al, 2000;
Turpeinen et al, 2002), while the metabolism of EA has been related to an increase in 18:3
TFAs (Krogager et al, 2015), and other unknown FAs. CLAs can also be desaturated and
elongated to conjugated 18:3, 20:3 and 20:4 isomers (Banni et al, 2001; Juaneda &
Sebedio, 1999; Sebedio et al, 1997).

TFAs can also be stored in adipose tissue and incorporated into membrane lipids, which
would make the membranes less fluid and may influence membrane protein function and
interactions and lipid raft formation, in turn affecting cell signalling processes (Calder,

2015a).

1.1.3 Sources, intake and recommendations of TFA

As indicated earlier, there are two main sources of TFAs in the diet. Quantitatively the
main source of TFAs is usually partially hydrogenated vegetable oils; the process of
hydrogenation is used to convert liquid oils into solid or semisolid fats, for example to
produce margarine (Emken, 1984). The development of the hydrogenation process in the
early 20th century led to the introduction of significant amounts of these iTFAs into the
Western diet. During the course of the 20th century, the production of partially
hydrogenated vegetable oils increased steadily because of their low cost, long shelf life,
and suitability for commercial frying (Ascherio & Willett, 1997). The intermediate melting
point of iTFAs provides favourable characteristics to food, such as texture and palatability,
and greater stability (Ganguly & Pierce, 2015). Additionally, their use was extended during

the last part of 20th century as food manufacturers needed a replacement to butter due
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to health recommendations to reduce saturated fat and cholesterol intake (Remig et al,
2010). EA is the most predominant iTFA. Oleic acid (OA, cis-9 18:1 or 18:1n-9) is the most
common monounsaturated fatty acid found in many vegetable oils. When exposed to
partial hydrogenation, oleic acid changes its configuration and becomes EA. While EA is
the prime form of iTFA, other fatty acids in trans form can also be found in processed
food products (i.e. trans isomers of 18:2, 18:3 and 16:2) (Ganguly & Pierce, 2015). Some
of the commonly eaten foods with a high amount of iTFAs are fried foods, fast foods,
pastries, margarines, shortenings, cake mixes and many frozen meals and packaged foods
(Ganguly & Pierce, 2015). Another way to contribute TFAs to the diet is through cooking
processes, such as high temperature frying of vegetable oils as in fried processed and fast
food (Tsuzuki et al, 2010). Trace amounts of TFAs are also produced during the process

used to deodorize or refine vegetable oils (Tasan & Demirci, 2003).

The second main source of TFAs is the naturally occurring TFAs formed by bacterial
isomerases capable of converting the double bonds of polyunsaturated fats in plants to a
trans configuration in the stomachs of ruminant animals. These rTFAs are found in grass
grazing sheep and cattle. Therefore, meats of these animals as well as milk and milk
products (cheese and butter) contain rTFAs (Ganguly & Pierce, 2015). TFAs in ruminant
milk and meats represent about 2% to 6% of the total fat content (Ratnayake et al, 2009).
The major contributor within this kind of TFA is TVA, which constitutes 50-80% of all
rTFAs (Field et al, 2009). CLAs are also found in ruminant products and are identified by
two double bonds within the aliphatic chain separated by a single bond in between
(Ganguly & Pierce, 2015). Rumenic acid (cis-9, trans-11 CLA; CLA9,11) accounts for 70-
80% of the total CLA content in dairy and meat products. The amount of trans-10, cis-12
CLA (CLA10,12) is less than 5% of total CLA and less than 0.1% of total fat content (Kuhnt
et al, 2016). It is estimated that in North America 10-25% of total TFAs consumed are
from ruminant sources (Allison et al, 1999; Elias & Innis, 2002; Harris et al, 2012) ,
although this could be higher in some countries in Europe, like Denmark or Germany

(Kuhnt et al, 2016).

It seems that the greatest contributor of TFAs in the Western diet is processed food
products due to the high concentration of TFAs in partially hydrogenated vegetable oils,
as high as 30 to 50%, compared to only 5-6% in dairy and ruminant meat products

(Mendis et al, 2008).
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The National Diet and Nutrition Survey performed in 2008-2009 in the United Kingdom
showed an intake of less than 2 g/day of TFAs for all age groups (0.8% of daily energy
intake for adults), reporting a decreased intake compared to the previous surveys of 1997
and 2000 (Pot et al, 2012). However, this survey did not assess the intake from takeaway
food from independent outlets, and so might have underestimated TFA intake. The
Framingham Offspring cohort, which consists of older, predominately white, American
adults, also reported a decreased intake of TFAs over time (1991 — 1998), from 1.6% to
1.2% of daily energy intake, probably due to a reduction in margarine consumption

(Vadiveloo et al, 2014).

Regarding the intake of natural TFAs, Hulshof and colleagues described an intake <2 g/day
of rTFAs in all Western European countries in the TRANSFAIR study, also reporting that

the main contribution of TFAs in the diet was from industrial sources (Hulshof et al, 1999).

In the 1990s, the iTFA intake reported in the US population was between 5 and 10 g/day,
with an upper limit of 20 g/day, and that corresponded to approximately 2-5% of total
energy in the diet (Allison et al, 1999; Enig et al, 1990). More recently, a decreased intake
of iTFAs in the USA has been reported: going from 4.6 g/day in 2003 to 1.3 g/day in 2010,
as a result of legislation and food labelling (Doell et al, 2012). Nevertheless, there are
people who still show high intakes of iTFAs due to high consumption of processed and

fast food, ranging from 3.5 to 12.5% of daily energy intake (Kris-Etherton et al, 2012).

Data on TFA intake usually rely on estimates of food consumption and the use of
appropriate food composition tables. The estimates of food consumption need to be
detailed given that the content of iTFAs in apparently similar foods may vary considerably
in the same country and from time to time, depending on market prices of fats, and on
the disposition of the food industry to reduce the content of iTFAs in their products. On
the other hand, concentrations of rTFAs in ruminant products also vary in relation to the
food given to animals and therefore with the seasons (Jakobsen et al, 2006). However,
this variation in gram per serving is much lower than the variation observed for iTFAs. As
a consequence, TFA intake estimations should be interpreted with caution and preferably
be supported by analysis of food portions and measurements of biomarkers for intake,
such as TFAs in human plasma or tissues like erythrocytes, subcutaneous fat, and human

milk (Stender et al, 2008).
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Another problem with estimating the amount of dietary TFAs consumed occurs because
of the differences in food labelling legislation between countries. For example, the
presence of small amounts of TFAs in oils and hydrogenated or partially hydrogenated
food products could generate an intake above the recommended limits and this could be
exacerbated by labelling rules. In the USA, the Food and Drug Administration allows
products containing <0.5 g of trans fat per serving to indicate a contribution of 0 g of
trans fat. If a person consumes several products that contribute almost 0.5 g of trans fats
per serving during the day, they could easily exceed the recommendation of less than 1%
of daily energy intake (approximately 2 g of TFAs in a 2000 Kcal/day based diet), while

labels indicate that they are free of trans fats (Ringseis et al, 2006).

Until recently the European Union did not have legislation regulating the content of trans
fats in food products or specific requirements about their labelling. In April 2019, the
European Commission decided to limit the amount of iTFA in food products to 2 g per 100
g of fat. The deadline to comply with the European regulation is 1% April 2021, after which
products with higher amounts of iTFA will not be allowed to be placed on market
(EUCommission, 2019). It is still unclear if the exact amount of iTFAs will be required to be
included in the nutrition label of pre-packed products. Meanwhile, several European
countries have made voluntary agreements with the food industry to reduce the amount

of TFAs in foods; the United Kingdom is one of them.

Due to the overall negative effects of TFAs on health, it is currently recommended that
these fatty acids contribute <1% of daily energy intake; in fact their poor health
associations suggest that TFA intake should be as low as possible (2002; Eckel et al, 2007;
Kris-Etherton et al, 2007; Lichtenstein et al, 2006). It is important to note that these
recommendations do not distinguish the type of TFA (ruminant versus industrial), when
there is evidence that the health effects of each type could be different (see later

sections).

1.14 Concentration of TFA in human tissues

The observational studies that first described the health risks associated with TFAs
measured consumption through food intake surveys, mainly focused on partially
hydrogenated vegetable oils, but there are many problems with establishing TFA intake

accurately, as described in the previous section. Instead, TFA levels in tissues or in plasma
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may be good biomarkers of dietary intake. Nevertheless, there are not many studies
describing TFA levels in representative samples of populations in different health
conditions, and because of that the interpretation of these data are difficult, with no

reference values of normal or desirable TFA levels to compare (Abdelmagid et al, 2017).

Table 1.2 shows a summary of the studies published reporting absolute concentrations of
plasma 18-carbon TFAs in healthy subjects. The mean plasma concentration of EA, the
main iTFA of the diet, was 32.5 uM in young Canadian adults measured in 2010
(Abdelmagid et al, 2017) and 13.5 uM in middle age adults from the USA, measured
between 2009 and 2010 (Vesper et al, 2017). In contrast, the average levels of TVA were
lower in young compared to the middle aged adults (9.41 vs 18.2 uM, respectively), which
reflects differences in food intake patterns, with a lower intake of dairy and higher intake

of processed foods in the group of younger adults.
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Table 1.2: Selection of reported 18-carbon TFA concentrations in human plasma

TFA Concentration
(uUM) (mean + Subjects, sample and methods Reference
SD)
EA 16.5+11.3 826 healthy young Canadian males and females (Abdelmagid et
ethno-culturally diverse (Caucasian, East Asian and al, 2015)
TVA 14.0+8.1 South Asian Canadians)
Age:22.6+25y
LA e 61 FAs (C14 — C24) measured in plasma total lipids by
¢ T gas chromatography (fasting blood samples)
EA 32.5+22.1 1294 healthy young Canadian males and females, part | (Abdelmagid et
i e of the cross-sectional Toronto Nutrigenomics and al, 2017)
i Health Study, recruited between
CLA9,11 17.5+9.9 September 2004 and November 2010.
CLA10,12 6.3+4.3 Age:22.7£2.5y
BMI: 22.9 + 3.5 kg/m?
TFAs measured in plasma total lipids by gas
chromatography (fasting blood samples)
*Values shown correspond to 2010 cohort (n=197)
EA 33.4° > 13.5° |21999-2000: 1613 subjects, mean age 42 y, mean (Vesper et al,
BMI=26.7 kg/m? 2017)
2009-2010: 2462 subjects, mean age 46 y, mean
BMI=27.8 kg/m?
Adult US population, multi ethnic.
TVA 37.92 > 18.2°
4 major TFAs measured (palmitoelaidic, TVA, EA and
linoelaidic acid) by gas chromatography coupled with
mass spectrometry (fasting blood samples).

Abbreviations: TFA, trans fatty acid; EA, elaidic acid; TVA, trans vaccenic acid; CLA9,11, cis-9, trans-11
conjugated linoleic acid; CLA10,12, trans-10, cis-12 conjugated linoleic acid; BMI, body mass index; FAs,

fatty acids.

In relation to CLAs, both studies in Canadian young adults showed similar plasma levels,

14.4 vs 17.5 uM average for CLA9,11. For CLA10,12 the average was reported as 4.3 and

6.3 UM in plasma, respectively. Another study measured total CLA level (i.e. CLA9,11 +

CLA10,12) in 750 middle age European adults, reporting circulating plasma phospholipid

levels, with an average of 11.2 + 1.8 uM (Matejcic et al, 2018).

Studies that measure plasma and tissue levels of TFAs as absolute concentrations in

healthy and non-healthy subjects are needed to establish reference values that allow to

determine when reported levels are normal/safe or not, and to be able to associate TFA

levels with their beneficial or detrimental effects in a better way.

Decreased reported intakes of TFAs together with public and private efforts to reduce

partially hydrogenated oils in food products in different countries, as described earlier,
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have led to decreased total and individual levels of TFAs measured in plasma over time in
healthy subjects (Hulshof et al, 1999; Ratnayake et al, 2009; Vadiveloo et al, 2014; Vesper
et al, 2017). Despite this, there are still groups in the population with very high intakes of
TFAs, which are reflected in the highest plasma TFA concentrations reported by
Abdelmagid et al. (2015): 88 uM for EA, 74 uM for TVA, 42 uM for CLA9,11 and 18 uM for
CLA10,12. As shown in Figure 1.2, changes in plasma 18-carbon TFA concentrations over
time are also isomer specific. This cross-sectional cohort study shows a consistent
decrease in plasma concentrations of most of the common 18-carbon TFAs from 2004 to
2009, although EA increased back to the initial levels in 2010, suggesting that this group
of young Canadian adults might be vulnerable to iTFA exposure. Monitoring food iTFA

levels in vulnerable populations is still needed (Abdelmagid et al, 2017).
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Figure 1.2: Concentrations (umol/L) of selected 18-carbon TFAs (TVA, EA, CLA9,11 and CLA10,12)
in plasma by year in young Canadian adults. Data taken from (Abdelmagid et al, 2017) with
permission.
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1.2 Inflammation and atherosclerosis

1.2.1 Inflammatory response in CVD

Inflammation is a component of innate immunity, and it is part of the body’s response to
injury or infection. The response includes an increase in blood flow, capillary dilatation,
leukocyte infiltration and the localised production of chemical mediators. Crucial early
steps in the inflammatory response are an increased supply of blood to the site of
inflammation and an increase in vascular wall permeability that allows large molecules
and cells (leukocytes, or white blood cells) to cross the endothelium. These newly arrived
and activated leukocytes then express chemical mediators at the site of inflammation.
Increased mediators include adhesion molecules (intercellular adhesion molecule 1,
ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) and E-selectin on the surface of
endothelial cells (ECs), causing the binding and diapedesis of leukocytes (granulocytes,
monocytes and lymphocytes). Different cytokines are also produced (TNF-q, IL-1, IL-6 and
IL-8), as are nitric oxide (NO), matrix metalloproteinases (MMPs), eicosanoids
(prostaglandins, thromboxanes, leukotrienes, endocannabinoids, lipoxins, eoxines and
others), and other products, for example reactive oxygen species (ROS, e.g. superoxide
anion, hydrogen peroxide), conditional to the cell type involved, type of inflammatory
stimulus, the anatomical site involved, and the phase during the inflammatory response
(Calder et al, 2013; Calder et al, 2009). The inflammatory mediators are responsible for
local tissue damage, systemic effects on the central nervous system, stimulation of
proteolysis in skeletal muscle and lipolysis in adipose tissue, synthesis of acute phase
proteins in the liver, and destruction/elimination of pathogens and toxic agents.
Following the acute phase of the inflammatory process, it undergoes resolution and
recovery. In fact, inflammation is usually self-limiting and is often resolved quickly due to
the stimulation of negative feedback mechanisms that oppose the inflammatory signal
(secretion of anti-inflammatory cytokines or pro-resolving lipid mediators, inhibition of
pro-inflammatory signalling cascades, activation of regulatory cells, etc). Loss of these
regulatory processes can result in excessive, inappropriate or on-going inflammation that
can cause irreparable damage to host tissues (Calder, 2015b; Galli & Calder, 2009;
Minihane et al, 2015). This is the case in different chronic conditions, including

inflammatory diseases like arthritis, but also “lifestyle” diseases such as obesity, CHD,
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type 2 diabetes mellitus, and non-alcoholic fatty liver disease (NAFLD), that are
characterized by a chronic low-grade inflammatory state (Gregor & Hotamisligil, 2011;

Hotamisligil, 2006).

CVDs are the leading cause of death globally. Many risk factors have been described to
drive the development of CVDs, including dyslipidaemia, arterial hypertension, smoking,
age, male gender, diabetes mellitus, sedentary lifestyle and stress. The most common
CVDs are cardiac ischemia and cerebrovascular disease, and atherosclerosis has a key role
in the pathogenesis of both of them. Hypercholesterolemia and high blood pressure were
considered the main promoters of atherosclerosis for many years. Now there is increasing
evidence showing that chronic inflammation is also a key factor in the aetiology of
atherosclerosis, which has been described as an unresolved inflammatory condition,
missing the shift from pro-inflammatory to anti-inflammatory mediators that features the

resolution phase of inflammation (Viola & Soehnlein, 2015).

In atherosclerosis development, leukocyte recruitment to the sub-endothelial
compartment of impaired arteries starts a sequence of events mediated by leukocyte-
derived chemokines and cytokines that propagate atherosclerosis through increased
inflammatory mediator production and expression of endothelial adhesion molecules,
perpetuating leukocyte recruitment; promoting lipid-laden foam-cell formation;
stimulating the proliferation of smooth muscle cells resulting in plague formation and
accumulation and ultimately inducing plaque instability and eventual rupture (Glass &
Witztum, 2001; Hallenbeck et al, 2005; Hansson, 2005; Ross, 1999). The subsequent
thrombosis also depends on the inflammatory status of the ruptured plaque (Hallenbeck

et al, 2005; Minihane et al, 2015).

1.2.2 Atherosclerosis

Atherosclerosis is a lipoprotein-driven disease that leads to plague formation at focal
areas in the arterial blood vessels through intimal inflammation, necrosis, fibrosis, and

calcification (Usman et al, 2015).

The arterial wall is composed of three layers: intima (inner layer), media (intermediate
layer), and adventitia (external layer). Intima comprises a single layer of ECs, thin basal

membrane, and a subendothelial layer of collagen fibres. Media is formed by smooth
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muscle cells (SMC) and a network of elastin and collagen fibres. Adventitia entails mostly
loose connective tissue. Atherosclerosis is characterized by the formation of
atherosclerotic plaques in the subendothelial layer, SMC proliferation, accumulation of
activated immune cells, and thickening of adventitia at the site of plaque formation
(Fatkhullina et al, 2016). Figure 1.3 shows the immune cells, events and features of the

atherosclerotic plaque.
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Figure 1.3: Development of the atherosclerotic plaque (Skeoch & Bruce, 2015).

Several immune cells are normally present in the arterial wall; however, their number
increases significantly during atherosclerosis progression. Under normal conditions,
immune cells migrate into the arterial wall and return to the circulation. In the early
stages of atherosclerosis, a high concentration of low-density lipoproteins (LDL) in the
plasma promotes LDL accumulation in the arterial wall and their oxidation into oxLDL,
which stimulate both the innate and adaptive immune responses (Hansson, 2005; Tedgui
& Mallat, 2006). Together with high blood pressure this activates ECs, promoting the
expression of adhesion molecules that stimulate the migration of monocytes into the
arterial wall. Monocytes roll on the ECs overlying retained LDL and adhere firmly through
the interaction of integrins with EC ligands (Mestas & Ley, 2008; Usman et al, 2015).
Platelet aggregation on the endothelium overlying the atherosclerotic plaque also

activates the expression of adhesion molecules through the deposition of platelet-derived

14



Chapter 1

chemokines on activated endothelium (Koenen et al, 2009). These leads to the entry of
monocytes into the subendothelial space, where they secrete lipoprotein binding
proteoglycans (such as heparin sulfate, chondroitin sulfate, dermatan sulfate and keratin
sulfate) resulting in more accumulation of modified LDL, sustaining inflammation (Tabas,
2010). In the intima, monocytes can differentiate into macrophages or denditric cells
under the influence of macrophage colony stimulating factor. Then, the macrophages
engulf oxLDL through scavenger receptors and when the uptake exceeds efflux, lipids
accumulate resulting eventually in the formation of lipid-laden foam cells. The
accumulation of LDLs by macrophages promotes further growth and destabilization of the
plaque by the secretion of cytokines and chemokines, generation of ROS, presentation of
immune activation markers to lymphocytes or macrophage scavenger receptor,
production of matrix degrading proteases and secretion of inflammatory debris into the

plaque core following necrosis (Usman et al, 2015).

As inflammation progresses, macrophages and ECs secrete several peptide growth factors
which act as fibrogenic mediators, promoting SMC to proliferate and migrate to the site
of early lesion, generating the formation of a collagenous fibrous cap. Macrophages
congregate in the central core of the atherosclerotic plaque, where they eventually die by
apoptosis forming a necrotic core. With the progression of the lesion, the underlying
inflammatory processes act to simultaneously decrease collagen production and increase
the activity of MMPs, which degrade the dense extra-cellular matrix of the lesion cap. This
can result in plaque erosion or rupture, leading to thrombus formation, vessel blockage
and cardiovascular complications, such as myocardial infarction and stroke (Hansson et al,

2015).

1.23 Inflammatory signalling pathways in atherosclerosis

1.23.1 Cytokines

Cytokines are a diverse group of protein mediators, involved in many physiological
processes and playing a key role in acute and chronic inflammation. Cytokines are a
varied group of molecules that include over 100 secreted factors that can be classified
into several classes: interleukins, tumour necrosis factors, interferons, transforming
growth factors, colony-stimulating factors, and chemokines. Cytokines are secreted by

different types of cell (i.e. T cells, monocytes, macrophages, platelets, ECs, SMCs, and
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adipocytes) in response to inflammation and other stimuli. The regulation of their
production depends on many factors and is tightly controlled. Many cytokines are
expressed in atherosclerotic plaques and all cells involved in the disease are capable of
producing cytokines and responding to them. The biological effects of pro-inflammatory
cytokines that may account for their pro-atherogenic activity are multiple (see table 1.3).
In the early stages of atherosclerosis, cytokines can alter endothelial functions. TNF-a and
IFN-y have been shown to alter the distribution of vascular endothelial-cadherin-catenin
complexes and prevent the formation of F-actin stress fibers (Kleinbongard et al, 2010),
resulting in restructuring of the intercellular junctions, leading to loss of barrier function
and facilitating leukocyte transmigration. Cytokines also induce the expression of
chemokines and adhesion molecules on the vascular endothelium, thus favouring the
recruitment, adherence, and migration of lymphocytes and monocytes into the inflamed
vessel wall (Weber et al, 2008). In the intima, leukocytes can be permanently activated by
locally produced cytokines, which accelerate the conversion of macrophages into foam
cells by increasing the expression of scavenger receptors and promoting cell-mediated
oxidation. IFN-y can induce foam cell formation through upregulation of the scavenger
receptor for phosphatidylserine and oxLDL, which has been involved in oxLDL uptake and
subsequent foam cell transformation of macrophages (Shashkin et al, 2005). Cytokines
also affect the function of SMC by promoting their growth, proliferation, and migration
(Hansson et al, 2015). At later stages of atherosclerosis, pro-inflammatory cytokines
promote destabilization of atherosclerotic plaques, apoptosis of different cells, and
matrix degradation, thus accelerating plaque rupture and thrombus formation (Hansson
et al, 2015; Tabas et al, 2015). Several pro-inflammatory cytokines have been shown to
induce SMC and macrophage apoptosis, particularly IL-1, TNF-a, and IFN-y and promote
Fas—Fas ligand killing (Stoneman & Bennett, 2009). Pro- and anti-inflammatory cytokines
significantly affect the expression of MMPs and their inhibitors, acting together with
other cytokines, growth factors and oxidized lipids, inducing a significant remodeling of

many components of the extracellular matrix (Newby, 2005).

Lastly, cytokines can extensively alter the antithrombotic properties of EC. IL-1 and TNF-a
can increase the tissue pro-coagulant activity and suppress the anticoagulant activity
mediated by the thrombomodulin-protein C system by decreasing the transcription of

thrombomodulin and protein C receptor genes (Esmon, 2004). Downregulation of
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anticoagulant mediators may in turn affect inflammation. Pro-inflammatory cytokines can
also modify the fibrinolytic properties of ECs, increasing the production of type |
plasminogen activator inhibitor and reducing the production of tissue plasminogen
activator (Kruithof, 2008), which could precipitate in thrombus formation and the

development of acute coronary syndromes.

Table 1.3: Summary of key inflammatory mediators involved in atherosclerosis

Mediator Abbreviation Source Target cells and Effects Relevant to
Atherosclerosis
Interleukin 6 IL-6 T cells, B cells, |Proliferation and migration of smooth
macrophages, |muscle cells via mediating VEGF and TNF-a
fibroblasts, effects
SMCs, ECs
Interleukin 8 IL-8 Macrophages, |Induces chemotaxis in target cells and is a
SMCs, ECs, promoter of angiogenesis
monocytes, T
cells
Interleukin 1 IL-1 Macrophages, |Stimulates endothelial and smooth muscle
lymphocytes, |cells through NFkB and MAPK pathways
SMCs, ECs (Tedgui & Mallat, 2006)
Interferony IFN-y Th1 cells, Promotes Th1l immune response/secretion
natural killer of Thl-associated cytokines, inhibits
cells, SMCs extracellular matrix synthesis by smooth
muscle cells (Tedgui & Mallat, 2006)
Tumour necrosis TNFa T cells, B cells, |Stimulates expression of ICAM-1, VCAM-1, E
factor a monocytes, and P-selectin and MCP-1 through NFkB
macrophages, |pathway (Ohta et al, 2005) and thus
SMCs, natural |promotes chemotaxis and adhesion
killer cells
TNF related TRAIL T cells, B cells, |Promotes smooth muscle cell proliferation
apoptosis- monocytes, and neointima formation after arterial injury
inducing ligand macrophages, |(Chan et al, 2010)
SMCs, natural
killer cells
Vascular VEGF ECs, Stimulates proliferation and survival of
endothelial macrophages, |endothelial cells and promotes angiogenesis
growth factor platelets and vascular permeability (Duffy AM)
Monocyte MCP-1 ECs, fibroblasts, | Chemoattractant and activates monocytes
chemoattractant SMCs and T cells. Responsible for the
protein-1 transmigration of monocytes into the intima
at sites of lesion formation (Szmitko et al,
2003).
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Mediator Abbreviation Source Target cells and Effects Relevant to
Atherosclerosis
Regulated on RANTES/CCL5 | Expressed in Chemoattractant towards monocytes and
activation, atherosclerotic | memory T cells.
normal T plaque, adipose | Adhesion of monocytes to the luminal
expressed and tissue surface of the endothelium (Moore et al,
secreted 2013).
Intercellular ICAM-1 ECs, leukocytes | Adhesion of monocytes to the luminal
adhesion surface of the endothelium (Moore et al,
molecule 1 2013).
Vascular cell VCAM-1 ECs Mediation of leukocyte-endothelial cell
adhesion adhesion and signal transduction as well as
molecule 1 augmenting the production of ICAM-1. It
may also have a role in the monocyte
transmigration into atherosclerotic plaques
(Moore et al, 2013).
E-selectin E-selectin |ECs Rolling and recruitment of leukocytes
(Moore et al, 2013).
P-selectin P-selectin |ECs Weibel- Rolling and recruitment of leukocytes
Palade bodies, |(Moore et al, 2013).
platelets
L-selectin L-selectin |Leukocytes Tethering, rolling of leucocytes (Pant et al,
(neutrophils, 2014)
monocytes,
subsets of T
cells)
Platelet and PECAM-1 |Leukocytes, ECs |Stimulates diapedesis of leucocytes (Pant et
endothelial cell al, 2014)
adhesion
molecule

Abbreviations: SMCs, smooth muscle cells; ECs, endothelial cells; NFkB, nuclear factor kappa B; MAPK,
mitogen-activated protein kinase.

1.2.3.2

Chemokines

Chemokines are chemotactic cytokines that are divided into subgroups based on the

position of the amino terminal cysteine residues (CC, CXC, CX3C, XC) (Koenen et al, 2009;
Weber et al, 2008; Zernecke & Weber, 2014). In physiological circumstances, ECs in the
intima layer of the vasculature are both anti-thrombogenic and anti-adhesive, allowing
the free circulation of blood and its components. Nevertheless, in an inflammatory state
the endothelium is rendered adhesive for circulating leukocytes, initiating the process of
leukocyte migration (Yadav et al, 2003). Chemokines play a crucial role in the trafficking of
leukocytes by the activation of heterotrimeric G proteins and associated intracellular

signalling pathways (Koenen et al, 2009; Weber et al, 2008). Monocyte recruitment
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occurs in the following main phases: capture and rolling; arrest; and extravasation (see
figure 1.4). The capture and rolling phase for Lys6Chigh monocytes implicates
immobilization of CCL5 and CXCL1 on proteoglycans and P-selectins on ECs. These
chemokines interact with receptors expressed on the surface of invading monocytes. For
monocyte adhesion to ECs, the binding of adhesion molecules on ECs to integrins on
monocytes is required: VCAM-1 to integrin a4b1 and ICAM-1 to alLB2 (lymphocyte
function-associated antigen 1 or LFA1). Monocyte transmigration through the
endothelium is mediated by chemokines produced by ECs, SMCs in the plaque and
emigrated leukocytes along with VCAM-1 and PECAM-1 (Ley et al, 2007; Moore et al,
2013; Soehnlein et al, 2013).

Blood vessel lumen

‘_Tlansendu!holldllnlqratlonj ‘
Rolling Slow rolling I/\llesl

[
Paracellular Transcellular
diapedesis

[Crawling | diapedesis

Endothelial
cell

i =54 e L‘ _ \\; F b - - \ :
L _ ]
P-selectin ¢ P-selectin ¢ P-selectin ¢ |[CAM1 s |ICAM1 Exit site @
* E-selectin * E-selectin *« VCAM1 * VCAM1 * VE-cadherin *PV1?

Pesi « ICAM1 —— * ICAM2 * JAMs * ICAM1 \
ericyte « VCAM1 * ESAM * JAMA Basement
* PECAM1 * PECAM1 membrane

*CD99
* CD99L2

*CD99

Figure 1.4: Leukocyte vascular migration cascade (Vestweber, 2015).

Abbreviations: CD99L2, CD99 antigen-like protein 2; ESAM, endothelial cell-selective adhesion molecule;
ICAM, intercellular adhesion molecule; JAM, junctional adhesion molecule; LFA1, lymphocyte function-
associated antigen 1; PECAM1, platelet endothelial cell adhesion molecule 1; PV1, plasmalemma vesicle
protein 1 ; VCAM1, vascular cell adhesion molecule 1 ; VE, vascular endothelial.

1.2.3.3 NFkB signalling pathway

The nuclear factor kappa B (NFkB) family of transcription factors are key regulators of
inflammatory responses; innate and adaptive immunity; and cellular differentiation,
proliferation, and survival in most multicellular organisms. The NFkB signalling system,
defined by the interactions between NFkB dimers, inhibitor of NFkB (IkB) regulators, and
IKK complexes, is activated by diverse stimuli, including physical, physiological and

oxidative stresses (0'Dea & Hoffmann, 2009; 2010).
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In mammals, the NFkB network consists of five family member protein monomers
(p65/RelA, RelB, cRel, p50, and p52) and its activation is involved in inflammatory
responses and regulation of genes encoding pro-inflammatory proteins including

cytokines, chemokines, and adhesion molecules (Mitchell et al, 2016).

Inactive NFkB is a trimer localised within the cytosol, where NFkB dimers are bound with
an inhibitory subunit (IkBa) (see Figure 1.5). NFkB is activated as a result of a signalling
cascade triggered by extracellular inflammatory stimuli, such as cytokines and microbial
components, through multiple mechanisms: degradation of IkB inhibitor proteins,
processing of NFKB precursor proteins, and expression of NFKB monomer proteins
(Huxford et al, 2011; O'Dea & Hoffmann, 2010). In general, IkB kinases are stimulated and
phosphorylate IkBa, liberating NFkB dimers to migrate to the nucleus and interact with kB
promoter regions, initiating the gene transcription of pro-inflammatory proteins such as

TNF-a, ICAM-1, VCAM-1 and IL-1, among others.

The NFkB system is tightly regulated, and its dysregulation has been implicated in the

development of diseases ranging from cancers to inflammatory and immune disorders.

It has been described that omega-3 FAs act on the NFkB pathway to decrease expression
of adhesion molecules and production of inflammatory cytokines and COX-2 metabolites
(Calder, 2013b). In contrast, different studies have showed that iTFA can induce pro-
inflammatory responses, such as increasing the secretion of cytokines and promoting
leukocyte adhesion to the endothelium, through NFkB activation (Bryk et al, 2011; Harvey
et al, 2012; Pan et al, 2017; Rao & Lokesh, 2017).
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Figure 1.5: NFKB and TLR4 signalling pathways (adapted from (Calder et al, 2009)).

Abbreviations: LPS, lipopolysaccharide; MM-LDL, minimally modified low density lipoprotein; HSP, heat
shock protein; TLR4, toll like receptor 4; MyD88, myeloid differentiation primary response 88; TRIF, MyD88
toll/IL-1 receptor homology domain—containing adapter inducing IFN-B; TIRAP, MyD88-adapter—like
(Mal)/toll/IL-1 receptor homology domain—containing adapter protein; TRAM, TRIF-related adapter
molecule; IRAK, interleukin-1 receptor-associated kinase; RIP, receptor-interacting protein kinases; TRAF,
TNF receptor-associated factor; TNF-a, tumour necrosis factor alpha ; TNFR, tumour necrosis factor
receptor; TRADD, tumour necrosis factor receptor type 1-associated death domain; MAP3K3, mitogen-
activated protein kinase kinase 3; TAK1, transforming growth factor beta-activated kinase 1; NEMO, NFkB
essential modulator; IKK, inhibitor of NFKB kinase complex; IkBa, inhibitor of NFkB alpha; NFkB, nuclear
factor kappa-B; Ub, ubiquitin; P, phosphate; IL, interleukin; MCP-1, monocyte chemoattractant protein 1;
CAMs, cellular adhesion molecules; COX-2, cyclooxygenase 2; iNOS, inducible nitric oxide synthase; MMPs,
matrix metalloproteinases.

1.2.3.4 TLR signalling pathways

The primary defence mechanism against infections in mammals consists of a rapid innate
immune response based on the recognition of molecular patterns in microbial pathogens.
This immunological response is mediated by pattern recognition receptors (PRRs) in host

cells that bind to microbial products and trigger a fast response. Endogenous oxidized

lipids can activate the same pattern recognition receptors involved in antimicrobial
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immunity in the arterial wall (Miller et al, 2011). Toll-like receptors (TLRs) are the best

characterized PPRs of the innate immune system.

TLRs are type | transmembrane receptors and belong to the TLR/IL-1 receptor
superfamily. The signalling outcome of TLRs can depend on the subcellular localization
where the ligands engage the receptor. Each TLR can be stimulated by specific sets of
pathogen-associated molecular patterns (Kawai & Akira, 2010). On ligand binding and
receptor activation, the signal is transmitted via 4 different adapter molecules: MyD88,
toll/IL-1 receptor homology domain—containing adapter inducing IFN-B (TRIF), MyD88-
adapter-like (Mal)/toll/IL-1 receptor homology domain—containing adapter protein

(TIRAP) and TRIF-related adapter molecule (TRAM).

As shown in figure 1.5, TLR4 is the only TLR that uses all 4 adaptors and activates both the
MyD88- and TRIF-dependent pathways. TLR4 initially recruits TIRAP at the plasma
membrane and subsequently facilitates the recruitment of MyD88 to trigger the initial
activation of NFkB and MAPK45 to induce inflammatory cytokines (Akira et al, 2006;
Alexopoulou et al, 2001). TLR4 subsequently undergoes dynamin-dependent endocytosis
and is trafficked to the endosome, where it forms a signalling complex with TRAM and
TRIF, a pathway that leads to IRF3 activation as well as the late-phase activation of NFkB

and MAPK (Kagan et al, 2008; Tanimura et al, 2008).

TLRs are extensively recognized as important mediators of mammalian immune
responses, capable of recognizing a wide range of exogenous and endogenous molecules,
including bacterial lipopolysaccharide (LPS) and oxLDL, among others (Bae et al, 2009;
Stewart et al, 2010). Once activated, these receptors initiate an acute inflammatory
response through the induction of numerous pro-inflammatory mediators, such as

cytokines and chemokines.

Initial studies in mice reported that the deletion of TLR4 protected the experimental
animals from hypercholesterolemia-induced atherosclerosis (Michelsen et al, 2004).
Consistently, single nucleotide polymorphisms in the TLR4 gene that impair TLR signalling
have been related to decreased risk of atherosclerosis and ischemic events (Frantz et al,

2007).

TLR4 is expressed in human blood vessels and in atherosclerotic lesions its expression is

increased (Otsui et al, 2007; Vink et al, 2002; Xu et al, 2001).
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Some studies have suggested that TFAs induce inflammation in HUVECs by activation of

TLR4 signalling pathway (Kondo et al, 2015; Pan et al, 2017)

1.3 Association of TFA and CVD

Several studies have reported that intake of TFAs correlates to higher risk of CHD. A meta-
analysis of prospective cohort studies by Mozaffarian and colleagues indicated that a 2%
absolute increase in energy intake from TFAs, equivalent to 4 g daily in a 2,000 kcal diet,

was associated with a 23% increase in cardiovascular risk (Mozaffarian et al, 2006) (see

figure 1.6).
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Figure 1.6: Multivariable adjusted relative risk of CHD associated with TFA intake (Mozaffarian et
al, 2006).

The Nurses’ Health Study showed that the highest quintile of TFA intake had a relative risk
of coronary heart disease (CHD) 1.5 times greater when compared to the lowest quintile,
after adjustment for age and total energy intake (Willett et al, 1993), and that higher risk
was maintained over time (Hu et al, 1997; Oh et al, 2005). A nested case—control study in
the same cohort was conducted using measurement of TFA levels in plasma and red
blood cells, showing that higher total erythrocyte TFA content was also associated with

higher CHD risk, with a relative risk 3.3 times greater in the quartile with the highest TFA
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level compared to the lowest (Sun et al, 2007). Regarding the type of TFA, in the first
report from the Nurses’ Health Study in 1993, when total intake of TFA was partitioned
into industrial and ruminant sources, the positive association with CHD risk was entirely

explained by iTFAs (Willett et al, 1993).

In the Boston Health study, the intake of TFAs was directly related to the risk of
myocardial infarction, with a relative risk of 2.44 in the cases compared to the controls,
after adjustment for age, gender and total energy (Ascherio et al, 1994), and this risk was

completely accounted for by iTFAs rather than rTFAs.

Another study in 21,930 Finnish men, showed that total TFA consumption was strongly
correlated with intake of margarine but not with butter, and the estimated intake of iTFAs
was positively associated with risk of CHD. In contrast, estimated intake of TFAs from
ruminant sources was inversely associated to CHD, with a relative risk of 0.83 of the

highest compared to the lowest quintile of intake (Pietinen et al, 1997).

In the Danish Cohort studies, where 3,686 adults were followed for 18 years, no
significant associations were found between rTFA intake and risk of CHD, but among
women indications of inverse associations between the absolute rTFA intake and the risk

of CHD were described (Jakobsen et al, 2008).

One previous study, however, indicated a positive association between energy-adjusted
rTFA intake and risk of CHD among men. Oomen and colleagues reported that for each
0.5% of energy, the fully adjusted relative risk of coronary heart disease for rTFAs,
industrial 18:1 TFAs, and other industrial TFA intake was similar in the Dutch elderly men

cohort (Oomen et al, 2001).

In summary, the evidence from observational studies suggests that higher CHD risk is

related to consumption of industrially produced TFAs rather than rTFAs.

The cardiovascular risk associated with TFA can be explained, at least in part, by their
effects on lipoproteins such as LDL and high-density lipoprotein (HDL) cholesterol, as well
as inflammatory mechanisms. The effects of TFA consumption that are consistently seen
in both controlled trials and observational studies comprise adverse lipid effects,
including increased fasting TAGs (Mozaffarian & Clarke, 2009) and LDL cholesterol,

reduced HDL cholesterol and an increased total/HDL cholesterol ratio (Mensink et al,
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2003; Mozaffarian & Clarke, 2009; Sun et al, 2007); pro-inflammatory effects, including
higher TNF-a system activity (increased plasma concentrations of TNF-a and higher levels
of soluble TNF-a receptors), IL-6 levels and C reactive protein (CRP) concentrations (Baer
et al, 2004; Han et al, 2002; Lichtenstein et al, 2003; Mozaffarian et al, 2004a;
Mozaffarian et al, 2004b); and endothelial dysfunction, assessed by both circulating
markers and functional measures (Baer et al, 2004; de Roos et al, 2001; Lopez-Garcia et
al, 2005). These effects were significant in comparison with cis unsaturated fats; the
adverse effects of TFAs on the total/HDL cholesterol ratio and endothelial function have

also been reported when comparing with saturated fatty acids.

1.4 Role of fatty acids on inflammatory processes

Dietary FAs may affect inflammatory processes through effects on body weight and
adipose tissue mass (since excessive adipose tissue is an inflammatory focus that releases
inflammatory mediators into the bloodstream) and through changes in the membrane
composition of cells involved in inflammation. Changes in the composition of cell
membranes can modify membrane fluidity, lipid raft formation, cell signalling leading to
altered gene expression, and the pattern of lipid and peptide mediator production
(Calder, 2011). Within the cell, membrane-derived FAs and their products can influence
inflammation by serving as modulators of the NFkB and PPAR-a/y (peroxisome
proliferator activated receptor alpha-gamma), transcription factor pathways related to
the expression of genes encoding cytokines and chemokines, some acting in pro-
inflammatory and others in anti-inflammatory ways (Calder, 2013a), and as precursors of
eicosanoid and docosanoid oxidation products formed by the action of enzymes like

epoxygenases, lipoxygenases and cyclooxygenases (Wall et al, 2010).

14.1 Saturated FA

Palmitic (16:0) and stearic acid (18:0) are the most common SFAs in human tissues and
they are part of cell membrane phospholipids, ceramides, gangliosides and diacylglycerols

(Calder, 2015a). Ceramides modulate a variety of cellular responses including cell death,
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autophagy, inflammation and insulin signalling (Grosch et al, 2012) and can induce insulin
resistance through different mechanisms (Fox et al, 2007; Penkov et al, 2013; Teruel et al,

2001).

SFAs are also frequently found in phospholipids and sphingolipids of lipid rafts, a
collection of lipid membrane microdomains that serve as a platform for the initiation of

receptor-mediated signal transduction (Simons & Toomre, 2000).

Additionally, SFAs can acylate different proteins and lipids, modulating their function. In
lipid rafts, unlike phospholipids in plasma membrane, polar lipids are predominantly
acylated with SFA, which facilitate the formation of liquid-ordered lipid rafts (Calder &
Yaqoob, 2007; Wong et al, 2009).

Evidence of animal and in vitro models suggest that SFAs, particularly lauric (12:0) and
palmitic acids, induce inflammation. For instance, a study showed that lauric acid induced
the dimerization and recruitment of TLR4 into lipid rafts together with the association of
TLR4 with downstream adaptor molecules, leading to activation of NFkB and target pro-

inflammatory gene expression (Wong et al, 2009).

Epidemiological studies have also reported that exposure to SFA is related to circulating
markers of inflammation in humans (Fernandez-Real et al, 2003; Klein-Platat et al, 2005),
which has also being supported by intervention studies (Baer et al, 2004; Dumas et al,

2016; Lopez-Moreno et al, 2017), suggesting that dietary SFA may increase inflammation.

There is evidence, though not always consistent (Chowdhury et al, 2014; Dehghan et al,
2017; Siri-Tarino et al, 2010), of the pro-inflammatory role of some SFAs, with an effect
on the production of atherogenic lipids, oxLDL and phospholipids, contributing to the
development of CVD (Calder, 2015a; Ruiz-Nunez et al, 2016).

1.4.2 Monounsaturated FA

Monounsaturated fatty acid (MUFA) have a less evident effect on inflammation
modulation. OA (18:1 w-9) is the common cis-MUFA on the human diet and various cell

membrane phospholipids contain high proportions of OA (Calder, 2015a).

When the intake of OA is increased at the expense of SFA, beneficial effects on

cholesterol and lipoprotein levels (DiNicolantonio & O'Keefe, 2018; Mensink et al, 2003)
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and a decrease in the postprandial levels of the adhesion molecules ICAM-1 and VCAM-1
have been described (Pacheco et al, 2008). Additionally, OA confers LDL resistance to

oxidation in comparison to PUFAs (Bonanome et al, 1992; Tsimikas et al, 1999).

143 Polyunsaturated FA

Polyunsaturated fatty acids (PUFAs) are the most studied in relation to the effects of FA
on inflammation. Omega-6 (n-6) and omega-3 (n-3) are the two major families of PUFAs
and both are important constituents of membrane phospholipids (Burdge & Calder,
2015). The relative contribution of each n-6 and n-3 PUFAs in cells and tissues depends on
availability from the diet, metabolic processes, the particular tissue or cell and the type of
the phospholipids, given that different types of phospholipids have different FA
compositions. In most cell types, arachidonic acid (ARA) is the most common PUFA
present (Calder, 2017). ARA from cell membranes phospholipids can be the substrate for
enzymes such as cyclooxygenase, lipoxygenase and cytochrome P450 for the production
of eicosanoid mediators. Eicosanoids, including prostaglandins, thromboxanes and
leukotrienes, are key regulators and mediators of inflammatory processes (Kalinski, 2012;

Lewis et al, 1990; Tilley et al, 2001).

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are the n-3 PUFAs most
studied due to their anti-inflammatory effects. Their incorporation into cell membrane
phospholipids have shown to increase the cell membrane fluidity (Calder et al, 1994), also
modulating the function of lipid rafts (Schaefer et al, 2016; Wassall et al, 2018; Wong et
al, 2009), where many proteins and receptors involved in cell signalling are co-localized.
This can in turn modify intracellular signalling pathways, the activity of transcription
factors (NFkB, PPARs and SREBPs) (Jump, 2008; Krey et al, 1997; Novak et al, 2003) and
eventually the expression of different proteins related to the inflammatory response

(Baker et al, 2018; Calder, 2017).

Additionally, when EPA and DHA are incorporated into cell membrane phospholipids, it is
partly at the expense of ARA (Healy et al, 2000; Rees et al, 2006; Walker et al, 2015),

which modifies the lipid mediator production profile from pro-inflammatory eicosanoid to
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anti-inflammatory compounds, such as resolvins, protectins and maresins, from EPA and

DHA (Bannenberg & Serhan, 2010; Serhan & Chiang, 2013; Serhan et al, 2008).

144 TFA

In relation to TFAs, the intake of iTFAs is clearly associated with CHD and associated
pathologies (see earlier). The involvement of systemic inflammation and endothelial
dysfunction in the pathogenesis of atherosclerosis and CVD in general, and the evidence
from both observational and experimental studies that iTFAs are pro-inflammatory may
provide the explanation for this. Nevertheless, more studies are required to explain the
effects of iTFAs, the possible underlying mechanisms and the implications of such effects
on inflammation and cardiovascular health. Regarding rTFAs, some evidence about
favourable properties of these compounds in vitro and in animal models of disease
(obesity, cancer, diabetes) has been published (Viladomiu et al, 2015), but the effects in
humans are still unclear (Gebauer et al, 2015). Their involvement in the modulation of
inflammatory processes is not fully understood, but some studies suggest that TVA and
some CLA isomers may be hypocholesterolemic and antiatherogenic (Gebauer et al, 2011;

Viladomiu et al, 2015).

1441 Evidence from epidemiological studies

Observational studies (Table 1.4) have correlated intake or levels of TFAs with clinical
outcomes related to inflammation; some have looked for the differences between iTFAs
and rTFAs, although the majority use total TFAs without differentiating between the
sources. In 2004 Mozaffarian et al. reported that TFA intake is positively associated with
markers of systemic inflammation (soluble tumour necrosis factor a receptors (STNF-R1
and 2)) in generally healthy women, although most of the TFA intake in the participants of
these cohorts came from processed foods (fried foods (18%); cookies, donuts, or sweet
rolls (17%); margarine (10%); beef (9%); and crackers (4%)), suggesting that they were
mainly iTFAs (Mozaffarian et al, 2004a). The same authors also showed that, in patients
with chronic heart failure, TFA levels in red blood cell membranes were strongly
associated with levels of IL-1, IL-1 receptor antagonist, IL-10, TNF-a, sTNF-R1 and 2, MCP-

1 and brain natriuretic peptide, particularly trans isomers of OA and linoleic acids (LA) but
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not of palmitoleic acid (Mozaffarian et al, 2004b). These findings are consistent with
those of Lopez-Garcia et al. in a cross sectional study of 730 healthy women from the
Nurses’ Health Study | cohort. They showed that TFA intake (more strongly EA) was
positively related to plasma concentrations of CRP, sTNF-R2, sE-selectin, sICAM-1, and

sVCAM-1 (Lopez-Garcia et al, 2005).

In contrast, in Danish middle-aged men with a broad BMI range, intake of TFAs was not
associated with levels of IL-6 or CRP, blood pressure, insulin sensitivity or blood lipids
(Nielsen et al, 2011), which could be explained by the fact that reported TFA intakes were
relatively low and their source was mainly ruminant fat, given Danish legislation to
eliminate food products containing iTFAs since the 1990s and the high intake of
milk/dairy products in Denmark. Actually, an 18-year follow-up study of 3,686 Danes,
aged 30-71 years and healthy at baseline concluded there was no association between

rTFA intake and risk of CHD over a wide range of intake (Jakobsen et al, 2008).

Da Silva et al. (2015) compared iTFAs and rTFAs in plasma PLs and their correlations with
metabolic risk factors, including lipid profile, glycaemic profile, adiposity and blood
pressure, in a cohort composed of 100 healthy non-obese and 100 obese Canadian
participants. They found that plasma rTFAs (TVA and also trans-palmitoleic acid) levels
were associated with lower insulin levels and blood pressure and higher adiponectin
levels, unlike the industrial counterpart (EA) which was associated with higher total
cholesterol, TAGs and glycaemia, strongly indicating that different sources of TFAs may
have different impacts on metabolic markers of cardiac health (Da Silva et al, 2015). Given
that adiponectin is anti-inflammatory, these findings suggest that rTFAs reduce

inflammation.

A recent cross-sectional study with 5,546 adult participants, using data from the 1999-
2000 cycles of the US National Health and Nutrition Examination Surveys (NHANES),
showed that all of the serum TFAs measured (palmitelaidic acid, EA, TVA and linoelaidic
acid) were independent predictors of plasma CRP and fibrinogen levels (Mazidi et al,
2017), and the authors suggested that all sources of TFAs enhance inflammation and

should be avoided.
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Table 1.4: Epidemiological studies of TFAs and inflammatory markers in humans.

Subjects

Measurement of
TFA exposure

Risk factors
association

Outcomes assessed

Reference

823 healthy women
from the Nurses’
Health Study

land Il

Dietary intake
assessed from 2
semi-quantitative
FFQs averaged for
each subject

Blood markers
of systemic
inflammation

TFA intake was positively associated
with sTNF-R1 and sTNF-R2.

TFA intake was not associated with
IL-6 or CRP overall but was positively
associated with IL-6 and CRP in
women with higher body mass
index.

(Mozaffarian et
al, 2004a)

86 ambulatory patients
with established heart
failure (cross-sectional
from prospective
cohort study)

Red blood cell
membrane TFAs

Blood markers
of systemic
inflammation

TFA levels were positively associated
with IL-1, IL-1 receptor antagonist,
IL-10, TNF-a, sTNF-R1, sTNF-R2,
MCP-1 and brain natriuretic peptide.

(Mozaffarian et
al, 2004b)

730 women from the
Nurses’ Health Study |
cohort, aged 43-69 y

Dietary intake
assessed from a
validated FFQ in
1986 and 1990

Blood
biomarkers of
Inflammation
and endothelial
dysfunction

CRP levels were 73% higher among
those in the highest quintile of total
TFA intake compared with the
lowest quintile. IL-6 levels were 17%
higher, sTNF-R2 5% higher, sE-
selectin 20% higher, sICAM-1 10%
higher, and sVCAM-1 10% higher.
TFA intake was positively related to
plasma concentration of CRP, sSTNFR-
2, sE-selectin, sICAM-1, and sVCAM-
1

(Lopez-Garcia
et al, 2005)

Health and Nutrition
Examination Surveys
(NHANES)

inflammation

increasing quartiles of CRP and
fibrinogen. In adjusted linear
regression models, serum TFAs were
an independent predictor of plasma
CRP and fibrinogen levels.

393 middle-aged men | Dietary intake Blood Intake of total TFAs 13 g/d, covering | (Nielsen et al,
representing estimated biomarkers of |a daily iTFA intake of 0-4 g (0-0-1-0) |2011)
a broad range of BMI basedon7d CHD risk and rTFA intake of 0-9 g (0-4-1-8),
dietary records showed no significant associations
with abdominal fatness,
inflammatory markers (IL-6 and
CRP), blood lipids, blood pressure
and insulin homeostasis.
200 individuals Plasma Blood Higher rTFAs were associated with (Da Silva et al,
aged from 18 to 55y, |phospholipid TFAs |biomarkers of |lower insulin levels and blood 2015)
including 100 obese CHD risk pressure and with higher
and 100 non-obese adiponectin levels, unlike their
industrial counterparts which were
associated with higher total
cholesterol, TAGs (obese subjects)
and glycemia (non-obese subjects).
5446 participants from | Serum TFAs (free Blood After adjustment, mean serum TFAs | (Mazidi et al,
the 1999-2000 cycles | and esterified): biomarkers of | (palmitelaidic acid, EA, TVA and 2017)
of the US National mostly iTFAs systemic linoelaidic acid) rose with the
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1.4.4.2 Evidence from intervention studies

There are very few intervention studies comparing the effects of iTFAs and rTFAs on
biomarkers of inflammation or on inflammatory responses. Additionally, when they are
tested individually, doses used, delivery method, intervention duration and washout
periods, gender differences, health conditions and age variations of the subjects under

study can contribute to the inability to draw clear comparisons between them (Table 1.5).

In relation to the effects of iTFAs, the double blind crossover study by Han et al. (2002),
where 19 subjects with moderately elevated LDL cholesterol levels were exposed
randomly to 3 diets with the same amount of fat (30%) but different proportion of iTFAs
or saturated fats, reported that a soybean margarine diet (6.7% of energy from iTFAs)
increased TNF-a and IL-6 production by cultured mononuclear cells in comparison with a
soybean oil diet (0.6% of energy from iTFAs) (Han et al, 2002). Similarly, Baer et al. (2004)
showed that an intake of 8% of energy (28.8 g/d) for 5 weeks as TFAs (spectrum of trans
18:1 isomers representative of the US food supply) increased blood levels of CRP, IL-6 and
sE-selectin in 50 healthy adult males. When half the amount of TFAs (4% TFAs, 4% stearic
acid) was consumed daily, CRP level did not increase, although fibrinogen levels did,
which was suggested to be caused by stearic acid (Baer et al, 2004). Another study,
conducted in overweight postmenopausal women, reported that an increased intake of
iTFAs (7% of daily energy) for 16 weeks produced an increase in the circulating levels of
TNF-a and its soluble receptors TNF-R1 and TNF-R2 (Bendsen et al, 2011), with no

changes on CRP, IL-6 or adiponectin levels.

In contrast, in the case of rTFAs, Tricon et al. (2006) showed that a daily amount of 1.5 g
CLA9,11 and 4.7 g TVA consumed through modified dairy products for six weeks had no
effects on inflammatory biomarkers, insulin, glucose, total cholesterol, and TAGs in serum
(Tricon et al, 2006). Another study used sheep cheese naturally rich in TVA and CLA9,11
for 10 weeks in a small sample of adults reporting a significant reduction in IL-6, IL-8, and
TNF-a levels, compared to placebo (Sofi et al, 2010). Similarly, a study where 29 healthy
adult volunteers underwent a CLA depletion followed by an 8 week period consuming 20
g of CLA9,11 enriched butter daily (1020 + 167 mg CLA/day) showed decreased protein

expression of NFkB in blood mononuclear cells, reduced serum levels of TNF-a, IL-2, and
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IL-8 and increased levels of the anti-inflammatory cytokine IL-10 after CLA repletion

compared to the levels in the depletion phase (Penedo et al, 2013).

When comparing the effect of the two most common CLA isomers, some studies suggest
that CLA10,12 may have pro-inflammatory effects. Tholstrup et al. (2008) compared the
effects of a CLA mixture, an oil rich in CLA9,11 or olive oil for 16 weeks in healthy
postmenopausal women, showing that the oil containing CLA10,12 caused higher plasma
levels of CRP, fibrinogen, and plasminogen activator inhibitor-1 (PAI-1) and of a urinary
marker of lipid peroxidation, compared to the oil rich in natural CLA9,11 and the olive oil
(Tholstrup et al, 2008). Other authors have also reported increased CRP after CLA10,12 or
CLA mix supplementation, whether in obese men with metabolic syndrome (Riserus et al,
2002), obese adults (Steck et al, 2007) or healthy adults (Smedman et al, 2005).
Nevertheless, the evidence is not consistent. Ramakers et al. (2005) found no effects on
ex vivo cytokine production by isolated peripheral blood mononuclear cells (PBMCs) or by
PBMCs present in whole blood when stimulated with LPS from a small sample of
moderately overweight subjects at increased risk for CHD, after daily consumption of 3 g
of CLA9,11 or CLA10,12 in an enriched dairy product for 13 weeks (Ramakers et al, 2005).
A study testing an enriched butter with CLA9,11 or CLA10,12 for 5 weeks showed
increases in lipid peroxidation but no effects on plasma total, LDL, and HDL cholesterol
and TAGs, or inflammatory and haemostatic risk markers, nor in fasting insulin and

glucose concentrations, in healthy young men (Raff et al, 2008).

One of the few published RCTs comparing the effects of iTFAs and rTFAs in healthy adults,
showed that the intake of enriched dairy products with iTFAs (7% of energy) or a mix of
CLAs for 3 weeks did not affect low-grade inflammation to a large degree (lower sTNF-R1
and higher sE-selectin), while both produced an increased excretion of 8-iso-PGFq, a
marker of oxidative stress (Smit et al, 2011). In the same way, Radtke et al. (2017)
reported that 2% of daily energy intake as TFAs (alpine butter or margarine) or no TFA as
control, during 4 weeks, did not have any adverse effect on coagulation, inflammation
markers and adhesion molecules in healthy subjects. Nevertheless, the rTFA diet resulted
in increased levels of total cholesterol and LDL-cholesterol compared with the other two
diets, which may have been caused by some important differences in the nutritional

composition between alpine butter and margarine (i.e. the SFA, MUFA and PUFA
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contents). Additionally, the study did not reach the estimated total sample size and the

diet of the participants was not controlled (Radtke et al, 2017).

Table 1.5: Intervention studies with TFAs in humans reporting markers of inflammation.

Subjects FA doses and form Duration and Outcomes Reference
design
19 subjects (8 | 3 diets, 30% of calories as | 32 days for iTFA diet I PBMCs production of TNF-a (Han et al,
males, 11 fat, of which two thirds each diet (58%) and IL-6 (36%). 2002)
females) over | were provided as soybean |(washoutof2 | No differences in delayed-type
age 50 y with | oil, soybean oil-based stick | wk. minimum). |hypersensitivity skin test response,
moderately | margarine, or butter Double blind lymphocyte proliferation, or levels of IL-2
elevated LDL |(randomized order). crossover and PGE; produced between diets.
cholesterol design
50 healthy 8% of fat (total 39% of 6 diets for 5 TFA diet 1 plasma CRP, IL-6 and sE-selectin | (Baer et al,
adult males | calories) or fatty acids was |wk. each fora |(5.6%) concentrations. 2004)
with mean replaced across diets with: | total controlled | Fibrinogen (4.4%) concentration increased
aged2y cholesterol, oleic acid, feeding period | after consumption of the TFA+STE diet, but
TFAs (trans 18:1 positional |of 30 wk. ina not after TFA diet alone.
isomers similar to that in randomized
the US food supply), stearic | crossover
acid (STE), TFAs+STE (4% of | design
energy each), and 12:0—
16:0 saturated fatty acids
49 healthy Supplementation with 3 8 wk. periods CLA isomers did not affect lymphocyte (Tricon et
adult males | doses of CLA9,11 (0.59, (6 months each | subpopulations. Monocytes expressing al, 2004a;
mean age 31 |1.19 and 2.38 g/day) or isomer), ICAM-1 were {, after supplementation with | Tricon et al,
y CLA10,12 (0.63, 1.26, 2.52 | followed by a 6 |the highest dose of both isomers than at 2004b)
g/d) wk. washout baseline. CLA isomers |, mitogen-induced T
and crossover. |lymphocyte activation in a dose-dependent
Randomized, manner. No effects on serum concentrations
double blind, of CRP and on ex vivo cytokine production
crossover by PBMCs in response to LPS (TNF-a, IL-10,
design. IL-6, IL-1B and IL-8) or in response to
concanavalin A (IFN-y, TNF-q, IL-10, IL-5, IL-
4, IL-2). Supplementation had no significant
effect on body composition, plasma insulin
concentration, homeostasis model for
insulin resistance, or revised quantitative
insulin sensitivity check index. CLA10,12
LDL:HDL cholesterol and total:HDL
cholesterol, whereas CLA9,11 |, them.
CLA10,12 1 plasma TAGs compared to
CLA9,11.
42 Yogurt-like dairy product 13 wk. CLA isomers had no effect on ex vivo LPS- (Ramakers
overweight | enriched Placebo- stimulated cytokine production by PBMCs et al, 2005)
middle-aged |with 3 g of high oleic acid | controlled, and by whole blood.
adults oil (control group) or 3 g of | double- Plasma CRP concentrations did not change.
CLA9,11 or 3g of CLA10,12 | blind parallel
instead of the oleic acid. design
32 middle- Milk, butter, and cheese 6 wk. of Consumption of CLA enriched dairy products | (Tricon et
aged men. providing 0.151 g/d intervention, 7 | did not significantly affect body weight, al, 2006)

(control) or 1.421 g/d
(modified) CLA9,11 and 4.7
g/d of TVA. Incorporation
of both FAs in plasma
phospholipids and
peripheral blood
mononuclear cells was
assessed (Burdge et al,
2005).

wk. of washout
and crossover
in random
order

inflammatory markers (IL-6, sVCAM-1,
sICAM-1, sE-selectin, or CRP), insulin,
glucose, TAGs, or total, LDL, and HDL
cholesterol but resulted in a small increase
in the ratio of LDL to HDL cholesterol.
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Subjects FA doses and form Duration and Outcomes Reference
design
75 healthy Daily supplement of 5.5g |16 wk. double- |The CLA mixture resulted in higher plasma (Tholstrup
postmenopa | of oil rich in either CLA blind, CRP, fibrinogen and PAI-1 than in the et al, 2008)
usal women | mixture (41.17% CLA9,11; |randomized, CLA9,11 isomer group. The CLA mixture also
39.9% CLA10,12), an oil parallel caused higher urine 8-1so-PGF,, compared
rich in CLA9,11, or olive oil |intervention to CLA9,11 and olive oil.
(control). Total daily intake |study Plasma IL-6, sVCAM-1, sICAM-1, MCP-1, and
of CLA (all isomers) was 4.6 TNF-a were not different between the
g with the mixture and 5.1 groups.
g with the CLA9,11 oil.
38 healthy Butter enriched with 5.5 5 wk. double- | CLA group had 83% higher concentration of | (Raff et al,
young men g/d of a CLA 0il (39.4% CLA | blind, urinary 8-Iso-PGF,, compared to control 2008)
9,11; 38.5% CLA10,12) was | randomized, group.
incorporated into bread parallel CLAs had no effect on plasma lipids (total,
rolls, cake, and chocolate |intervention LDL, HDL, TG), CRP, plasma factor VII
milk. The CLA group study activity, PAI-1, insulin and glucose levels.
received 4.6 g/d of total
CLA (2.5 g CLA9,11 and 2.1
g CLA10,12) and the
control group received 0.3
g/d of CLA9,11.
10 adults (4 | 200 g/wk. of pecorino 10 wk. Cheese |, plasma IL-6, IL-8 and TNF-a (IL-10, | (Sofi et al,
male, 6 cheese (intervention, |IL-12 and VEGF unchanged) 2010)
female) (3.28% TVA, 1.56% wash out and
CLA9,11) placebo),
crossover
design
49 healthy Partially hydrogenated 16 wk. iTFA intake 1 baseline-adjusted serum TNF- | (Bendsen et
overweight |soybean oil incorporated o (by 12%), plasma sTNF-R1 and 2. al, 2011)
postmenopa |into two bread rolls (15.7 Serum CRP, IL-6 and adiponectin and
usal g/day iTFAs) or control oil subcutaneous abdominal adipose tissue
women without added TFAs. mRNA expression of IL-6, IL-8, TNF-a and
adiponectin as well as ceramide content
were not affected by iTFAs.
61 healthy 7% of energy provided by |3 diets for 3 iTFA diet caused 4% decrease in sSTNF-R1 (Smit et al,
adults (25 oleic acid (control diet), wk., in random | concentrations and 6% higher sE-selectin 2011)
male, 36 iTFAs (mainly 18:1 trans), |order (double |concentrations compared to control, with no
female) aged | or CLA (mixture of 80% blind, RCT) significant effect on other inflammatory
between CLA9,11 and 20% markers (IL-6, CRP, TNF-R2, MCP-1). CLA
18 and 65y |CLA10,12); FAs were mixture did not significantly affect
incorporated into inflammatory markers. The urine
margarines and yogurt concentration of 8-iso- PGF,, was greater
drinks by enriching fat-free after the iTFA and the CLA diet periods than
yogurt with 50 g high oleic after the control period.
sunflower oil, 50 g partially
hydrogenated vegetable
fat, or 50 g CLA-rich oil per
L.
29 healthy CLA depletion period of Depletion and | CLA-enriched butter increased serum levels | (Penedo et
adults aged | restricted dairy fat intake | CLA repletion | of IL-10, reduced NFkB in blood and serum | al, 2013)
22to 36y (depletion phase; CLA period of 8-wk | levels of TNFa, IL-2, IL-8 and inactive

intake was 5.2 £ 5.8
mg/day), followed by
consuming 20 g/day of
butter naturally enriched
with CLA9,11 (repletion
phase; CLA intake of 1020
+ 167 mg/day).

each

metalloproteinase-9. Reduced activity of
metalloproteinases 2 and 9 in serum was
observed during the CLA-repletion period.
CLA-enriched butter had no effects on body
composition, serum levels of adiponectin, C-
reactive protein, and IL-4.
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1.4.43 Evidence from experimental animal studies (Table 1.6)

In an obesity model in rats (JCR:LA-cp), the animals fed a diet with TVA at 1% (w/w)
during 8 weeks showed a reduction in body fat, increased insulin sensitivity, lower NAFLD
activity scores, together with other metabolic benefits (Jacome-Sosa et al, 2014). Another
report from the same group compared the effects of TVA and EA in the same animal
model showing that both TFAs corrected the impaired IL-2 and TNF-a response to T-cell
mitogen stimulation seen in obese rats, but only TVA normalized T-cell stimulated IL-1B
and IFN-y production and haptoglobin levels. Rats fed with EA produced more IL-6
compared to controls and to TVA fed groups, which was associated with a greater
incorporation of EA into splenocyte PLs. Additionally, the animals fed with either TFA had
higher levels of IL-6 and IL-10, suggesting that both natural and industrial TFAs can
facilitate LPS-stimulated immune response in this animal model (Ruth et al, 2010).
Another model in male mice fed for 4 weeks with diets containing 0.5% (w/w) of TVA, EA
or CLA9,11 showed that all TFAs used caused a reduction in body weight and adipose
tissue, TVA induced a reduction in LDL cholesterol and TNF-a levels, while CLA9,11

induced higher levels of TNF-a (Wang et al, 2015).

Other authors have used diets with different amounts of partially hydrogenated oils (rich
in EA and/or linoelaidic acid) and reported the effect on different parameters related to
inflammation. Longhi et al. (2017), using diets with low and high content of lipids in the
form of lard or partially hydrogenated soybean oil (PHSO), showed that PHSO diets (high
and low) increased oxLDL levels in serum and cerebrospinal fluid (CSF). Additionally,
animals fed with PHSO diets had higher levels of IL-1, IL-6 and TNF-a in CSF, showed
impairment of insulin sensitivity and alteration in the antioxidant enzyme activities in
hepatic tissue (Longhi et al, 2017). Another study, using diets rich in ALA, partially
hydrogenated vegetable fat (PHVF) or both mixed in different proportions, reported
higher levels of PGE,, TXB;, LTB4 and LTCs, upregulation of COX-2, phospholipase A2 and
NFkB p65 and downregulation of PPARy in macrophages of rats fed with PHVF. These
effects were to different extents normalised by including ALA in the PHVF diet (Rao &
Lokesh, 2017). In agreement, when longer chain n-3 FAs (EPA and DHA) were compared

with iTFAs in a model of myocardial infarction, Siddiqui et al. (2009) reported that iTFAs
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adversely affected survival, while n-3 FAs had beneficial effects on survival. In addition,
animals fed with TFAs had variable degrees of aortic atherosclerotic lesions, lacked the
ability to develop collaterals around the site of occlusion and showed increased
circulating levels of sICAM-1, the opposite to what was observed in the animals fed with

n-3 FA-enriched diet (Siddiqui et al, 2009).

Studies using CLAs show inconsistent results. Poirier et al. (2006) reported that the
administration of CLA10,12 by gavage at a dose of 20 mg/day for 7 days in mice led to the
upregulation of TNF-a, MCP-1 and IL-6 gene expression in white adipose tissue (WAT)
without affecting their serum levels, together with macrophage infiltration in WAT,
reduction in body weight and adipose tissue mass, lower serum levels of leptin,
adiponectin and higher levels of insulin and resistin (Poirier et al, 2006). Similarly, another
study, using enriched diets with 0.06%, 0.2%, and 0.6% (w/w) of mixed CLA10,12 with LA
(50/50), mixed CLA10,12 with CLA9,11 (50/50) or LA alone as a control in young male
mice for 6 weeks, showed that the intermediate and higher intakes of CLA10,12 reduced
adiposity, increased serum levels of MCP-1 and IL-6 and increased liver steatosis (Shen et

al, 2013).

In two murine models of arthritis, collagen antibody-induced arthritis and collagen-
induced arthritis, where the mice were exposed to CLAs prior to the induction of joint
swelling or after the onset of disease, respectively, both CLA isomers showed anti-
inflammatory effects (Butz et al, 2007; Huebner et al, 2010). In contrast, in another model
where the mice were exposed to the CLA isomers prior to the onset of arthritis, the diet
enriched with CLA10,12 (0.25% w/w) resulted in a more severe initial inflammatory
response at the onset of disease. Instead, CLA9,11 (0.5% w/w) reduced the incidence of
the disease by 39% compared to control mice fed with corn oil, also increasing IL-4 and IL-
10 levels in the animals paws. The authors suggested that CLA10,12 may have acted by
driving Thl type responses during the adaptive immune response, whereas CLA9,11 may

have induced a Th2 dominant adaptive immune response (Muhlenbeck et al, 2017).

Studies in animal models show more consistent outcomes relating the exposure to
CLA9,11 and anti-inflammatory responses. Using a murine asthma model, colorectal
cancer in mice and a model of LPS-induced inflammation in mice, CLA9,11 induced a
reduction in the allergic airway inflammation, decreased percentages of macrophages in

the mesenteric lymph nodes and produced downregulation of colonic TNF-a mRNA
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expression, and reduced the serum levels of the pro-inflammatory cytokines IFN-y, IL-12,

and IL-1B, in response to LPS-induced septic shock (Evans et al, 2010; Jaudszus et al, 2008;

Reynolds et al, 2009).

Table 1.6: Studies of 18-carbon TFAs in animal models reporting markers of inflammation

mixed with CLA9,11
(50/50) in three doses in
the diet (w/w): 0.06%
(low), 0.2%
(intermediate), and 0.6%
(high), equivalent to 70,
240, and 700 mg/kg body
weight. For 7 weeks.

Animal model FA used, doses and Measurement Outcome Reference
duration of TFAs
Wild-type Daily gavage was - Oral administration of CLA10,12 led to {/ in (Poirier et
C57BL/6J performed with 0.1 g body weight and adipose tissue mass al, 2006)
female mice sunflower oil or 0.1 g of a accompanied by an insulin-resistant state
mixture with 0.08 g characterized by hyperinsulinemia, 1 resistin
sunflower oil and 0.02 g levels and { leptin and adiponectin levels
TAGs containing 79% triggered after seven gavages. The gene
CLA10,12 (total CLA expression of MCP-1, IL-6 and TNF-a P in
isomers 90.4% [79% white adipose tissue, while their serum levels
t10,c12; 7% ¢9,t11; and of these inflammatory mediators did not
3.1% t/t]), oleic acid change. CLA supplementation also induced
2.5%, linoleic acid 0.2%, SOCS3 and produced a reduction in PPARy
and saturated fatty acids gene expression in WAT. Additionally,
6.6%. For 1, 3 or 7 days. immunohistochemistry revealed marked
macrophage infiltration into adipose tissue.
Wistar rats: n-3 PUFA diet (mixture of | Plasma Animals on the TFA diet had a lower survival (Siddiqui et
coronary maize and fish oil), with | (only %) rate due to sudden cardiac death and al, 2009)
ligation model |21% of fats as n-3 PUFAs. exhibited variable degrees of aortic
C57/BL6 mice: |TFA diet (mixture of atherosclerotic lesions.
femoral artery | maize and primex
ligation model |shortening, rich in EA
and linoelaidic acid) with
17% of fats as TFAs.
Experimental diets for 6
months in the coronary
artery model, and 3
weeks in the femoral
artery ligation model.
JCR:LA-cprats |EA and TVA (1% w/w), 16 | Plasma PL. |Obese rats had 1 serum haptoglobin and (Ruth et al,
weeks Splenocyte |impaired T-cell stimulated cytokine responses. |2010)
phosphatid | TVA and EA improved T-cell stimulated
ylethanola | cytokine production, but only TVA normalized
mine and serum haptoglobin. TVA also normalized T-cell
phosphatid | stimulated IL-1B and IFN-y production
ylcholine.
129Sv male Linoleic acid (LA) alone, | WAT, liver |The intermediate and high doses of both CLA | (Shen et al,
mice CLA10,12 mixed with LA |and muscle |treatments { total body weight gain and total |2013)
(50/50) or CLA10,12 tissue WAT depot weights, compared to control.

Higher dose of CLA caused hepatic steatosis,
hepatomegaly and 1" serum levels of MCP-1.
IL-6 serum levels were 1 with the
intermediate dose of the CLA isomer mixture.
Intermediate or low doses of CLA10,12 or
mixed CLAs I mRNA markers or activators of
browning in WAT, together with 1 their
protein or activity levels.

Gene expression of MCP-1, IL-6, F4/80, and
TNF-a was 1 in the intermediate and high
dose of CLA10,12 + LA or CLA isomer mixture
in WAT.
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Animal model FA used, doses and Measurement Outcome Reference
duration of TFAs

JCR:LA-cp rats | TVA (1% w/w), 8 weeks - { total body fat (-6%), stimulated adipose (Jacome-

(obesity model) tissue redistribution [reduced mesenteric fat | Sosa et al,

(-17%) while increasing inguinal fat (29%)] 2014)
J adipocyte size (-44%), I metabolic rate

(7%), 1 insulin sensitivity [lower HOMA-IR

(-59%)], ' non-alcoholic fatty liver disease

activity scores (-34%), { hepatic (-27%) and
intestinal (-39%) TAG secretion relative to

control diet. Upregulation of hepatic ApoAl,

SRP1, DGAT2 genes. Downregulation of

intestinal SREBP1, FAS, UCP2 genes.

Male mice 0.5 g/100 g of diet of - After 10 days, all FAs used induced a reduction | (Wang et
TVA, EA or CLA9,11 for 4 in the body weight. al, 2015)
weeks TVA produced a reduction in LDL cholesterol

levels.

CLA9,11 and TVA tended to increase the
expression of CYP7al

CLA9,11 induced higher levels of TNF-a, while
TVA reduce them, compared to control group.

Wistar rats Partially hydrogenated - Cerebrospinal parameters: PHSO diets (Longhi et
soybean oil, 90 days. TFA increased LDL antibody, IL-1, IL-6 and TNF-a. al, 2017)
content in diets used Animals treated with PHSO diets also showed
(g/kg): Low Lard (0.28), lower levels of IL-10.

High Lard (1.44), Low Serum parameters: animals fed with PHSO
PHSO diets had higher fasting glucose and insulin
(34.38) and High PHSO levels (both higher in the low concentration of
(223.4). PHSO). Additionally, PHSO diets led to higher
levels of oxLDL
Hepatic parameters: PHSO diet induced
alterations in TAG levels (lower), SOD activities
and ratio of SOD/CAT + GPx

Wistar rats Groundnut oil (10 wt%), |Serum Macrophages from rats fed PHVF showed a (Rao &
partially hydrogenated lipids down-regulated expression of PPARy and up- | Lokesh,
vegetable fat (PHVF, regulated expressions of cytosolic 2017)
mainly EA) (10 wt%), phospholipase A2, cyclooxygenase-2, 5-

ALA-rich linseed oil (LSO, lipoxygenase and NFkB p65. Macrophages

10 wt%), PHVF blended from rats fed PHVF secreted higher levels of

with LSO at 2.5, 5.0 and pro-inflammatory eicosanoids and cytokines.

7.5 wt% levels. For 60 Macrophages from rats fed PHVF blended with

days. LSO at incremental amounts showed a
significant reduction in the protein expressions
of pro-inflammatory markers in dose-
dependent manner.

DBA/1 mice Corn oil (CO, 6 wt%), Liver CLA10,12: mice fed with CLA10,12 isomer at (Muhlenbe
5.75% CO plus 0.25% the 2ry immunization showed a more severe |cketal,
CLA10,12, or 5.5% CO initial inflammatory onset of disease, with a 2017)

plus 0.5% CLA9,11, prior
to arthritis development
(3 weeks before lary
immunization and for 70
days; or starting at the
2ary immunization, for
35 days)

trend toward increased plasma anti-Cll IgG1
antibodies levels

CLA9,11: This CLA isomer decreased arthritis
incidence by 39% compared to control mice.
In mice that did not develop arthritis, there
was a significant 49% reduction in anti-Cll
IgG2a antibody levels in CLA9,11 fed mice
compared to control mice fed corn oil.
CLA9,11 exposure produced increased levels
of IL-4 and IL-10 compared to control mice,
independent of arthritis induction.
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14.4.4 Evidence from in vitro studies

In unstimulated human umbilical vein endothelial cells (HUVECs) and human aortic
endothelial cells (HAECs), linoelaidic acid and/or EA have been shown to induce gene
expression, surface expression or protein levels of ICAM-1, VCAM-1, IL-6 and TLR4, the
phosphorylation and nuclear translocation of NFkB p65 and IkBa, the adhesion of
monocytes and lymphocytes, and to impair insulin-mediated NO production together
with increased ROS production (Bryk et al, 2011; Harvey et al, 2012; Iwata et al, 2011; Pan
et al, 2017) as depicted in table 1.7. In contrast, studies using TVA in HUVECs or human
microvascular endothelial cells (HMECs) found no effects on, or downregulation of,
inflammatory gene expression (Da Silva et al, 2017a; Iwata et al, 2011; Livingstone et al,
2014). When HepG2 cells were exposed to a pro-inflammatory stimulus, TVA was shown

to downregulate TNF-a and IL-8 genes (Da Silva et al, 2017b).

However, there are reports describing some similar effects of iTFAs and rTFAs in different
cell models (both anti- and pro-inflammatory). For example, Da Silva et al. (2017) showed
that both TVA (25, 50 and 150 uM) and EA (5 to 150 uM) downregulated gene expression
of TNF-a, VCAM-1 and SOD-2 together with reducing the secretion of prostaglandin E; in
HUVECs stimulated with TNF-a (Da Silva et al, 2017b). In another model of human
coronary arterial smooth muscle cells (HCASMCs), a high concentration of TVA and EA
(200 uM for 20 h) increased the levels of IL-6 and MCP-1, respectively (Soto-Vaca et al,
2013).

In relation to the effects of CLAs, some studies have reported anti-inflammatory effects in
HUVECs. Sneddon et al. (2006) reported that CLA10,12 was able to suppress adhesion of
THP-1 cells and isolated human PBMCs dose-dependently in HUVECs treated with TNF-a,
which was related to the suppression of platelet-activating factor production . Similarly,
Goua et al. (2008) showed that CLA10,12 and a CLA mix reduced ICAM-1 and VCAM-1
expression, while the CLA mix used at 25 uM was able to decrease NFkB activity by 30% in
both HUVECs and smooth muscle cells treated with TNF-a . Another study by Stachowska
et al. (2012) showed that the incubation of monocytes from healthy donors with CLA9,11
and CLA10,12 at 100 uM for 7 days reduced the expression of the integrins VLA-4 and
Mac-1. When HUVECs were exposed to the same concentrations of CLA isomers, both

caused a reduction in the surface expression of VCAM-1, but only CLA9,11 reduced ICAM-
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1 compared to control. Additionally, both CLA isomers showed a strong tendency to

reduce the binding of monocytes to HUVECs (Stachowska et al, 2012).

Table 1.7: In vitro studies of 18-carbon TFAs and inflammation

Cell type FA used / Inflammatory Outcome Reference
stimulus
3T3-L1 CLA10,12 (50 uM for 0, 8, | In 3T3-L1 cells, CLA10,12 induced IL-6 gene (Poirier et al,
adipocytes 16, 24, 48, and 168 h) expression and secretion (NFkB dependent) and 2006)
decreased gene expression of PPARy, whereas
SOCS3 mRNA levels were 1, with lower uptake of
glucose. Nuclear localization of the p65 subunit of
NFkB was markedly 1 in the CLA10,12-treated
cells. PPARYy protein was , in the presence of CLA
10,12.
HUVECs Linoleic acid, CLA9,11, CLA { binding of both THP-1 and isolated human | (Sneddon et
THP-1 cells CLA10,12 peripheral blood monocytes to HUVECs (40%), al, 2006)
Isolated human | CLA mix (50:50), 6, 12.5, | with the CLA10,12 isomer suppressing adhesion
peripheral blood |25 and 50 uM FA for 24 h | dose-dependently.
monocytes TNF-a (5 ng/ml) or IL-1B | CLA was shown to inhibit cytokine-induced
(10 U/ml) for 2.5 and 6 h | binding by suppressing PAF production (IL-1B,
VCAM-1 and ICAM-1 levels and pro-inflammatory
cytokine expression were unaffected by CLA)
HUVECs EPA, DHA and palmitic HUVECs: CLA10,12 and CLA mix, EPA and DHA ¢ (Goua et al,
Primary aortic acid ICAM-1 expression (15-35%) at 12.5, 25 and/or 50 | 2008)
vascular smooth | (PA), Linoleic acid, UM,
muscle cells CLA9,11, CLA10, 12, CLA | VCAM-1 expression by 25 uM CLA10,12 and
(VSMCs) mix (50:50) mix; omega-3 PUFA and other concentrations of
25 uM for 24 h CLA and TNF-a induced E-selectin expression were
TNF-a (5 ng/ml for either | unaffected.
6 h for ADM or NF-kB J NFkB activity (29% and 30%, HUVECs and
activity or 5 min, for vSMCs) by 25 uM CLA mix
phosphorylation of IkBa) | CLA isomers alone induced IkBa phosphorylation
(activation NFkB pathway)
HAECs Trans-18:2, DHA HAECs treated with trans-18:2 showed (Siddiqui et
5uM, 48 h significantly increased expression of ICAM-1 and al, 2009)
nitrosylation of cellular proteins than those
treated with DHA
Human EA, Linoelaidic acid, TVA | EA and Linoelaidic acid 1" IL-6 levels and (Ilwata et al,
microvascular Palmitic acid, Linoleic phosphorylation of IkBa, impaired insulin 2011)
endothelial cells |acid signalling (\, Akt and eNOS phosphorylation) and
(HMECs) (100 uMm, 3h) NO production and 1 superoxide production.
HAECs EA, Linoelaidic acid at Both TFAs 1 the surface expression of ICAM-1 (Bryk et al,
50, 100 and 200 uM; 45 | (100 uM, 3 fold increase) and VCAM-1 (100 uM, 8 |2011)

min, 6 and 16 h.

fold increase) in a dose-dependent manner. The
expression of both was increased after 6 h FA
exposure measured by RT-PCR.

Adhesion of monocytes and lymphocytes was
significantly increased when HAECs were treated
with TFAs.

Treatment of HAECs with both of the TFAs for 45
min induced P phosphorylation of NFkB p65.
Both TFAs significantly increased the intracellular
ROS production in a dose-dependent manner (100
UM inducing over a 2-fold increase).
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Cell type FA used / Inflammatory Outcome Reference
stimulus
Isolated human | CLA9,11; CLA10,12; LA Both CLAs {, the expression of CD49d/CD29 (VLA- | (Stachowska
peripheral blood | Monocytes: 100 uM for 7 | 4) and CD11b/CD18 (Mac-1) on macrophages. etal, 2012)

monocytes days Both CLAs { the surface expression of VCAM in
HUVECs HUVECs: 30 min, 12 h or | HUVECs, CLA9,11 by 31.5% and CLA10,12 by 23%,
24 h without or with 100 | compared to control cells.
UM, stimulation with ox- | CLA9,11 | the surface expression of ICAM-1 in
LDL (50 mg/ml) for 8 h HUVECs by 52% compared to control cells.
before the adhesion Trend to reduce adhesion of macrophages to
assay HUVECs in cells cultured with CLAs
HAECs OA, LA, EA, Linoelaidic, EA and linoleaidic 1 expression ICAM-1 (Harvey et al,
Stearic: 5, 25, 50 uM, 24 | Both iTFAs and stearic acid 1 phosphorylation of |2012)
and 48h NFkB.
HCASMCs and Butyric, lauric, myristic, | P IL-6 and MCP-1 levels were observed only in (Soto-Vaca et
human coronary | palmitic, stearic, oleic, HCASMCs for TVA and EA, respectively. al, 2013)
endothelial cells |linoleic, linolenic, Linoleic acid was less pro-inflammatory in both
arachidonic, EPA, DHA, cell lines when compared to CLA.
EA, TVA and CLA (200
UM, HCAECs 8h;
HCASMCs 20h)
HUVECs TVA, EA, trans- HUVECs: rTFAs and EA { inflammatory gene (Da Silva et
HepG2 cells palmitoleic expression (TNF-a, VCAM-1 and SOD-2 al, 2017b)
(hepatocellular (5-150 uMm) HepG2 cells: rTFAs { inflammatory gene
carcinoma) Mixture of TVA and expression (TNF, IL-8)
trans-palmitoleic (150/50
UM) TNF-a
(2 ng/ml, 24h)
HUVECs OA, EA EA 1 nuclear translocation of NFkB p65 and (Pan et al,
(100 um) phosphorylated ERK1/2; 1 expression of TLR-4 2017)
Lipid rafts may be involved in TFA induced-
inflammation in HUVECs.
HUVECs TVA, EA, trans- rTFAs | PG excretion and inflammatory gene (Da Silva et
palmitoleic (50 uM) expression (TNF and VCAM-1). al, 2017a)

Mixture of TVA and
trans-palmitoleic
(150/50 uM)

rTFAs and iTFAs 1 different classes of F2-isoP (EA
™ class VI F2-isoP isomers, TVA I mostly class IlI
isomers)
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1.5 Objective and Aims

In recent decades, many countries worldwide have experienced changes in lifestyles that
impact on human food consumption patterns (Naska et al, 2006; Naughton et al, 2015;
Singh et al, 2015). One of the most important trends is the increased consumption of
“ready to eat” or ultra-processed foods (Adams & White, 2015; Monteiro et al, 2013;
Moubarac et al, 2013). Additionally, even meals eaten in the home environment are often
purchased as pre-made processed meals from “take away” restaurants or supermarkets

(Adams et al, 2015; Kant & Graubard, 2004; Solberg et al, 2015).

In the United Kingdom, between one-fifth and one-quarter of individuals eat meals
prepared out-of-home weekly (Adams et al, 2015). Similarly, in Australia it has been
reported that 28% of people consume take away meals at least twice a week (Smith et al,
2009). Meanwhile in United States (US), a study showed that more than three-quarters of
dietary energy in purchases by US households comes from moderately (15.9%) and highly
processed (61.0%) foods and beverages (Poti et al, 2015). These trends have also been
described for children and adolescents. For example, a study of a representative sample
of US children estimated that from 66% to 84% of total daily energy, saturated fat,
cholesterol, total sugar, added sugars, and sodium intake were contributed by processed

foods (Eicher-Miller et al, 2015).

Given that food and nutrition play a key role in the prevention and development of
diseases, the effects of these changes in dietary patterns on the current global
epidemiological profile should be considered. Regarding the quality of processed foods,
the evidence suggests that their role in the burden of global disease is related to the high
energy density, and contribution to intake of salt, sugar, total fat, saturated fat,
cholesterol and TFAs (Astrup et al, 2008; Ludwig, 2011; Moubarac et al, 2013). Given the
increasing consumption of industrialized food, understanding the mechanisms by which
their constituents are associated with the increasing prevalence of cardiovascular disease

is required. One such component requiring investigation is the family of TFA.
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CHD and stroke have remained the leading causes of death globally in the last 15 years
(WHO, 2018); therefore, decreasing the risk for these CVDs by reducing the intake of
harmful TFAs continues to be a major public health objective worldwide. Even before the
WHO announcement in 2018 recommending the elimination of industrially produced
TFAs from the food supply (Ghebreyesus & Frieden, 2018), many countries had adopted
TFA regulations, including the European Union (Astrup, 2006; EFSA, 2018; WHO, 2015).
Nevertheless, more than 110 countries have not yet established regulations against TFAs,
meaning that 5 billion people are still at risk from iTFA exposure (WHO, 2019). However,
it is not clear how specific TFA isomers differ in their biological activity and mechanisms of

action with regard to inflammation.

As shown previously, there are not many studies comparing the inflammatory effects of
TFAs of industrial and ruminant origin. Considering the need for greater knowledge about
the possible differential effects of TFAs on inflammation, the objective of this project is to
study the inflammatory response in cultured EA.hy926 endothelial cells exposed to
different 18-carbon trans and cis fatty acids, with the TFAs being of both ruminant and

industrial origin. The FAs used are shown in table 1.8.

Table 1.8: Cis and trans fatty acids used in this project.

Fatty Acid Formal Name Origin Shorthand
nomenclature
Linoleic acid Cis-9, cis-12-octadecadienoic Natural, vegetable FA cis,cis-A9,A12 18:2n-6
acid
Oleic acid Cis-9- octadecenoic acid Natural, vegetable FA 18:1n-9
Elaidic acid Trans-9- octadecenoic acid Hydrogenated vegetable oils, |trans-A9
industrialized FA 18:1n-9t
Trans vaccenic acid Trans 11-octadecenoic acid Natural, ruminant FA trans-Al11 18:1n-7t
Cis vaccenic acid Cis-11-octadecenoic acid Natural, de novo synthesis. 18:1n-7
Conjugated cis-9, trans- | 9Z,11E-octadeca-9,11-dienoic | Natural, ruminant FA cis, trans-A9,A11
11 linoleic acid acid 18:2n-7
Conjugated trans-10, cis- | 10E,12Z-octadeca-9,11-dienoic | Natural, ruminant FA trans, cis-A10,A12
12 linoleic acid acid 18:2n-6
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The aims of this project were to compare the effects of the trans isomers trans vaccenic
acid and elaidic acid, from ruminant and industrial origin respectively, and also comparing
the effects of the two main conjugated linoleic acid isomers of ruminant origin, in ECs
cultured both under basal conditions and after TNF-a stimulation, to simulate situations
of both normal functioning and of low-medium level inflammation (Damas et al, 1992;

Dentener et al, 2006; Mozes et al, 2011).

It is anticipated that this research will provide novel insights into the mechanisms through
which TFAs in general and 18-carbon iTFAs and rTFAs in particular affect inflammation
and the functioning of human endothelial cells, which is important in relation to

development of atherosclerosis and the consequent risk for CVD.
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Chapter2 General Methods
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2.1 Endothelial cell model

EA.hy926 cells (ATCC®, CRL2922, Manassas, USA) were grown in Dulbeccos’s Modified
Eagle’s Medium (DMEM) supplemented with fetal bovine serum (10%), L-glutamine (0.4
mM), penicillin (50 U/mL), streptomycin (50 pg/mL) and HAT (100 uM hypoxanthine, 0.4
UM aminopterin and 16 uM thymidine) at 372C in a humidified 95% air/5% CO. incubator.
Before their use in experiments, cells were grown in T-175 flasks until confluence. ECs were

used between passages 6 and 25.

2.2 Fatty acid treatment

Trans vaccenic acid, elaidic acid, cis vaccenic acid, conjugated cis-9,trans-11 and trans-10,
cis-12 linoleic acids, oleic acid and linoleic acid were prepared as 1, 10 and 50 mM stock
solutions in 100% ethanol. Before each experiment, the stock solutions were diluted in
warm complete culture medium to yield final concentrations of 1, 10 and 50 uM. The

corresponding control was a 0.1% ethanol solution diluted in complete medium.

For the experiments, cells were seeded in 96 well plates (MTT assay and ELISA), 6 well
plates (RT-PCR, adhesion assay, flow cytometry) or T25 flasks (gas chromatography),

cultured in complete medium and exposed to different fatty acids for 48 h.

2.3 TNF-a treatment

Based on the conditions optimized for studying inflammatory responses of cultured
EA.hy926 cells performed previously (Baker, 2018), after the fatty acid incubation period,
cells were incubated with or without TNF-a (1 ng/mL; 20 units/ml) for 6 or 24 h, depending

on the assay to be performed, as described in Figure 2.1.
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Treatment 1 (48h): exposure to Treatment 2 (6 or 24h):
fatty acids (7) or DMEM 0.1% inflammatory
ethanol as control stimulation with TNF-o.
A L ASSAYS
{ | | MTT
Gas chromatography
> ELISA
Real time-PCR

dhesi
720 ) | Flow eytomety

EA.hy926 cells Replacement of Samples
seeded at 32000 cell culture media: processing and
cells/em? with FA with or without storage for

(1, 10 and 50 pM) TNF-a (1ng/ml) assays analysis

Figure 2.1: Experimental design. Treatment of EA.hy926 cells with fatty acids and TNFa

2.4 MTT assay for cell viability

The MTT assay was used to test the cytotoxic effect of the fatty acids at different

concentrations.

24.1 MTT assay principle

The MTT assay is based on the measurement of a marker activity associated with viable cell
number. MTT assay is a tetrazolium reduction assay, where MTT substrate (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is positively charged and readily
penetrates viable eukaryotic cells. Viable cells with active metabolism convert MTT into a
purple coloured formazan product with an absorbance maximum near 570 nm. Dead cells
lose the ability to convert MTT into formazan, thus colour formation works as a suitable
marker of only the viable cells. The exact cellular mechanism of MTT reduction into
formazan is not fully understood, but likely involves the action of dehydrogenase enzymes
to produce NADH or similar reducing molecules that transfer electrons to MTT. The
reduced product of the MTT tetrazolium accumulates as an insoluble precipitate inside
cells, near the cell surface and in the culture medium. Therefore, formazan has to be
solubilized, in this case with dimethyl sulfoxide (DMSQ), prior to recording absorbance
readings. Acidification of the solubilizing solution has the benefit of changing the colour of

phenol red to yellow colour that may have less interference with absorbance readings.
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2.4.2 MTT assay procedure

For the assessment of cell viability, EA.hy926 cells were incubated (96 well plate, 1x10*
cell/100 pL per well) with different concentrations of TVA, EA, CVA, CLA9,11, CLA10,12, OA
or LA (1, 10 and 50 uM) for 48 h and exposed to full medium with or without TNF-a (1
ng/mL) for 24 h.

Thereafter, the cells were checked under the microscope and the culture medium was
replaced by supplemented DMEM also containing 0.05mg/mL of MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Solon, OH, USA) and cultivated for
another 4 h in the incubator (37°C). Then, supernatant was removed and 50 pL of DMSO

was added to each well and the plate was

i H H incubated for 10 minutes at 37°C. Finally,

‘ 0.05 mg/mL of MTT the absorbance was measured at 550 nm.

— Figure 2.2 shows the MTT assay

e Sle procedure steps.

ncubation 4h
‘ R Effects of fatty acids and TNF-a on cell

viability were normalized according to

o e 0&).0 [ 33X

the control group value (set to 100%).

‘ Solubilisation: 50 ul
of DMSO

‘ Incubation 10 min.

ol ol e
4

Read absorbance
550 nM

Figure 2.2: Schematic of MTT assay procedure.
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2.5 Gas chromatography

Gas chromatography (GC) was used to test the FAs concentrations in the culture medium

and to confirm the incorporation of the FAs into the cells.

For FA concentration testing, each FA was diluted in full warm medium from the respective

stock in 100% ethanol.

For FA incorporation, cells were seeded in T25 cm? flaks (5 x 10° cells/mL) for 48 h with
each fatty acid in different concentrations (initially 0.1, 1, 5, 10, 50 and 100 uM).
Afterwards, the cells were checked under the microscope, scraped and counted with a
Beckman Coulter cell counter. EA.hy926 cells were resuspended to have 1 x 108 cells/800

pL of 0.9% NacCl solution.

2.5.1 Gas chromatography principles

GC is a method employed to separate FAs (in this case fatty acid methyl esters) based on
the temperature at which they become volatile and their affinity to a silica capillary column.
This depends on the carbon chain length, the number and position of double bonds. The
longer the chain length of the fatty acid the higher the temperature at which it enters the
vapour phase and the opposite occurs with the number of double bonds. A methyl ester
group is added to the carboxylic end of the fatty acid to form a fatty acid methyl ester
(FAME), this lowers the boiling point, allowing separation of a wide range of fatty acids at
moderate temperatures; in practice the methylation is combined with the release of fatty
acids from phospholipids, triglycerides and cholesteryl esters. The gas chromatograph has
a heated injection port, a silica capillary column situated in an oven and a flame ionization
detector. FAMEs are injected into the gas chromatograph port and heated at high
temperatures to become volatile. Then, FAMES are carried by a helium flow through the
capillary column, which has a lower temperature than the injection port letting FAMEs
condense on the column lining. Subsequently, the column is heated and FAMEs are
dissociated from the column lining as they reach their boiling point. The end of the column
is located within the flame ionization detector, held at 250°C. The hydrogen flame causes
FAME combustion, generating an ion current proportional to the amount of FAME in the
sample. This process results in a chromatogram containing peaks, each corresponding to a

different FAME.
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2.5.2 Gas chromatography procedure

2.5.2.1 Lipid extraction and formation of FAMEs

The total lipid fraction was extracted from cell pellets and culture medium, after adding the
internal standard, into 5 mL of chloroform:methanol (2:1, vol:vol) and 1 mL of NaCl (1M).
Consequently, after vortexing, centrifuging (845 g for 10 minutes) and colleting the lower
phase, lipids were dried under nitrogen at 40°C and then resuspended in toluene. To obtain
the FAMEs, the lipid extracts were incubated at 50°C for 2 h with 1 mL of methanol
containing 2% (vol:vol) H,SOa. After methylation, the samples were left at room
temperature for approximately 5 minutes to cool and then neutralized with a solution
containing KHCO3 and K>COs (1 mL). Then, FAMEs were dissolved in 1 mL of hexane and
dried under nitrogen at 40°C. Finally, the samples were resuspended in 50 pL (FA
incorporation to cells) or 150 pL (FA concentration checking in DMEM) of hexane and

transferred into GC autosampler vials for GC analysis.

253 GC analysis

GC analysis was performed in a Hewlett-Packard 6890 gas chromatograph fitted with a SGE
BPX-70 capillary column (30 m x 0.2 mm x 0.25 um) and a flame ionising detector. Split ratio
was programmed to 2:1 to allow a higher sample uptake in the column. Injector port was
set at 300°C and helium was used as the carrier gas for FAME transport. To condense
FAMEs, the oven was kept at 115°C for 2 minutes increasing 10°C/minute; a maximum
temperature of 200°C was held for 18 minutes. After this cycle, the column reached 245°C.
FAME histograms produced were analysed with Agilent ChemStation software. 37 FAMEs
were used as standard to identify fatty acids according to retention time and for software
calibration. Figure 2.3 shows the GC trace of a sample of EA.hy926 cells cultured in

complete medium.
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Figure 2.3: Chromatogram of EA.hy926 cells incubated in culture medium for 48 h.

2.6 ELISA

Cell culture supernatants were assayed by Human Magnetic Luminex Screening Assay ELISA
(R&D Systems, Minneapolis, MN, USA) to measure the appearance of inflammatory factors
MCP-1, IL-6, IL-8, VEGF, RANTES and ICAM-1. The cells were seeded with the FAs in 96 well
plates (1 x 10* cells/100 pL per well) for 48 h and then stimulated with TNF-a for 24 h.
Before the supernatants of each well were collected and stored at -80°C until analysis, the

cells were checked under the microscope.

2.6.1 Principle of Luminex assay

Luminex is an immunoassay based on multi-analyte technology that enables simultaneous
detection and quantification of different secreted proteins, in this case cytokines and
chemokines. This assay uses colour-coded beads, pre-coated with analyte-specific
antibodies, which bind to the analyte of interest (see figure 2.4). Unbound substances are
washed away, and biotinylated detection antibodies specific to the analytes of interest are
added to form an antibody-antigen sandwich. Samples are washed again to remove any
unbound substances, and incubated with phycoerythrin (PE)-conjugate streptavidin, which
binds to the biotinylated antibodies. Unbound substances are again washed away and
microparticles are resuspended in wash buffer and read using the Luminex MAGPIX

Analyzer. This analyzer uses a magnet that captures and holds the magnetic beads in a
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monolayer, while two spectrally different light-emitting diodes (LEDs) illuminate the beads.
One LED identifies the analyte that is being detected and, the second LED determines the

magnitude of the PE-derived signal.

Biotinylated
detection antibody

> 4

\) ':Biotin
as

3 ( treptavidin-PE
Luminex bead ‘ g

Target protein

Capture
antibody

Figure 2.4: Schematic of antibody-antigen sandwich principle of luminex assay

2.6.2 Luminex assay procedure

All reagents and standards were prepared according to the manufacturer’s instructions; for
IL-6, VEGF, RANTES and ICAM-1 undiluted samples of culture medium were analysed, for
MCP-1 and IL-8, samples were diluted 1:5 in diluent provided by the manufacturer
(Calibrator Diluent RD6-52). First, 50 uL of microparticle cocktail and 50 pL of sample or
standard were added into a 96 well clear bottomed black plate which was then securely
covered with a foil plate sealer to be incubated for 2 h at room temperature on a horizontal
orbital microplate shaker at 800 rpm. Then, the plate was attached to a magnetic
microplate device and washed 3 times with 100 puL wash buffer. 50 uL of Biotin Antibody
Cocktail was added to each well and plate covered again with a foil sealer and incubated
for 1 h on a horizontal plate shaker at 800 rpm. The plate was washed again 3 times with
100 pL wash buffer. 50 uL of Streptavidin-PE was added to each well and the plate was
sealed for a 30 minutes incubation on a plate shaker at 800 rpm. The washing step was
repeated and each well was resuspended in 100 uL wash buffer. The plate was incubated
for 2 minutes on a plate shaker at 800 rpm. Finally, the plate was analysed on the Bi-Plex

200 (Bio-Rad) using the Bio-Plex Manager 6.1 software.
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2.7 Real Time PCR

The effect of each fatty acid and TNF-a on gene expression was studied by RT-PCR. The cells
were seeded in six well plates (density of 6 x 10° cells/mL) with for 48 h and then stimulated
with TNF-a. Changes in inflammatory gene expression after TNF-a stimulation for 6 h were
analysed by RT-PCR. The expression of NFkB subunit 1 (NFkB1) (Hs00765730_m1), PPAR-a
(Hs00947536_m1), PPAR-y (Hs00234592_m1), TLR-4 (Hs00152939 m1l), IL-6
(Hs00985639_m1), IkBa  (Hs00355671_gl) IKK-B  (Hs00233287_m1), COX-2
(Hs00153133 _m1) and MCP-1 (Hs00234140_m1) were assessed by gRT-PCR with TagMan®

Gene Expression primers (Thermo Fisher Scientific, UK).

First, the total RNA for each time point sample was extracted with ReliaPrep™ RNA Cell
Miniprep System (Promega, UK). RNA quality, concentration and integrity were measured
by Nanodrop Spectrophotometer and Bioanalyzer, respectively. cDNA was synthesized
from the total RNA using GoScript™ Reverse Transcriptase (Promega, UK). Quantification
of gene expression was carried out initially (time-course) with B2M (Hs00187842 _m1,
TagMan® Gene Expression, Thermo Fisher Scientific, UK) and B-actin (Hs01060665_g1) as

internal control genes.

27.1 Principle of RT-PCR

The fatty acids that have been used as treatment are signals for the cells to increase or
decrease the expression of genes, in this case, of the inflammation pathway. Therefore, the
transcription of those genes to mRNA changes, in order that higher or lower levels of the
proteins the genes codes for may be translated. This means the expression of genes in cells
exposed to different treatments can be compared to control samples, by comparing the
levels of mMRNA for those genes. To do this, total RNA is extracted from the cell samples and
levels of the specific MRNA transcribed from the gene of interest measured. The enzyme,
reverse transcriptase, then uses the RNA as a template to form complementary strands of
DNA (cDNA), resulting in cDNA for every RNA extracted, in the same proportions that are
present in the samples. The use of specific primers for the sequence of the messenger RNA
(mRNA) of the gene of interest, allows to precisely assess the level of expression of that

particular gene. This level is then compared to the level of expression measured in a control
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group, for example, to determine whether there is a significant increase or decrease in

expression of the gene between groups.
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Figure 2.5: Schematic of Real Time PCR with TagMan probes.

Real-time quantitative PCR is a measurement to detect the products generated during each
cycle of the PCR process, which are directly proportional to the amount of template prior
to the start of the PCR process. This is achieved by using specific primers, which only anneal
to the cDNA specific to the gene of interest, and measuring the point at which the amount
of amplified DNA reaches a threshold level (Cq 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 gene was more highly expressed in the cell
sample. In this case, levels of DNA can be measured by the use of a probe (TagMan), where
a fluorescence emitting dye (e.g. FAM) is bound to one end of a short DNA sequence with
a molecule of quencher (e.g. TAMRA) at the other (Figure 2.5). While these molecules are
bound in close proximity to each other, no fluorescence is emitted. However, once the

probe binds to its specific site and the extension step begins, Tag DNA polymerase uses its
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exonuclease activity to ‘chew up’ the oligonucleotide sequence holding the dye and
guencher molecule close together. As the dye and quencher start to move apart, 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 in the sample. This signal is recorded by
the gPCR machine and converted into Cqg values. The details of each step in the

thermocycler are described in the following table.

Table 2.1: Details of the real time PCR cycles

Step Description of the cycle Event
1 50°C for 2 minutes
2 95°C for 10 minutes To activate the Taq polymerase enzyme
3 95°C for 15 seconds per Denaturation of 1x double stranded (ds) DNA to 2x
cycle single stranded (ss) DNA
4 60°C for 60 seconds per Probe anneals between binding sites for forward (F) and
cycle reverse (R) primers. The TagMan probe hybridizes to

the sequence. The 5’ to 3' nucleolytic activity of the DNA
polymerase cleaves the hybridized fluorogenic probe
between the reporter dye and the quencher dye. The
fragments of reporter dye are displaced from the target,
resulting in anincrease in fluorescence. Accumulation of
PCR products is detected directly by monitoring the
increase in fluorescence of the reporter dye. Data is
collected at this stage.

Steps 2 and 3 are repeated for 40 cycles. The process is repeated with each round of PCR,
resulting in a proportional increase in fluorescent signal detected as the amount of DNA within
the sample doubles.

2.7.2 RT-PCR procedures
2.7.21 Isolation of RNA

Total RNA was extracted from each cells sample using ReliaPrep™ RNA Cell Miniprep
System following the manufacturer’s instructions. After discarding the cell supernatant and
washing with PBS, the reagent BL+ 1-thioglycerol was added to each well (250 puL). Cells

were scraped and cells lysates were stored at -80°C until processing.

Cell lysates were thawed, resuspended and mixed with 85 uL 100 % isopropanol. Then, the

total volume of each sample was transferred to a ReliaPrep™ Minicolumn and collection
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tube and centrifuged at 13,000 g for 30 seconds. 500 uL RNA wash solution was added and
the samples were again centrifuged at 13,000 g for 30 seconds. 30 ul of DNase 1 mix (24 pl
of Yellow Core Buffer, 3 ul 0.09 M MnCl;, 3 ul of DNase | enzyme) was added directly to
Minicolumn membrane and samples were incubated at room temperature for 15 minutes.
Following incubation, 200 pL column wash solution was added and samples were
centrifuged at 13,000 g for 15 seconds. 500 uL RNA wash solution was added and samples
centrifuged at 13,000 g for 30 seconds. The Minicolumns were then transferred to new
collection tubes and 300 puL RNA wash solution added and samples centrifuged at 13,000 g
for 2 minutes. Minicolumns were then transferred to elution tubes, 15 plL of nuclease free
water added and samples were centrifuged again at 13,000 g for 1 minute. Minicolumns
were then discarded and the RNA quantity and quality was assessed by Nanodrop. The

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

2.7.2.2 NanoDrop analysis

The quantity and purity of the RNA was measured using a NanoDrop™ 1000
Spectrophotometer (Thermo Fisher Scientific). The analysis is based on the principle that
nucleic acids absorb ultraviolet light in a specific pattern. The RNA sample is exposed to
ultraviolet light at a wavelength of 260 nanometres (nm) and a photo-detector measures
the light that passes through the sample. Some of the ultraviolet light will pass through and
some will be absorbed by the RNA sample. The more light absorbed by the sample, the
higher is the nucleic acid concentration, resulting in less light striking the photodetector

and producing a higher optical density (OD).

The Beer-Lambert Law equation is used to relate the amount of light absorbed to the
concentration of the absorbing molecule in ng/uL, with an extinction coefficient of 0.025

(ug/ml)™t cm™ for RNA at a wavelength of 260 nm.

The ratio of the absorbance at 260 and 280 nm (Az60/250) is used to assess the purity of
nucleic acids, generally utilized to assess the amount of protein contamination from the
nucleic acid isolation process since proteins absorb at 280 nm and phenol at 270 nm. The
Aze0/280 ratio for pure RNA is ~2.0. The ratio of the absorbance at 260 and 230 nm (A260/230)
is used to assess contamination by guanidine thiocyanate or other organic compounds. The

Az60/230 ratio for pure RNA is ~1.8-2.2.
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2.7.2.3 Bioanalyzer analysis

The integrity of the RNA starting material was determined using the Agilent 2100
Bioanalyzer System. By electrophoretic separation on microfabricated chips, RNA samples
are separated and consequently detected through laser induced fluorescence detection.
The Bioanalyzer software produces an electropherogram and gel-like image and displays
results such as sample concentration and the ratio of the 18S and 28S ribosomal subunits.
The electropherogram provides a detailed visual assessment of the integrity of an RNA

sample by showing a detailed picture of the size and distribution of RNA fragments.

To standardize the process of RNA integrity interpretation, the Bioanalyzer software
generates the RNA Integrity Number (RIN), removing individual interpretation in RNA
quality control and considering the entire electrophoretic trace. The RIN software
algorithm classifies 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.

The procedure includes loading 1 uL of each RNA sample into a chip and reading it on the

Bioanalyzer, which was carried out by Melissa Doherty.

2.7.2.4 cDNA synthesis

GoScript™ Reverse Transcriptase was used to synthesise cDNA from total RNA according to
the manufacturer’s specifications. 1 pug of purified RNA mixed with nuclease free water was
heated to 70°C for 5 minutes with Oligo(dT)1s primers and immediately cooled on ice for at
least 5 minutes. Then, 9 uL of reverse transcription reaction mix (4 uL of GoScript™ 5x
reaction buffer, 2 uL of MgCl, (25mM), 1 uL of PCR nucleotide mix, 1 uL of Recombinant
RNasin® Ribonuclease inhibitor, 1 uL of GoScript™ reverse transcriptase, per reaction) was
added. Samples (20 uL in total) were then loaded into a Thermal Reactor and programmed
to anneal at 25°C for 5 minutes, followed by extension at 42°C for an hour and inactivation

at 70°C for 15 minutes.

2.7.2.5 qRT-PCR

The expression of NFkB1, IKKB, IkBa, PPAR-a, PPAR-y, TLR4, COX-2, MCP-1 and IL-6 were

assessed by qRT-PCR with TagMan® Gene Expression primers. cDNA was diluted to 5 ng/pL.
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Using a 96 well gPCR plate, 4 uL of sample were added to 16 pL of PCR mix (10 pL of master
mix, 1 pL of gene primer/probe and 5 pL of nuclease free water, per reaction) per well. The
plate was sealed and centrifuged at a low speed for 1 minute. The plate was then loaded
into a thermocycler (Applied Biosystems 7500) 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. Each sample was analysed in duplicate.

2.7.2.6 Relative quantification of gene expression

MRNA levels were calculated using the Cq values by double delta Cq (AACq) values
expressed as fold change of the target gene in experimental samples relative to control

samples (Livak & Schmittgen, 2001).

A normalization factor based on the expression levels of the best-performing housekeeping
genes was calculated using the geometric mean. Then, the average Cq values for the
duplicates of target genes in experimental and control conditions were calculated. Delta Cq
(ACq) values were calculated from the differences between target gene and reference gene
for experimental and control samples. The difference between the ACq of experimental
samples and the ACq of control samples results in the double delta Cq value (AACq). Finally,

the 22AACq is calculated to express the fold change.

2.8 Adhesion assay

The effect of each fatty acid and TNF-a on adhesion of monocytes to cultured EA.hy926
cells was studied by a static cell adhesion assay. The EA.hy926 cells were seeded in 96-well
flat bottom plates (density of 2 x 10° cells/mL, 1 x 10° cell per well) with FA for 48 hrs and

then stimulated with TNF-a (1 ng/mL) for 6 hrs.

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 Roswell Park Memorial Institute (RPMI) medium supplemented with 10%
FBS, L-glutamine (0.4 mM), penicillin (50 U/mL) and streptomycin (50 pg/mL). Cells were
maintained at 37°C in 5% CO.. Preceding the experiments, cells were grown in T-75 flasks

until confluent. THP-1 cells were used between passages 7 and 17.
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The static adhesion of THP-1 monocytes to EA.hy926 cells was determined using the

Vybrant™ Cell Adhesion Assay Kit (Thermo Fisher Scientific).

2.8.1 Principle of the static adhesion assay

The Vybrant™ Cell Adhesion Assay Kit (Thermo Fisher Scientific) utilizes the fluorogenic dye
calcein acetoxymethyl ester (calcein AM) for measuring cell adhesion. Calcein AM is non-
fluorescent but, once loaded into cells, it is cleaved by endogenous esterases to produce
highly fluorescent calcein. Calcein provides a brightly fluorescent, pH-independent,
cytoplasmic cell marker, which interferes minimally with the cell adhesion process.
Calcein’s absorbance maximum of 494 nm and emission maximum of 517 nm are suited for

detection by instruments equipped with standard fluorescein filters.

As shown in figure 2.6, THP-1 monocytes are labelled with calcein AM by incubating them
for 30 minutes. These cells are then incubated with the EA.hy926 cells for 1 h to allow the
cell-to-cell adhesion to occur. After removal of non-adherent cells, calcein fluorescence is

used to calculate the proportion of adherent cells.

f vk poty
fp il
- E By
M
THP-1  labelled .
with Calcein AM

Add labelled THP-1 to Remove non-adhering Measure fluorescence
EA.hy926 monolayer THP-1 by washing of binding THP-1 cells

Figure 2.6: Schematic of Vybrant Cell Adhesion Assay principle.

2.8.2 Adhesion Assay Procedure
2.8.2.1 Vybrant™ Cell Adhesion Assay Kit

Vybrant cell adhesion kit assay protocol instructions were followed. THP-1 cells were
counted and washed twice with RPMI (without supplements). Then, the cells were

incubated with calcein (5 uL/mL) at a density of 5 x 10%/mL for 30 minutes.
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After TNF-a stimulation and the observation of the cells under the microscope, supernatant
was removed from the EA.hy926 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
washed twice with RPMI and added to each well containing 3 x 10* ECs. Cells were co-
incubated for 1 h 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, 200 uL of PBS was added to each well and fluorescence was read
on the Glomax Discover System (Promega) at 475 nm of absorbance and 520 nm of

emission.

2.8.3 Imaging of THP-1 binding

Images of fluorescence-labelled THP-1 monocytes adhered to EA.hy926 cells were taken
with fluorescence microscope Nikon Elipse Ti using NIS elements software (version 4.30).
The images were captured at a magnification of 100x under transmitted light and

fluorescence filter for green fluorescence protein.

2.9 Flow cytometry

The effect of each fatty acid and TNF-a on the expression of ICAM-1 on the surface of
cultured EA.hy926 cells was studied through flow cytometry. Endothelial cells were seeded
in six well plates (density of 6 x 10° cells/mL) with FA for 48 h and then stimulated with TNF-

a.

29.1 Principle of flow cytometry

The basic principle of flow cytometry is the passage of cells in single file in front of a beam
of a laser so they can be detected and counted. Cell components are fluorescently labelled
and then excited by the laser to emit light at varying wavelengths and this fluorescence can

then be measured to determine the amount and type of cells present in a sample.

Each sample can be analysed as the cells pass through the liquid stream and the beam of
laser light is directed at it in a hydrodynamically-focused way. Several detectors are placed

around the stream, at the point where the fluid passes through the light beam, one of them
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is in line with the light beam and is used to measure Forward Scatter (FSC). Another is
placed perpendicular to the stream and is used to measure Side Scatter (SSC). A third

detector measures fluorescence.

As the cells pass through the beam of light and scatter the light beams, the fluorescently
labelled cell components are excited by the laser and emit light at a longer wavelength than
the light source. Consequently, the detectors collect a combination of scattered and
fluorescent light, data which are then analyzed by a computer that is attached to the flow

cytometer using CellQuest Pro software.

The brightness of each detector, according to the fluorescent emission peak, is adjusted.
Using the light measurements, different information can be collected about the physical
and chemical structure of the cells. In general, FSC detects cell volume whereas the SSC
reflects the inner complexity of the particle (granularity or nuclear structure), as depicted

in Figure 2.7.
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Figure 2.7: Schematic of flow cytometry principle.

2.9.2 Procedure

Confluent EA.hy926 cells were scraped from T175 flasks and resuspended in DMEM at
a density of 5.5 x 10° cells per mL. The cells were seeded in 6-well plates for 48 h with

FAs followed by 6 h incubation with either DMEM or TNF-a at 1 ng/mL.

63



Chapter 2

After incubation, the cells were checked under the microscope, supernatant was
removed and 1 mL cold PBS added to each well. Cells were detached by scraping on
ice and transferred to FACS tubes. Consequently, the cells were centrifuged at 304 g
for 15 minutes, 4°C. Supernatant was discarded and cell pellets were then
resuspended in 100 puL of PBS with 2% FBS. After vortexing, cells were stained with
(PE-Cy™ 5)-conjugated anti-human CD54 (BD Biosciences) at 10 pg/mL for 30 minutes
at 4°C in darkness. Mouse 1gG1 k (PE-Cy™ 5) isotype (BD Biosciences) was used as a
negative control. Unstained negative controls were also prepared; these were

incubated with PBS 2% FBS alone.

Following the incubation with the antibody, samples were washed twice with PBS
containing 2% FBS and centrifuged at 304 g for 5 minutes. Supernatant was discarded
and pellets resuspended in 200 pL BD CellFIX (diluted 1/10 in PBS with 2% FBS). FACS
tubes were then stored at 4°C overnight and were analysed the following morningin a
FACS Calibur flow cytometer (Becton Dickinson). Data were collected using CellQuest

Pro software and analysed using FlowJo.

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-Cy™ 5 fluorescent

staining.

2.10 Statistical analysis

Data distribution and homoscedasticity were analysed through Kolmogorov-Smirnov and

Levene tests, respectively. Data are presented as mean = SEM and analysed by one-way

analysis of variance or two-way analysis of variance (two-way ANOVA), after log

transformation if needed (according to sample distribution), followed by a post hoc test

(Tukey’s or Dunnet). Analyses were performed using GraphPad Prism 6.0. Differences were

considered significant when p<0.05.
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Chapter 3  Toxicity and incorporation of 18-carbon trans
fatty acids when incubated with endothelial

cells
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3.1 Introduction

Prior to determining the effects of 18-carbon cis and trans FAs of different origin on the
inflammatory responses of ECs, assessing cell viability and FA composition changes was
considered important. The viability of the cells was evaluated using the MTT assay, which
assesses metabolic activity, and the incorporation of FAs of interest into the cells was

determined using gas chromatography (GC).

Cytotoxic effects of FAs have been observed in HUVECs and other cell lines. Long-chain
saturated FAs have been shown to induce human aortic endothelial cell apoptosis (Harvey
et al, 2010). EA has also been reported to induce apoptosis of HUVECs in a dose-dependent
manner, significant from the lowest concentration used (50 to 400 uM) and measured using
flow cytometry (Qiu et al, 2012). In contrast, other authors reported that OA did not induce
cell death in different EC models, while LA triggered programmed cell death only at the
highest concentration used (300 uM) in human aortic ECs and in endothelial progenitor

cells (Artwohl et al, 2008).

To be able to compare the effect on the inflammatory response of the FAs of interest, it is
necessary to check that the FA treatments do not produce cytotoxicity, and that each FA is

incorporated into the cells to be able to exert its biological effects.

The research described in this chapter compares the effects of different FAs on cell viability

and FA composition in EA.hy926 cells, with those in control conditions.

3.2 Objectives and Aims

The research objectives of this chapter were to evaluate the toxicity of the FAs of interest,
in different concentrations, on EA.hy926 cells and to measure their incorporation into the

cells.

The specific aims were to:
= Evaluate EA.hy926 cell viability after culture with each FA and TNF-a, after initial

testing with trans vaccenic acid and elaidic acid.
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= Assess FA incorporation into EA.hy926 cells after culture with each FA, after initial

testing with trans vaccenic and elaidic acid.

3.3 Methods

3.3.1 Reagents

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

3.3.2 Cell culture and treatment

For the cell viability experiments, 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 96-well flat bottom plates, incubated for 48 h at 37°C with FAs

at different concentrations, followed by 24 h incubation with TNFa at 1 ng/mL.

For the FA incorporation experiments, 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 T25 flasks, incubated for 48 h at 37°C with FAs at
different concentrations. Afterwards, cells were counted and adjusted to have 1 x 10°

cells/800 pL of 0.9% NaCl solution.

3.3.3 Determination of cell viability using the MTT procedure

The MTT assay procedures are described in Chapter 2.

3.34 Determination of cell fatty acid composition using gas chromatography (GC)

GC assay procedures are described in Chapter 2.

3.35 Statistical analysis

Viability of ECs was expressed as a % of control, control being unstimulated cells. Data are
expressed as mean + SEM; data analysis was performed in PRISM and Excel. Multiple
group differences were compared using two-way ANOVA, and, where the ANOVA was

significant, Dunnett’s multiple comparison test was used.
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34 Results

3.4.1 Viability of EA.hy926 cells incubated with TNF-a, TVA and EA

Using the cell viability assay (MTT assay), it was observed that TNF-a (1 ng/mL) for 24 h was
not toxic for the EA.hy926 cells. However, 100 uM of both FAs tested initially (TVA and EA)
decreased cell viability by 20% (Figure 3.1). Consequently, it was decided to work with FA
concentrations up to 50 uM in the next, and all later, experiments. Cells remained viable at

this FA concentration.

B TNFo (-) A B
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50+ 50

o
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MTT (Cell viability, % of control)
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MTT (Cell viability, % of control)

» >
QN SN N e S

b 0 H D
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A

(a)
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Trans vaccenic acid (uM) Elaidic acid (nM)

Figure 3.1: Viability test of EA.hy926 incubated with TVA and EA.

EA.hy926 cells were incubated for 48 h with supplemented DMEM containing 0.1% of ethanol
(CTL) or different concentrations (0.1, 1, 5, 10, 50 and 100 uM) of TVA and EA, followed by
incubation with (+) or without (-) TNF-a (1 ng/mL) for 24 h. Bars are mean + SEM of 6 samples
performed in 2 experiments.

When cell viability was tested using all FAs at concentrations of 1, 10 and 50 uM, it was
observed they were not toxic for EA.hy926 cells, with the exception of CLA10,12 at 50 uM,
which decreased cell viability by 50-60% (figure 3.2). Therefore, for the experiment
comparing the effects of CLAs and LA, it was decided to work only with concentrations 1
and 10 pM.

To support the results from the MTT assay, photographs of EA.hy926 cells pre-incubated
with the FAs at the highest concentration (50 uM), followed by the incubation with TNF-a
(1 ng/mL) for 24 h, were taken. Figure 3.3 shows that TNF-a and all FAs, with the exception

of CLA10,12, allowed the cells to grow healthy and reach confluence, similar to control cells.
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Figure 3.2: Viability of EA.hy926 cells after incubation with FAs.

EA.hy926 cells were incubated for 48 h with supplemented DMEM containing 0.1% of ethanol

(CTL) or different concentrations (1, 10, and 50 uM) of different FAs, followed by incubation with

(+)

+ SEM of 9 samples performed in 3

(1 ng/mL) for 24 h. Bars are mean

or without (-) TNF-a

’s as post-hoc test. ****p<0.0001 vs Control.

experiments. Two-way ANOVA with Dunnett
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A) Control (0,1% eth) B) Oleic acid

E) Elaidic ci F) Linoleic acid

G) Conjugated cis-9, trans-11 linoleic acid H) Conjugated trans-10, cis-12 linoleic acid

Figure 3.3: Representative visualisation of of EA.hy926 cells after FA exposure (50 uM).

EA.hy926 cells after incubation for 48 h with supplemented DMEM containing 0.1% of ethanol
(control; (A)) or with OA (B), CVA (C), TVA (D), EA (E), LA (F), CLA9,11 (G), CLA10,12 (H) followed by
incubation with TNF-a (1 ng/mL) for 24 h. ECs were visualised by fluorescence microscope Nikon
Elipse Ti at a magnification of 100x under transmitted light.
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3.4.2 Fatty acid incorporation into EA.hy926 cells

FA incorporation into cells was confirmed by GC. Figure 3.4 shows that the administration
of TVA or EA increased their incorporation into ECs in a dose-dependent manner.
Additionally, cell exposure to TVA acid resulted in the appearance of two unknown
products (Fig 3.5 (A and B)), while the exposure to EA generated the presence of one

unknown product (Fig. 3.5 (C)).
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Figure 3.4: Incorporation of TVA (A) and EA (B) into ECs.
EA.hy926 cells incubated for 48 h with DMEM containing 0.1% of ethanol (Control ) or different

concentrations (0.1, 10 and 100 uM) of FAs. Bars are mean + SEM of 3 samples performed in 1
experiment.
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Figure 3.5: Incorporation into EA.hy926 cells of unknown metabolic product of TVA (A-B) and EA
(B).

EA.Hy926 cells were incubated for 48h with DMEM containing 0,1% of ethanol (Control) or
different concentrations (0.1, 10 and 100 M) of FAs. Bars are mean = SEM of 3 samples
performed in 1 experiment.

Then, FA incorporation into EA.hy926 cells was assayed using all FAs being studied.

Figure 3.6 shows that the incorporation of each of the FAs used increased as their
concentration increased from 1 to 50 uM. CVA was incorporated in a higher amount than
TVA, while OA and EA were incorporated to a similar extent. When used at 50 uM, TVA was

incorporated into the ECs in a slightly higher quantity than EA.
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Figure 3.6: Incorporation of FAs into ECs.

EA.hy926 cells were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or
different concentrations (1, 10 and 50 uM) of FA. Bars are mean * SEM of 6 to 9 samples
performed in 3 experiments.

Figure 3.7 shows that the CLA isomers and LA were also incorporated into EA.hy926 cells in
a dose-dependent manner. CLA10,12 was incorporated into the ECs in a higher quantity (at

least 50% more) than CLA9,11.
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Figure 3.7: Incorporation of CLAs and LA into ECs.

EA.hy926 cells incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or different
concentrations (1, 10 and 50 uM) of FA. Bars are mean + SEM of 6 to 9 samples performed in 3
experiments.

3.5 Discussion

The aims of the research described in this chapter were to determine the viability of
EA.hy926 cells after culture with TNF-a and various FAs and to determine the incorporation

of the different FAs into EA.hy926 cells. These aims were met.

FA induced cell viability alteration in ECs depends on the vascular origin of the cells, the
respective FAs and the concentrations that they are used at, and the growth/proliferation
status of the cells (Artwohl et al, 2008). In the current model, when TVA and EA were used
at 100 uM, with or without TNF-a stimulation, cell viability was reduced by 20% (Figure
3.1). Therefore, it was decided to use a maximum concentration of 50 uM in the next, and
all later, experiments. When cell viability was assayed using all of the FAs of interest,

CLA10,12 at 50 uM reduced it by 50 to 60% (Figure 3.2), which was also supported by the
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image of the EA.hy926 monolayer under the microscope (Figure 3.3 (H)). None of the other
FAs used at 50 uM affected the viability of the ECs and they all allowed the cells to reach
confluence, looking healthy and normal after 48 h incubation with the FA and 24 h

incubation with TNF-a, as observed in the images (Figure 3.3).

Consequently, in the experiments comparing the effects of TVA and EA with their cis
isomers, the concentrations of FA used were 1, 10 and 50 uM, while when comparing the

CLAs and LA, the FA concentrations used were 1 and 10 uM.

Other authors have reported that the viability of human aortic ECs was not affected by
treatment with 5 or 50 uM of CLA9,11 or CLA10,12 for 24 h (Eder et al, 2003; Ringseis et al,
2006). The cell model used or the time of exposure to the FA might explain these
differences. In relation to the other FAs studied, there are reports of cytotoxicity (Artwohl
et al, 2008; Harvey et al, 2012; Qiu et al, 2012; Zapolska-Downar et al, 2005), but in general,

this was at higher concentrations than the ones used in the current research.

Before the FA incorporation into the ECs was tested, the initial concentration of each FA
stock was checked through GC (see Appendix B for example), as well as the FA profile of
the supplemented DMEM (see Appendix C). Solvents such as DMSO or in this case ethanol
are used to dissolve the FAs and with every use a small amount of the solvent may get
evaporated, changing the concentration of the FA. Based on this, it was decided also to

check the concentration of the FA stocks in use before every set of experiments.

Cellular uptake of the FAs of interest was confirmed by GC analysis. All FAs used were
incorporated into the cells in a dose-dependent manner (Figure 3.6 and 3.7). The non-
appearance of TFAs in control EC samples indicates that when trans isomers were found,

these originated from the respective TFA treatment.

It is assumed that most of the FA incorporation will be into the membrane of the cells,
which provides an association between FA exposure and their functional effects. This is
supported by the findings of Ecker et al. (2010). They showed that CLA9,11 incorporates
preferably to phosphatidylcholine (PC) and phosphatidylethanolamine (PE) and activates
de novo glycerolphospholipid synthesis in macrophages, results that the authors suggest to
be related to the anti-inflammatory effects of CLA9,11 (Ecker et al, 2010). Harvey et al.
(2012) also reported that EA and linoelaidic acid (50 uM, 24 h) are incorporated into cellular

phospholipids in ECs, with low incorporation into the triacylglycerol fraction, suggesting
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that these TFAs resemble SFAs in the way they are incorporated into the cells (Harvey et al,
2012). It has also been suggested that EA induces inflammation in HUVECs through lipid
rafts (Li et al, 2017; Pan et al, 2017), microdomains of the cellular membrane that act as
regulators of different cellular events including cell-death, inflammation and various cell

signalling pathways (Calder & Yagoob, 2007; Lemaire-Ewing et al, 2012)

Additionally, the exposure of cells to TVA and EA (Figure 3.5) generated FA metabolites.
There is evidence that TVA can be converted into CLA9,11 in different human, mouse and
ruminant tissues (adipose tissue, mammary glands) (Griinari et al, 2000; Kuhnt et al, 2007,
Mosley et al, 2006a; Mosley et al, 2006b; Santora et al, 2000; Turpeinen et al, 2002),
through A9 desaturation. The estimated average conversion rate of TVA to CLA9,11

reported in humans is between 19-25% (Turpeinen et al, 2002).

The metabolism of EA has been related to an increase in C18:3 FAs (Krogager et al, 2015),
or another unknown FAs. It was not possible to identify the metabolic products of TVA and
EA through mass spectrometry; currently inquiries are being made to know if it is possible
to identify these metabolites using the tools on lipidmap.org. It would be important to
identify them and to determine if they contribute in any way to the effects on inflammation

induced by TVA and EA.

3.6 Conclusions

In general, the observations made here confirmed the incorporation of the FAs provided to
cultured EA.hy926 cells. Regardless of the changes in FA composition, the cells remained
viable when they were exposed to 1, 10 and 50 uM of each of the FAs of interest, with the
exception of CLA10,12 at 50 uM. Based on these results, in the next experiments TVA, EA,
CVA and OA were used at concentrations of 1, 10 and 50 uM, while CLAs and LA were used
at 1 and 10 pM. The effects of these FAs on inflammatory responses of EA.hy926 cells will
be described in the next chapters. It is also noteworthy that ECs can metabolise some TFAs
to FA derivatives, although these have not yet been identified. However one of the

metabolic products of TVA is likely to be CLA9,11.
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Chapter 4  Effect of 18-carbon trans fatty acids on the
production of inflammatory mediators by

cultured EA.hy926 cells
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4.1 Introduction

Endothelial cells are the barrier between the bloodstream and underlying tissues. The
endothelial cell monolayer can be crossed by lipoproteins and immune cells such as
monocytes and lymphocytes which can then become resident in the sub-endothelial
space, playing an important role in the initiation and progression of atherosclerosis (see

section 1.2.2).

Several studies, in different experimental models, have reported pro-inflammatory
outcomes related to exposure of endothelial cells to TFAs, specifically those from
industrial sources. In aortic endothelial cells, 100 uM elaidic acid induced the expression
of ICAM-1 and VCAM-1 (Bryk et al, 2011). Dietary supplementation with partially
hydrogenated soybean oil (high in elaidic acid) affected inflammatory parameters in
cerebrospinal fluid and blood of Wistar rats, with elevated levels of TNF-a, IL-1 and IL-6
(Longhi et al, 2017). In 730 women, greater TFA intake was associated with higher blood
levels of sE-selectin, sICAM-1 and sVCAM-1, which are circulating markers indicative of

endothelial dysfunction, after adjustment for other risk factors (Lopez-Garcia et al, 2005).

Evidence in relation to the inflammatory effects of TFAs of ruminant origin is less
consistent, with effects sometimes being opposite to those of iTFAs (Blewett et al, 2009;
Da Silva et al, 2015; Jaudszus et al, 2012). Most prospective studies show that diets
enriched in rTFAs have no significant associations with plasma CRP levels and may even
be associated with lower plasma levels of cytokines like IL-6, IL-8 and TNF-a (Ramakers et

al, 2005; Sofi et al, 2010; Tricon et al, 2006).

In relation to the effects of CLAs, some studies have reported anti-inflammatory effects in
HUVECs. For example, Goua et al. (2008) showed that CLA10,12 and a CLA mix reduced
ICAM-1 and VCAM-1 expression. Another study by Stachowska et al. (2012) showed that
when HUVECs were exposed to 100 uM of CLA isomers, both CLA9,11 and CLA10,12
caused a reduction in the surface expression of VCAM-1, but only CLA9,11 reduced ICAM-

1 surface expression compared to control.

Given the lack of studies comparing TFAs of different origins at physiological
concentrations, the research described in this chapter compares the effects of 18-carbon

cis and trans FAs of interest (trans vaccenic acid, elaidic acid, cis vaccenic acid, conjugated
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cis-9, trans-11 and trans-10, cis-12 linoleic acids, oleic acid and linoleic acid) on the
production of cytokines and adhesion molecules by EA.hy926 cells with those in control

conditions.

4.2 Objectives and aims

The objective of the research described in this chapter was to compare the effects of the
18-carbon cis and trans FAs of interest on the production of cytokines and adhesion

molecules in EA.hy926 cells.

The specific aims were to:
= Measure the effects of different cis and trans 18-carbon FAs on the production of
inflammatory mediators (ICAM-1, MCP-1, VEGF, IL-6, IL-8, and RANTES) by
cultured ECs with and without TNF-a stimulation.
=  Compare the effects of 18 carbons trans isomers from industrial and ruminant
origin on the production of inflammatory mediators by cultured ECs.
= Compare the effects of two conjugated linoleic acid isomers of ruminant origin

and linoleic acid on the production of inflammatory mediators by 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

For these experiments, confluent EA.hy926 cultures were scraped from flasks and
resuspended in culture medium 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 h at 37°C with FAs at

different concentrations, followed by 24 h incubation with either DMEM or TNF-a at 1
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ng/mL. Then, supernatant was removed and stored at -80°C until analysis. Concentrations
of cytokines, chemokines, growth factors and adhesion molecules in EC culture
supernatants were determined simultaneously using Human Magnetic Luminex Screening

Assay kits (R&D Systems) using the assay described in Chapter 2.

4.3.3 Statistical analysis

Concentration of cytokines and inflammatory mediators in the cell media were calculated
using the Bio-Plex manager 6.0 software (Bio-Rad). Data are expressed as mean + SEM.
Analyses were performed using GraphPad Prism 6.0 and Excel. Comparisons between
samples were made using two or one-way ANOVA and, where the ANOVA was significant,

Tukey’s post hoc test was used.

4.4 Results

4.4.1 The effect of trans vaccenic and elaidic acid on production of inflammatory

mediators by EA.hy926 cells

Incubation of EA.hy926 cells with TVA tended to produce a decrease in basal (i.e.,
unstimulated) concentrations of some of the mediators measured (MCP-1, RANTES, IL-6),
while incubation with EA did not produce changes in cytokine levels compared to the
control (Figure 4.1). TNF-a (1 ng/ml) stimulation for 24 h induced a significant increase in
the levels of all the mediators measured, being very effective as an inflammatory stimulus
in this cell model. Cells pre-incubated with TVA had a lower concentrations (interpreted
as lower production) of ICAM-1 (0.1 uM), VEGF (1 uM), and RANTES (0.1 and 1 uM) after
inflammatory stimulation, compared to the control cells (Fig 4.1 B, C and D, respectively).
This anti-inflammatory effect was seen at the lower concentrations of TVA used (from 0.1
and 1 uM). On the other hand, pre-incubation with EA tended to increase levels of
inflammatory mediators after TNF-a stimulation, although the level of cytokine
production was not statistically different from the control. When comparing the effects
between the FAs tested, TVA induced a significantly lower level of ICAM-1 (1 uM), VEGF (1
puM), and RANTES (0.1 and 1 uM) in relation to EA (Fig 4.1 B, C and D, respectively). Based
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on these results, it was decided to work with 1, 10 and 50 uM concentrations for the next
experiments using all the FAs of interest. Additionally, it was observed that after TNF-a
stimulation, IL.-8 and MCP-1 values were very high, moving out of their standard curve.
Even though the luminex software was used to extrapolate those values, it was decided
to buy a separate kit to measure both cytokines after diluting the supernatant samples for
the next experiments, using all the FAs of interest. After testing different dilutions, a

dilution of 1/5 was chosen.
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Figure 4.1: Effects of TVA and EA exposure on inflammatory mediators level in the medium of
EA.hy926 cells.

Concentrations (pg/mL) of MCP-1 (A), ICAM-1 (B), VEGF (C), RANTES (D), IL-8 (E) and IL-6 (F) in the

medium of EA.hy926 cells incubated for 48 h with DMEM (no ethanol control) or DMEM
containing 0.1% of ethanol (Control) or several concentrations (0.1, 1, 10, and 50 uM) of trans
vaccenic or elaidic acid, followed by incubation with (+) or without (-) TNF-a (1 ng/mL) for 24 h.

Bars are mean = SEM of 6 samples performed in 2 experiments. Two-way ANOVA with Tukey’s as

post-hoc test: *p<0.05; **p<0.01; ***p<0.001 vs. Control; Sp<0.05, $$p<0.01 and $55p<0.001,

differences between fatty acids at the same concentration.
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4.4.2 Effect of 18-carbon trans isomers from industrial and ruminant sources on the

production of inflammatory mediators by EA.hy926 cells.

When all the FAs of interest were used together, each experiment could be assayed in
one 96 well plate. Even though similar trends were observed amongst the different
experiments performed, sometimes there were differences in the ranges of fluorescence
values measured each time. Therefore, it was decided to analyse and present the values

as % of control.

4421 MCP-1

Figure 4.2(A) shows that pre-incubation of ECs with TVA induced a significant reduction in
the levels of MCP-1 for all the concentrations of TVA used. EA also produced a significant
decrease in MCP-1 levels at 1 and 10 uM, which was lost at 50 uM. The cis isomers, CVA
and OA, had similar effects to the trans isomers, reducing the levels of MCP-1, at almost

all the concentrations used, with the exception of CVA at 1 uM.

In a pro-inflammatory state, after TNF-a stimulation (Figure 4.2(B)), FA pre-exposure did
not induce changes in the supernatant levels of MCP-1 compared to control at the two
lowest FA concentrations used. However, at 50 uM, EA produced a significant increase of

MCP-1 levels, compared to control and to TVA.
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Figure 4.2: Concentration (% of control) of MCP-1 in the medium of EA.hy926 cells exposed to
FAs.

ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or several
concentrations (1 uM; 10 uM; 50 uM) of FAs, followed by incubation with A) DMEM or B) TNF-a (1
ng/mL) for 24 h. Bars are mean + SEM of 9 samples performed in 3 experiments. One-way ANOVA
with Tukey’s as post-hoc test: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. OA = oleic acid,
CVA = cis vaccenic acid, TVA = trans vaccenic acid, EA = elaidic acid.

4.4.2.2 ICAM-1

As shown in Figure 4.3(A), none of the FAs used, at any concentration, induced changes in
ICAM-1 levels in the cell supernatant under basal (i.e., unstimulated) conditions. After

TNF-a stimulation (1 ng/mL) for 24 h, only the treatment with TVA at 1 uM produced a
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significant reduction in the supernatant levels of ICAM-1, compared to control and to EA

(Figure 4.3(B)).
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Figure 4.3: Concentration (% of control) of ICAM-1 in the medium of EA.hy926 cells exposed to

FAs.

ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or several
concentrations (1 uM; 10 uM; 50 uM) of FAs, followed by incubation with A) DMEM or B) TNF-a (1
ng/mL) for 24 h. Bars are mean + SEM of 9 samples performed in 3 experiments. One-way ANOVA

with Tukey’s as post-hoc test. *p<0.05. OA = oleic acid, CVA = cis vaccenic acid, TVA = trans

vaccenic acid, EA = elaidic acid.

85



Chapter 4

44.23 VEGF

In basal conditions, only TVA at 1 uM produced decreased levels of VEGF in the
supernatant. The other FAs, especially the cis isomers, tended to show the same effect at
all the concentrations used (Figure 4.4(A)). After TNF-a stimulation (Figure 4.4(B)), pre-
incubation with TVA at 1 uM produced decreased levels of VEGF compared to control and
to EA. At the highest concentration used, EA tended to induce increased levels of VEGF

compared to control, behaving significantly differently from OA and TVA.
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Figure 4.4: Concentration (% of control) of VEGF in the medium of EA.hy926 exposed to FAs.

ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or several
concentrations (1 uM; 10 uM; 50 uM) of FAs, followed by incubation with A) DMEM or B) TNF-a (1
ng/mL) for 24 h. Bars are mean + SEM of 9 samples performed in 3 experiments. One-way ANOVA
with Tukey’s as post-hoc test. *p<0.05; **p<0.01. OA = oleic acid, CVA = cis vaccenic acid, TVA =
trans vaccenic acid, EA = elaidic acid.
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44.2.4 RANTES

Figure 4.5(A) shows that pre-incubation of ECs with CVA and TVA induced decreased
levels of RANTES at 1 and 50 uM for CVA; and at 10 and 50 uM for TVA. Additionally, EA
tended to induce increased levels of RANTES at 50 uM compared to control, behaving
significantly different from the other FAs used. After TNF-a stimulation, CVA and TVA
induced significant changes in RANTES levels, with decreased levels at 10 uM for CVA and
at 1 uM for TVA.

Additionally, EA induced significantly increased levels of RANTES at 50 uM compared to

control, acting significantly different than the other FAs used (Figure 4.5(B)).

A) DMEM B) TNF-a
150 200-
° °
c c 150.
8 100 8
e e
<] . )
2 52 100+
g 507 "l'—“3 50
2 g
0- — 0- T
Control OA CVA TVA EA Control OA CVA TVA EA
1uM 1uM
150+ 200-
° ©
= =
c [= 150-
8 100- 8
N Y
[} (=]
2 &2 1001
[72]
w 501 ]
= = 504
2 3
0- T 0- N
Control . OA CVA TVA EA | Control | OA CVA TVA EA |
10 uM 10 uM
*
1501 ek ok __-200- il
? * kK g
E £ 1504
O 100- -
"6 [}
o-\ﬂ gk ok E_\°, 100-
g 0
n
50+ w
i i
[ E 50
2 s
0- : 0- =
Control OA CVA TVA EA Control OA CVA TVA EA
50 uM 50 uM

Figure 4.5: Concentration (% of control) of RANTES in the medium of EA.hy926 cells exposed to
FAs.
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ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or several
concentrations (1 uM; 10 uM; 50 uM) of FAs, followed by incubation with A) DMEM or B) TNF-a (1
ng/mL) for 24 h. Bars are mean + SEM of 9 samples performed in 3 experiments. One-way ANOVA
with Tukey’s as post-hoc test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. OA = oleic acid,
CVA = cis vaccenic acid, TVA = trans vaccenic acid, EA = elaidic acid.

4.4.2.5 IL-8

Under basal conditions, OA and TVA induced significant changes in IL-8 levels, with
decreased basal levels at all concentrations for OA; and at 1 and 10 uM for TVA. CV and
EA also reduced IL-8 levels at 1 uM compared to control (Figure 4.6(A)). As shown in
figure 4.6(B), exposure to EA at 1 and 50 uM, before TNF-a stimulation, produced a
significant increase in IL-8 levels in the supernatant, which was also the case for OA and

CVA at 50 puM.
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Figure 4.6: Concentration (% of control) of IL-8 in the medium of EA.hy926 cells exposed to FAs.
ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or several
concentrations (1 uM; 10 uM; 50 uM) of FAs, followed by incubation with A) DMEM or B) TNF-a (1
ng/mL) for 24 h. Bars are mean + SEM of 9 samples performed in 3 experiments. One-way ANOVA
with Tukey’s as post-hoc test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. OA = oleic acid,
CVA = cis vaccenic acid, TVA = trans vaccenic acid, EA = elaidic acid.

44.2.6 IL-6

In basal conditions, TVA induced a reduction in IL-6 levels at all the concentrations used.
CVA at 1 uM, OA at 10 and 50 uM and EA at 1 and 10 uM produced the same effect
(Figure 4.7(A)). For IL-6 levels after TNF-a stimulation, FA treatments did not induce
significant changes compared to the control, although EA at 10 uM behaved significantly
different from TVA (Figure 4.7(B)).
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Figure 4.7: Concentration (% of control) of IL-6 in the medium of EA.hy926 cells exposed to FAs.
ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or several
concentrations (1 uM; 10 uM; 50 uM) of FAs, followed by incubation with A) DMEM or B) TNF-a (1
ng/mL) for 24 h. Bars are mean + SEM of 9 samples performed in 3 experiments. One-way ANOVA
with Tukey’s as post-hoc test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. OA = oleic acid,
CVA = cis vaccenic acid, TVA = trans vaccenic acid, EA = elaidic acid.

443 Effect of CLAs on the production of inflammatory mediators by EA.hy926 cells.

In this experiment, where CLA isomers were used to analyse their effect on the

production of inflammatory mediators in basal condition and after TNF-a stimulation,
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only 1 and 10 uM FA concentrations were used due to the toxicity described in chapter 3

when CLA10,12 was tested at 50 uM.

44.3.1 MCP-1

Figure 4.8(A) shows that CLA9,11 at 1 uM reduced MCP-1 levels, while CLA10,12
produced the same effect at 10 uM. Their cis isomer, linoleic acid, also decreased basal
levels of MCP-1 at both concentrations used. After TNF-a stimulation (Figure 4.8(B)), pre-

incubation with CLAs or LA did not induce changes in MCP-1 levels.
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Figure 4.8: Concentration (% of control) of MCP-1 in the medium of EA.hy926 cells exposed to
CLAs.

ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or 1 uM and 10 uM
of FAs, followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 24 h. Bars are mean +
SEM of 9 samples performed in 3 experiments. One-way ANOVA with Tukey’s as post-hoc test.
*p<0.05; ****p<0.0001. LA = linoleic acid, CLA9,11 = conjugated cis-9, trans-11 linoleic acid,
CLA10,12 = conjugated trans-10, cis-12 linoleic acid.
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44.3.2 ICAM-1

Figure 4.9(A) shows that, in basal conditions, only the treatment with LA at 10 uM
induced a significant decrease in ICAM-1 levels in the cell supernatant. After TNF-a
stimulation, pre-incubation with CLA10,12 at 1 uM induced a significant increase in ICAM-

1 levels in the cell supernatant (Figure 4.9(B)).
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Figure 4.9: Concentration (% of control) of ICAM-1 in the medium of EA.hy926 cells exposed to
CLAs.

ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or 1 uM and 10 uM
of FAs, followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 24 h. Bars are mean +
SEM of 9 samples performed in 3 experiments. One-way ANOVA with Tukey’s as post-hoc test.
**p<0.01. LA = linoleic acid, CLA9,11 = conjugated cis-9, trans-11 linoleic acid, CLA10,12 =
conjugated trans-10, cis-12 linoleic acid.

4433 VEGF

As shown in Figure 4.10(A), none of the FAs used, at either concentration, induced
changes in VEGF levels in the cell supernatant in basal conditions. After TNF-a stimulation

(Figure 4.10(B)), pre-incubation with CLA10,12 at both concentrations induced a
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significant increase in VEGF levels in the cell supernatant, behaving differently than LA

and CLA9,11.
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Figure 4.10: Concentration (% of control) of VEGF in the medium of EA.hy926 cells exposed to
CLAs.

ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or 1 uM and 10 uM
of FAs, followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 24 h. Bars are mean +
SEM of 9 samples performed in 3 experiments. One-way ANOVA with Tukey’s as post-hoc test.
*p<0.05; **p<0.01; ***p<0.001. LA = linoleic acid, CLA9,11 = conjugated cis-9, trans-11 linoleic
acid, CLA10,12 = conjugated trans-10, cis-12 linoleic acid.

4434 RANTES

For RANTES levels in EA.hy926 cell supernatants (Figure 4.11(A)), only CLA9,11 induced
significant changes with decreased levels at 1 uM, while both CLAs and LA induced a
reduction in RANTES production when used at 10 uM in basal conditions. After TNF-a
stimulation (Figure 4.11(B)), pre-incubation with CLA10,12 at both concentrations
induced a significant increase in RANTES levels in the cell supernatant, behaving

differently from LA and CLA9,11.
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Figure 4.11: Concentration (% of control) of RANTES in the medium of EA.hy926 cells exposed to
CLAs.

ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or 1 uM and 10 uM
of FAs, followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 24 h. Bars are mean +
SEM of 9 samples performed in 3 experiments. One-way ANOVA with Tukey’s as post-hoc test.
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. LA = linoleic acid, CLA9,11 = conjugated cis-9,
trans-11 linoleic acid, CLA10,12 = conjugated trans-10, cis-12 linoleic acid.

4435 IL-8

In basal conditions, exposure to both CLAs at 1 uM produced a decrease in IL-8 levels in
the supernatant. CLA9,11 and LA also induced decreased IL-8 production when used at 10
UM (Figure 4.12(A)). After TNF-a stimulation, LA at 1 uM induced a significant increase in

IL-8 levels in the cell supernatant (Figure 4.12(B)). The CLAs were without effect.
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Figure 4.12: Concentration (% of control) of IL-8 in the medium of EA.hy926 cells exposed to CLAs.
ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or 1 uM and 10 uM
of FAs, followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 24 h. Bars are mean +
SEM of 9 samples performed in 3 experiments. One-way ANOVA with Tukey’s as post-hoc test.
*p<0.05; **p<0.01. LA = linoleic acid, CLA9,11 = conjugated cis-9, trans-11 linoleic acid, CLA10,12
= conjugated trans-10, cis-12 linoleic acid.

4.4.3.6 IL-6

For basal IL-6 levels in EA.hy926 cell supernatants (Figure 4.13(A)), CLA9,11 induced
significant changes, with decreased levels at 1 uM, whereas, at 10 uM CLA10,12 produced
increased levels, behaving differently from LA and CLA9,11. For IL-6 after TNF-a
stimulation (Figure 4.13(B)), LA at 1 uM reduced levels, behaving significantly different
from CLA10,12. At 10 uM, CLA10,12 produced increased levels of IL-6, behaving
differently from LA and CLA9,11.
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Figure 4.13: Concentration (% of control) of IL-6 in the medium of EA.hy926 cells exposed to CLAs.
ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or 1 uM and 10 uM
of FAs, followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 24 h. Bars are mean +
SEM of 9 samples performed in 3 experiments. One-way ANOVA with Tukey’s as post-hoc test.
*p<0.05; ***p<0.001; ****p<0.0001. LA = linoleic acid, CLA9,11 = conjugated cis-9, trans-11
linoleic acid, CLA10,12 = conjugated trans-10, cis-12 linoleic acid.

4.5 Discussion

The aims of the research described in this chapter were to compare the effects of
different cis and trans 18-carbon FAs on production of various inflammatory mediators
(ICAM-1, MCP-1, VEGF, IL-6, IL-8, and RANTES) by cultured ECs, in basal conditions and

after stimulation with TNF-a. These aims were met.

45.1 Comparing the effect of 18-carbon trans isomers from industrial and ruminant origin

In non-stimulated ECs, Figure 4.1 shows that low concentrations of TVA (0.1 to 10 uM)
were enough to result in decreased levels of MCP-1, RANTES and IL-6 compared to the
control (Figure 4.1), suggesting an anti-inflammatory effect of TVA in the absence of a

classic inflammatory stimulus. EA did not evoke any significant changes in the cells under
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the same non-stimulated conditions. In the next experiments performed, the anti-
inflammatory effects induced by TVA were maintained and extended to VEGF and IL-8
(Figures 4.6 and 4.10). Wang et al. (2012) showed evidence that TVA may be a ligand of
PPAR-y and PPAR-a (Wang et al, 2012), possibly exerting anti-inflammatory effects
through PPAR activation. PPARs can inhibit IKK activity in response to inflammatory
stimuli causing the inhibition of IkB degradation and of NFkB nuclear translocation

(Genolet et al, 2004).

Surprisingly, EA also showed some anti-inflammatory effects under basal conditions in the
subsequent experiments, reducing the production of MCP-1 at 1 and 10 uM, of IL-8 at 1
UM and of IL-6 at 1 and 10 uM, as shown in figures 4.2, 4.10 and 4.12, respectively. The
difference between experiments may be related to the transformation of the results to %
of control, instead of using the concentration in pg/ml. In unstimulated HUVECs, HAECs
and HMECs linoelaidic acid and/or EA have been shown to induce gene expression,
surface expression or protein levels of ICAM-1, IL-6, VCAM-1 and toll-like receptor 4 (TLR-
4) (Bryk et al, 2011; Harvey et al, 2012; Iwata et al, 2011; Pan et al, 2017). Iwata et al.
(2011) showed that incubation for 3 h with 50 and 100 uM of EA induced increased basal
levels of IL-6 in HMECs, measured by ELISA. Figure 4.7 shows no significant induction of
this cytokine with a FA incubation period of 48 h at the same concentration. In fact, EA
reduced the basal levels of IL-6 at 1 and 10 uM in ECs. This difference may be related to

the type of cells used or times of exposure.

Studies in humans and in animal models have reported some indications that in certain
conditions iTFAs and rTFAs may have similar effects. In an obesity model in rats (JCR:LA-
cp), where TVA and EA were included in the diet at 1% (w/w) during 16 weeks, it was
reported that both TFAs corrected the impaired IL-2 and TNF-a response to T-cell mitogen
stimulation seen in obese rats, but only TVA normalized IL-1 and IFN-y production by
stimulated T-cells and haptoglobin levels (Ruth et al, 2010). Another model in male mice
fed for 4 weeks with 0.5% (w/w) of TVA, EA or CLA9,11 enriched diets, identified that all
TFAs used induced a reduction in body weight and adipose tissue; TVA also induced a
reduction in LDL cholesterol and TNF-a levels, while CLA9,11 induced higher levels of TNF-
a (Wang et al, 2015). Regarding the evidence in humans, one of the few published RCTs
comparing the effects of iTFAs and rTFAs in healthy adults, showed that the intake of

enriched dairy products with iTFAs (7% of energy) or a mix of CLAs for 3 weeks did not
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affect low-grade inflammation to a large degree (lower TNF-R1 and higher sE-selectin),
while both induced an increased excretion of 8-iso-PGF,,, a marker of oxidative stress
(Smit et al, 2011). In the same way, another study reported that 2% of daily energy intake
as TFAs (alpine butter or margarine) or no TFA as control, during 4 weeks, did not have
any adverse effect on coagulation, inflammation markers and adhesion molecules in
healthy subjects (Radtke et al, 2017). Concordantly, the results reported here suggest that
in basal conditions, EA may also exert some anti-inflammatory effects in a similar way to

TVA, especially when it was used at low concentrations.

After TNF-a stimulation, an anti-inflammatory effect of TVA was observed as a reduction
of ICAM-1, VEGF and RANTES levels (Figure 4.1) at the lowest concentrations used (0.1
and 1 uM). This anti-inflammatory effect was also maintained in the later experiments
performed, as shown in Figures 4.5, 4.7 and 4.9, respectively. Studies in endothelial and
other cell line models have reported beneficial effects of TVA (Da Silva et al, 2017b; Iwata
et al, 2011; Jaudszus et al, 2012), to some extent concordant with the current results. For
example, Iwata et al. (2011) reported that TVA did not induce any inflammatory
responses in comparison to EA and linoelaidic acid, specifically in relation to NF-kB
activation, levels of IL-6 and superoxide production. Jaudszus et al. (2012) showed that
TVA was able to significantly decrease the percentage of both IL-2 and TNF-a expressing
Th cells induced by alloreactive stimulation in human PBMCs. Da Silva et al. (2017)
showed recently that exposure to TVA at concentrations above 25 uM significantly
reduced the TNF-a-induced gene expression of TNF-a, VCAM-1 and superoxide dismutase
2 in HUVEGs, although independently of PPAR-y activation; the effect may be due to an

alteration of fatty acids in cell membranes as a result of the high incorporation of TFAs .

In accordance with other studies, the results described in this chapter also show that the
exposure to EA increased cytokine production in stimulated EA.hy926 cells (MCP-1,
RANTES and IL-8) when compared to ECs cultured in control conditions (0.1% ethanol),
tending to also increase the production of VEGF and IL-6. Harvey et al. (2012) showed that
the exposure of human-derived aortic endothelial cells to EA (5-50 uM) induced
enhanced ICAM-1 surface expression, indicative of the inflammatory status of ECs. The
same study showed that neither OA nor LA evoked a pro-inflammatory phenotype in ECs

at the maximal 50 uM treatments, which also agrees with the current results where, in
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general, the cis isomers used did not induce important pro-inflammatory changes in

cytokines and adhesion molecules.

It has also been described that linoelaidic acid and EA promote leukocyte adhesion to the
endothelium through increasing oxidative stress and NFkB activation (Bryk et al, 2011).
Other authors postulate that lipid rafts are involved in the inflammatory effects of TFAs.
Pan et al. (2017) showed that levels of ICAM-1, VCAM-1 and IL-6 were significantly
increased in HUVECs after exposure to EA but these effects were annulled when lipid rafts
were destroyed. The same study showed that lipid raft formation might increase NFkB
activation in HUVECs treated with TFA. Therefore, the expression of NFkB pathway genes
was analysed (see chapter 5) to determine if the increased cytokine production observed

in this model is related to an effect of the FAs on this pathway.

4.5.2 Comparing the effect of two CLA isomers of ruminant origin and LA on the

production of inflammatory mediators by cultured ECs

In non-stimulated ECs, CLA9,11 had neutral or anti-inflammatory effects, reducing the
production of MCP-1 (1 uM), RANTES (1 and 10 uM), IL-8 (1 and 10 uM) and IL-6 (1 uM).

CLA10,12 exposure reduced the same cytokines in basal conditions.

Conversely, after TNF-a stimulation, CLA10,12 showed a consistent pro-inflammatory
effect, increasing levels of ICAM-1, VEGF, RANTES and IL-6. It has been described that
CLA, particularly the cis-9, trans-11 isomer, is able to reduce pro-inflammatory mediator
production, like VCAM-1 and ICAM-1, in HUVECs (Stachowska et al, 2012). Another study
showed that HUVECs pre-incubated for 24 h with 25 uM of the different CLA isomers or a
50/50 mix of both isomers had reduced protein expression of ICAM-1 and VCAM-1, after
stimulation with TNF-a (5 ng/ml) for 6 h (Goua et al, 2008). In contrast, in an animal
model of ApoE”" mice, the development of atherosclerotic lesions was impaired by a diet
supplemented with CLA9,11 (12 weeks), while pro-atherogenic effects were observed in
mice fed with the CLA10,12 diet, demonstrating differential atherogenic effects of CLA
isomers (Arbones-Mainar et al, 2006). The results shown here also indicate that CLA
isomers may elicit differential actions in TNF-a stimulated ECs. A proposed mechanism

through which CLAs produce pleiotropic effects is via activation of PPARs (Brown et al,
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2003; Moya-Camarena et al, 1999; Yu et al, 2002). Moreover, the NFkB pathway can be
inhibited by activation of PPARs (Daynes & Jones, 2002). Therefore the expression of
PPARa and y was also analysed (see chapter 5) to determine if the effect of CLA isomers

on cytokine production is related to this pathway.

4.5.3 Conclusions

Overall, these results show differential effects of the FAs tested on inflammatory
responses of ECs in vitro (summary in table 4.1). The exposure of EA.hy926 cells to EA and
CLA10,12 increased the levels of most of the cytokines and adhesion molecules measured
after inflammatory stimulation, having neutral or some anti-inflammatory effects in basal
conditions. TVA caused reduced production of MCP-1, VEGF, RANTES, IL-8 and IL-6 in non-
stimulated cells, which was also seen after inflammatory stimulation for ICAM-1, VEGF
and RANTES at 1 uM, having otherwise neutral effects. Similarly, CLA9,11 showed some
anti-inflammatory effects in non-stimulated cells (MCP-1, RANTES, IL-8 and IL-6), with null
effects after TNF-a stimulation. The cis-isomers usually showed neutral or mild anti-
inflammatory effects, with the exception of OA and CVA increasing the levels of IL-8 when

used at 50 uM, and LA at 1 uM.
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Table 4.1: Summary of effects of FAs on inflammatory mediator concentrations in the medium of

EA.hy926 cells.

Fatty acid (unstimulated ECs)
Mediator OA | CVA | TVA | EA LA CLA9,11 | CLA10,12
MCP-1 % % % % % % %
ICAM-1 & e | e e d & &
VEGF & | e d & & & &
RANTES & N% % N% % N N
IL-8 J N% % 4 4 4 4
IL-6 4 % % 4 4 % T
Fatty acid (TNF-a stimulated ECs)
MCP-1 R 0\ & & &
ICAM-1 & e N% & & e T
VEGF & | e d & & & T
RANTES & % J ™ & S ™
IL-8 T i & T T & &
IL-6 & e | e e d & N

Based in these results, it is suggested that EA (an iTFA) and TVA (a rTFA) have opposite

effects on the production of cytokines in the EC model used here, particularly when a pro-

inflammatory state is induced. In a similar way, the CLA isomers compared here also seem

to have differential effects, both reducing the production of cytokines under basal

conditions, although, in the case of CLA10,12, increasing their levels after TNF-a

stimulation. These findings generally support the contention that iTFAs can be pro-

inflammatory while rTFAs may be without effect or anti-inflammatory. Later chapters will

explore some of the possible mechanisms involved and other actions of 18-carbon TFAs

related to atherosclerosis.
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Chapter 5 Effect of 18-carbon trans fatty acids on
inflammatory pathway gene expression in

cultured EA.hy926 cells
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5.1 Introduction

The research described in Chapter 4 showed that some 18-carbon TFAs can directly affect
inflammation and can modify the response to a well-recognised inflammatory stimulant,
TNF-a. The inflammatory response of cultured endothelial cells (ECs) was assessed as the
production of known inflammatory mediators including cytokines and chemokines,
determined by measuring the concentrations of those mediators in the cell culture
medium. TNF-a. triggers intracellular signalling processes that activate transcription
factors such as NFkB. The activated NFkB dimers translocates to the EC nucleus where it
upregulates the expression of genes encoding inflammatory mediators including several
of those reported to be affected by 18-carbon TFAs as well as the genes encoding
cyclooxygenase-2 (COX-2) and the inhibitory subunit of kB (IkBa) (see Figure 1.4, Chapter
1). In order to better understand the effects of 18-carbon TFAs on inflammation and their
possible mechanism of action, their impact on transcription factor activation and
inflammatory gene expression in cultured ECs was studied. Prior to assessing the effects
of the FAs on inflammatory gene expression, a time course of the effect of TNF-a

stimulation on genes of interest was performed.

TNF-a increases the level of inflammatory mediators (e.g. cytokines and chemokines)
produced by EA.hy926 cells in a time dependent manner (Chapter 4). If this involves
alterations in gene expression these should occur before the secretion of cytokines into
the cell supernatant; consequently a time course using time points at 30 minutes, 1, 3, 6
and 9 h post-stimulation was chosen. The relative expression of genes encoding

transcription factors and inflammatory cytokines was assessed through real-time PCR.

The effects of some TFAs on inflammatory pathway gene expression has been studied
previously, but because these previous studies have used different cell and animal
models, and different TFAs and FA concentrations it is difficult to identify and compare
the precise molecular pathways by which TFAs of different sources contribute to

inflammation relevant to the development of atherosclerosis.

The research described in this chapter compares the effects of seven 18-carbon cis and
trans FAs of different origins on gene expression in EA.hy926 cells with those in control

conditions.
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5.2 Objective and Aim

The research objectives developed in this chapter were to measure the effects of 18-
carbon cis and trans fatty acids on expression of selected genes in the inflammatory

pathway of EA.hy926 cells, after optimizing the experimental conditions.

The specific aims were to:

= Perform atime course experiment to measure the appearance of mRNA for PPAR-
a, PPAR-y, NFkB1 and MCP-1 following TNF-a stimulation of cultured ECs.

= Evaluate changes in gene expression of NFkB1, IKKB, IKBa, PPAR-a, PPAR-y, TLR4,
COX-2, MCP-1 and IL- 6 after exposure to the fatty acids, with and without TNF-a
stimulation.

= Compare the effect of 18-carbon trans isomers from industrial and ruminant origin
on the expression of selected genes in the inflammatory pathway of EA.hy926
cells.

= Compare the effect of two conjugated linoleic acid isomers of ruminant origin and
linoleic acid on the expression of selected genes in the inflammatory pathway of

EA.hy926 cells.

5.3 Methods

5.3.1 Reagents

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

5.3.2 EA.hy926 cell culture

For the time course experiment, 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 (1 mL)
were seeded in 6-well flat bottom plates, incubated for 48 h at 37°C with DMEM,
followed by incubation with either DMEM or TNF-a at 1 ng/mL for different durations (30

minutes, 1, 2, 6 and 9 h). At each time point, cells were removed, resuspended in BL-TG
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buffer following ReliaPrep™ RNA Cell Miniprep System instructions and stored at -80°C

until analysis.

For the subsequent experiments, 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 h at 37°C
with FAs at a concentration of 1, 10 and 50 pM, followed by 24 h incubation with DMEM
or TNF-a at 1 ng/mL. Then, 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 PCR Procedure

PCR assay procedures were as described in Chapter 2.

5.3.4 geNorm analysis

For accurate gene quantification, it is essential to normalise RT-PCR data to the most
stable reference (“house-keeping”) genes which are the ones that are not affected by the
experimental conditions (i.e., exposure to FAs or TNF-a). A geNorm kit (Primerdesign Ltd.)
was used for selecting the best candidate reference genes. To perform geNorm analysis,
the expression of 8 reference genes in a representative set of samples was measured.
Duplicate samples of each condition were used, of cells exposed to the different FAs, at 1,
10 and 50 uM, with or without TNF-a stimulation. The geNorm software gbase+ provided

with the kit was used to rank the reference genes in order of stability of expression.

5.3.5 Statistical analysis

Relative gene expression was calculated using double delta Cq (AACq) values expressed as
fold change of the target gene in experimental samples relative to control samples (see
section 2.7.2.6). Data are expressed as mean + SEM. Analyses were performed using
GraphPad Prism 6.0 and Excel. Comparisons between samples were made using One-way

ANOVA and post hoc test.
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5.4 Results

5.4.1 Time course of changes in inflammatory pathway gene expression in EA.hy926 cells

To determine when to measure changes in the expression of inflammatory genes in cells
exposed to different FAs and stimulated with TNF-a, a time course was performed. For
the NFkB1 gene, the biggest change in mRNA expression was observed at 3 h of
stimulation (Fig. 5.1A). In the case of the PPAR-a gene, the inflammatory stimulus did not
produce any significant change in the expression, although it is possible to see a trend of
decreased expression over time (Fig. 5.1B). For the MCP-1 gene, there were differences
from the first time point (3 h), but the largest change in mRNA expression was detected at

9 h (Fig. 6C). PPAR-y mRNA was not detected (data not shown).
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Figure 5.1: Time-course for the expression of genes for NFkB1 (A), PPAR-a (B), and MCP-1 (C).
EA.hy926 cells were incubated for 48 h with DMEM containing 0.1% ethanol (Control) followed by
incubation with (+) or without (-) TNF-a (1 ng/mL) in different time points. All Cq values were
normalized to Beta-2-Microglobulin (B2M). Bars are mean + SEM of 3 samples performed in 1

experiment.
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Based on these results, a time point of 6 h for TNF-a stimulation was chosen to evaluate
the effects of FA treatment on the expression of genes of the inflammatory signalling

pathway in EA.hy926 cells.

5.4.2 RNA analysis

RNA quantity, purity and integrity were measured. The first two were carried out through
NanoDrop analysis. Table 5.1 shows the results of this analysis in a representative set of
RNA samples, indicating enough quantity and good purity, judged by Azeo/280 (~2.0.) and

Az60/230 (~1.8-2.2.) ratios.
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Table 5.1: NanoDrop analysis of RNA quantity and purity.

Samples ng/ul 260/280 260/230
Control (-) 640.63 2.14 2.16
OA1pM (-) 654.3 2.14 2.15
CVA1pM (-) 654.16 2.13 2.15
TVA 1M (-) 718.06 2.13 2.07
EA 1 uM (-) 583.6 2.13 2.16
LA1uM (-) 682.21 2.13 2.03
CLA9,11 1 uM (-) 639.18 2.12 2.16
CLA10,12 1 uM (-) 695.81 2.12 2.08
OA 10 uM (-) 786.84 2.10 2.08
CVA 10 pM (-) 809.46 2.06 2.14
TVA 10 pM (-) 844.88 2.10 2.08
EA 10 pM (-) 665.55 2.10 2.19
LA 10 uM (-) 737.5 2.12 2.19
CLA9,11 10 uM (-) 794.09 2.07 2.16
CLA10,12 10 uM (-) 742.34 2.11 2.08
OA 50 uM (-) 701.63 2.14 2.19
CVA 50 uM (-) 1053.1 2.12 2.17
TVA 50 uM (-) 988.4 2.14 2.19
EA 50 uM (-) 812.06 2.16 2.17
Control (+) 599.49 2.07 1.93
OA 1 uM (+) 716.64 2.11 2.15
CVA 1 pM (+) 572.17 2.12 2.03
TVA 1 uM (+) 665.95 2.10 2.10
EA 1 uM (+) 732.96 2.11 2.11
LA1uM (+) 742.17 2.12 2.18
CLA9,11 1 uM (+) 641.85 2.16 2.13
CLA10,12 1 uM (+) 654.13 2.14 2.13
OA 10 pM (+) 590.45 2.11 2.00
CVA 10 uM (+) 630.04 2.13 1.95
TVA 10 uM (+) 580.65 2.12 1.96
EA 10 puM (+) 605.45 2.08 2.14
LA 10 uM (+) 550.69 2.11 2.00
CLA9,11 10 uM (+) 658.25 2.07 2.13
CLA10,12 10 uM (+) 668.29 2.07 2.05
OA 50 uM (+) 749.56 2.15 2.13
CVA 50 uM (+) 633.63 2.14 2.18
TVA 50 uM (+) 713.65 2.09 2.07
EA 50 UM (+) 699.03 2.14 2.18

Chapter 5
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The analysis depicted in figures 5.2, 5.3 and 5.4 shows high RNA Integrity Number (RIN)

scores, indicating good RNA integrity.
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Figure 5.2: Bioanalizer profiles of RNA extracted from EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with 1, 10 and 50 uM of FA in DMEM containing 0.1% of ethanol
(Control) followed by incubation with DMEM for 6 h (-). A) Gel-like image, bands represent 18s
and 28s ribosomal RNA subunits. B) Electropherogram with 18s and 28s peaks. RIN scores were
measured by Agilent bioanalizer.
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Figure 5.3: Bioanalizer profiles of RNA extracted from EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with 1, 10 and 50 uM of FA in DMEM containing 0.1% of ethanol
(Control) followed by incubation with DMEM (-) or TNF-a (1 ng/mL, (+)) for 6 h. A) Gel-like image,
bands represent 18s and 28s ribosomal RNA subunits. B) Electropherogram with 18s and 28s
peaks. RIN scores were measured by Agilent bioanalizer.
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Figure 5.4: Bioanalizer profiles of RNA extracted from EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with 1, 10 and 50 uM of FA in DMEM containing 0.1% of ethanol
(Control) followed by incubation with DMEM (-) or TNF-a (1 ng/mL, (+)) for 6 h. A) Gel-like image,
bands represent 18s and 28s ribosomal RNA subunits. B) Electropherogram with 18s and 28s
peaks. RIN scores were measured by Agilent bioanalizer.
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5.4.3 Reference gene identification

A representative set of cDNA samples for all the experimental conditions was analysed
using the geNorm kit. The optimal number of reference genes both for unstimulated and
TNF-o stimulated cells was 2 (geNorm V < 0.15 when comparing a normalization factor
based on the 2 or 3 most stable targets). As shown in Figure 5.5, for unstimulated cells,
these genes were YWHAZ and RPL13A. For stimulated cells, the most stable reference
genes were RPL13A and CYC1 (Figure 5.6). Consequently, the optimal normalization factor
can be calculated as the geometric mean of the reference targets selected for each

experimental condition.

Average expression stability of remaining reference targets
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Figure 5.5: geNorm gbase+ analysis for reference genes suitable for unstimulated EA.hy926 cells.
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Average expression stability of remaining reference targets
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Figure 5.6: geNorm gbase+ analysis for reference genes suitable for the TNF-a (1 ng/mL)
stimulated EA.hy926 cells.

5.4.4 Effect of 18-carbon trans isomers from industrial and ruminant sources on gene

expression in EA.hy926 cells.

5.44.1 NFkB1 relative gene expression

As shown in Figure 5.7(A), none of the FAs used, at any concentration, induced significant
changes in NFkB1 mRNA levels in EA.hy926 cells under basal conditions (i.e.
unstimulated). After TNF-a stimulation, TVA at 1 uM induced a significant reduction in the
relative expression of NFkB1 compared to the control. The other FAs used did not did

induce any changes in NFkB1 relative expression (Figure 5.7(B)).
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Figure 5.7: Gene expression of NFkB1 in EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with 1, 10 and 50 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05. OA = oleic acid, CVA = cis vaccenic acid, TVA =
trans vaccenic acid, EA = elaidic acid.

5.4.4.2 IKBKB (IKKB) for relative gene expression

Similar to NFkB1, none of the FAs used, at any concentration, induced significant changes
in IKKB mRNA levels in EA.hy926 cells under basal conditions. Nevertheless, TVA showed a
trend to downregulate the relative expression of this gene at 10 uM (p=0.1) (Figure

5.8(A)).
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In a pro-inflammatory state, after TNF-a stimulation (Figure 5.8(B)), FA exposure did not
induce significant changes in the relative expression of IKKB. However, at 10 uM OA

tended to downregulate IKKB mRNA levels (p=0.08).
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Figure 5.8: Relative gene expression of IKBKB (for IKK-B) in EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with 1, 10 and 50 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean = SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. OA = oleic acid, CVA = cis vaccenic acid, TVA = trans
vaccenic acid, EA = elaidic acid.

116



Chapter 5

5.4.4.3 NFKBIA (IkBa) relative gene expression

Figure 5.9(A) shows that pre-incubation of ECs with EA behaved significantly different
from TVA at 10 uM. The other FAs used, did not induce significant changes in IkBa mRNA
levels in EA.hy926 cells at basal conditions. As shown in Figure 5.9(B), none of the FAs
used, at any concentration, induced significant changes in the relative gene expression of

IkBa after TNF-a stimulation.
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Figure 5.9: Relative gene expression of NFKBIA (for IkBa) in EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with 1, 10 and 50 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05. OA = oleic acid, CVA = cis vaccenic acid, TVA =
trans vaccenic acid, EA = elaidic acid.
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5.4.4.4 PPAR-a relative gene expression

For the peroxisome proliferator-activated receptor alpha (PPAR-a) gene, all the FA used
at 10 uM downregulated its relative expression under basal conditions, compared to
control (Figure 5.10(A)). After TNF-a stimulation, as shown in Figure 5.10(B), both TFAs
and their cis isomers were similar to control. Only TVA showed a trend to reduce mRNA
levels of PPAR-a at 1 uM (p=0.1), which was significantly different from mRNA expression

of EA treated cells.
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Figure 5.10: Relative gene expression of PPAR-a in EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with 1, 10 and 50 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. OA = oleic
acid, CVA = cis vaccenic acid, TVA = trans vaccenic acid, EA = elaidic acid.
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5.4.4.5 Toll like receptor 4 (TLR4) relative gene expression

Figure 5.11(A) shows that pre-incubation of ECs with 10 uM CVA significantly
downregulated TLR4 relative gene expression, acting significantly different from its trans-
isomer, TVA. At 50 uM, both cis isomers modulated TLR4 gene expression producing

downregulation.

In a pro-inflammatory state, after TNF-a stimulation (Figure 5.11(B)), EA at 1 uM behaved
significantly different from its cis-isomer OA. When EA was used at 50 uM, caused a

significant upregulation of the relative TLR4 gene expression.
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Figure 5.11: Relative gene expression of TLR4 in EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with 1, 10 and 50 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05; **p<0.01. OA = oleic acid, CVA = cis vaccenic acid,
TVA = trans vaccenic acid, EA = elaidic acid.

5.4.4.6 Prostaglandin-endoperoxide synthase 2 (PTGS2) relative gene expression

For the gene encoding COX-2, EA at 1 uM behaved significantly different from TVA. When
used at 10 uM, TVA induced a significant reduction in COX-2 mRNA levels. When used at
50 uM, EA induced downregulation (Figure 5.12(A)).
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After TNF-a stimulation (1 ng/mL) for 6 h, only the highest FA concentration produced
significant modulation of COX-2 gene expression: both CVA and EA induced an increment

in the levels of gene expression compared to control (Figure 5.12(B)).
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Figure 5.12: Relative gene expression of PTGS2 (for COX-2) in EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with 1, 10 and 50 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05; **p<0.01. OA = oleic acid, CVA = cis vaccenic acid,
TVA = trans vaccenic acid, EA = elaidic acid.
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5.4.4.7 Chemokine (C-C motif) ligand 2 (CCL2) relative gene expression

For the gene encoding monocyte chemoattractant protein 1 (MCP-1), pre-incubation with
EA at 1 uM produced upregulation, acting significantly different from OA. OA at 50 uM
induced a reduced gene expression compared to control (Figure 5.13(A)). After TNF-a
stimulation, as shown in Figure 5.13(B), both TFAs and their cis isomers were similar to

control when used at 1 and 10 uM.

A) DMEM B) TNF-a
e 157 o c 2.5
2 ‘ 2
iy 2 5 2.04
o ¥ cw
S $ 1.0 g8
o (.hl o a 1.54
e e
2% 25 1.0
o T 0.51 0o
290 >0
E = E ¥ 0.54
& &
0.0- - 0.0-
Control OA CVA TVA EA, Control ' OA CVA TVA EA,
1uM 1uM
c 157 c 259
o 0
& T a @ 2.04
2w w
2 1.0 o 3
s 5 5 815
gL e £
2% 25 1.0
o B 0.51 0B
Z 0 Z8 0.5
E -~ E = 0.
& &
0.0- o 0.0-
Control . OA CVA TVA EA | Control IOA EA |
10 uM 10 uM
1.51 2.5+
$ 8
w
ey % 5 207
S § 1.0 5
35 * 3 5 1.5
o= et
$%s S5 1.0
o o 0.51 e
>0 >0
£< £ € 0.5
© [
E’ ©
0.0- o 0.0
Control . OA CVA TVA EA | Control . OA CVA TVA EA |
50 uM 50 uM

Figure 5.13: Relative gene expression of CCL2 (for MCP-1) in EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with 1, 10 and 50 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05; **p<0.01. OA = oleic acid, CVA = cis vaccenic acid,
TVA = trans vaccenic acid, EA = elaidic acid.
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5.4.4.8 Interleukin-6 (IL-6) relative gene expression

For IL-6 gene, pre-incubation with TVA, CVA and OA at 10 uM downregulated expression
under basal conditions compared to control. At the same concentration EA behaved
significantly different from OA. When used at 50 uM, all the FAs induced a reduction in
the mRNA levels of this gene (Figure 5.14(A)). In the pro-inflammatory state (Figure
5.14(B)), both TFAs and their cis isomers behaved similar to control when used at 1 and

10 uM. When used at 50 uM, EA also behaved significantly different from OA.
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Figure 5.14: Relative gene expression of IL-6 in EA.hy926 cells incubated exposed to FAs.

ECs were for 48 h with 1, 10 and 50 uM of FAs in DMEM containing 0.1% of ethanol (Control)
followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were normalized
by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A and CYC1
genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way ANOVA with
Tukey’s as post-hoc test. *p<0.05; **p<0.01; ***p<0.001. OA = oleic acid, = cis vaccenic acid, TVA
= trans vaccenic acid, EA = elaidic acid.
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5.4.5 Effect of CLA9,11 and CLA10,12 on gene expression in EA.hy926 cells.
5.4.5.1 NFkB1 relative gene expression

As shown in Figure 5.15(A), both CLAs increased NFkB1 gene expression under basal
conditions (10 uM). After TNF-a stimulation, both CLAs at 1 uM induced a significant
reduction in the relative expression of NFkB1 gene compared to control, acting differently

from LA. When used at 10 uM only CLA9,11 sustained this effect (Figure 5.15(B)).
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Figure 5.15: Gene expression of NFkB1 in EA.hy926 cells exposed to CLAs.

ECs were incubated for 48 h with 1 and 10 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05; **p<0.01. LA = linoleic acid, CLA9,11 = conjugated
cis-9, trans-11 linoleic acid, CLA10,12 = conjugated trans-10, cis-12 linoleic acid.

5.4.5.2 IKBKB relative gene expression

For the gene encoding IKK-B, pre-incubation with both CLAs did not induce significant
changes in its expression under basal conditions. Nevertheless, CLA10,12 behaved

significantly different than CLA9,11 at 10 uM (Figure 5.16(A)). After TNF-a stimulation
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(Figure 5.16(B)), the FAs used behaved in different ways. CLA10,12 increased the mRNA
levels of IKK-B when used at 1 uM. Instead, LA had the opposite effect at both
concentrations used downregulating the expression of IKK-B gene. CLA9,11 had no effect

at either concentration used.
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Figure 5.16: Relative gene expression of IKBKB (for IKK-B) in EA.hy926 cells exposed to CLAs.

ECs were incubated for 48 h with 1 and 10 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean = SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. LA =
linoleic acid, CLA9,11 = conjugated cis-9, trans-11 linoleic acid, CLA10,12 = conjugated trans-10,
cis-12 linoleic acid.

5.4.5.3 NFKBIA (IkBa) relative gene expression

As shown in Figure 5.17(A), pre-incubation of ECs with CLA10,12 seemed to upregulate
the relative gene expression of IkBa at both concentrations used, behaving significantly
different from LA. CLA9,11 and LA did not induce changes in IkBa mRNA levels under

basal conditions. After TNF-a stimulation (Figure 5.17(B)) none of the FAs used, at either
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concentration, induced significant changes in the relative gene expression of IkBa.

However, when used at 1 uM, LA behaved significantly different from CLA10,12.
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Figure 5.17: Relative gene expression of NFKBIA (for IkBa) in EA.hy926 cells exposed to CLAs.

ECs were incubated for 48 h with 1 and 10 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05. LA = linoleic acid, CLA9,11 = conjugated cis-9,
trans-11 linoleic acid, CLA10,12 = conjugated trans-10, cis-12 linoleic acid.
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5.4.5.4 PPAR-a relative gene expression

For PPAR-a gene, both CLAs and LA used at 10 uM downregulated its relative gene
expression under basal conditions, compared to control (Figure 5.18(A)). After TNF-a
stimulation, as shown in Figure 5.18(B), CLA10,12 behaved significantly differently than
CLA9,11 and LA only at 10 uM.
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Figure 5.18: Relative gene expression of PPAR-a in EA.hy926 cells exposed to CLAs.

ECs were incubated for 48 h with 1 and 10 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05; ****p<0.0001. LA = linoleic acid, CLA9,11 =
conjugated cis-9, trans-11 linoleic acid, CLA10,12 = conjugated trans-10, cis-12 linoleic acid.
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5.4.5.5 Toll like receptor 4 (TLR4) relative gene expression

For the gene encoding TLR4, pre-incubation with both CLAs did not induce significant
changes in expression under basal conditions (Figure 5.19(A)). This was maintained after

TNF-a stimulation (Figure 5.19(B)).
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Figure 5.19: Relative gene expression of TLR4 in EA.hy926 cells exposed to CLAs.

ECs were incubated for 48 h with 1 and 10 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05; ***p<0.001. LA = linoleic acid, CLA9,11 =
conjugated cis-9, trans-11 linoleic acid, CLA10,12 = conjugated trans-10, cis-12 linoleic acid.

5.4.5.6 Prostaglandin-endoperoxide synthase 2 (PTGS2) relative gene expression

Figure 5.20(A) shows that pre-incubation of ECs with either CLA or LA at 10 uM
downregulated the expression of the gene encoding COX-2 under basal conditions,
compared to control. This effect was also observed as a trend when the CLAs were used

at 1 uM (p=0.052 and 0.08, respectively). In contrast, after TNF-a stimulation (1 ng/mL)
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for 24 h, both CLAs, but particularly CLA9,11, seemed to increase the mRNA levels of the

gene encoding COX-2, although with high variability (Figure 5.20(B))
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Figure 5.20: Relative gene expression of PTGS2 (for COX-2) in EA.hy926 cells exposed to CLAs.
ECs were incubated for 48 h with 1 and 10 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05; **p<0.01; ****p<0.0001. LA = linoleic acid,
CLA9,11 = conjugated cis-9, trans-11 linoleic acid, CLA10,12 = conjugated trans-10, cis-12 linoleic
acid.

5.4.5.7 Chemokine (C-C motif) ligand 2 (CCL2) relative gene expression

For the gene encoding MCP-1, pre-incubation with either CLA did not induce significant
changes in its expression under basal conditions (Figure 5.21(A)). This was maintained

after TNF-a stimulation (Figure 5.21(B)).
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Figure 5.21: Relative gene expression of CCL2 (for MCP-1) in EA.hy926 cells exposed to CLAs.

ECs were incubated for 48 h with 1 and 10 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. *p<0.05; ***p<0.001. LA = linoleic acid, CLA9,11 =
conjugated cis-9, trans-11 linoleic acid, CLA10,12 = conjugated trans-10, cis-12 linoleic acid.

5.4.5.8 Interleukin-6 (IL-6) relative gene expression

As shown in Figure 5.22(A), pre-incubation of ECs with either CLA at 10 uM
downregulated the expression of the gene encoding IL-6 under basal conditions, acting
significantly differently from LA. Instead, after TNF-a stimulation, pre-incubation with the

CLAs did not induce changes in IL-6 gene expression (Figure 5.22(B)).
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Figure 5.22: Relative gene expression of IL-6 in EA.hy926 cells exposed to CLAs.

ECs were incubated for 48 h with 1 and 10 uM of FAs in DMEM containing 0.1% of ethanol
(Control) followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 6 h. Cq values were
normalized by the geometric mean of reference targets YWHAZ and RPL13A genes (A) or RPL13A
and CYC1 genes (B). Bars are mean + SEM of 9 samples performed in 3 experiments. One-way
ANOVA with Tukey’s as post-hoc test. ****p<0.0001. LA = linoleic acid, CLA9,11 = conjugated cis-
9, trans-11 linoleic acid, CLA10,12 = conjugated trans-10, cis-12 linoleic acid.

5.5 Discussion

The aims of the research described in this chapter were to determine the effects of
various 18 carbon cis and trans FAs on the expression of genes involved in the
inflammatory pathway of EA.hy926 cells, after optimizing the experimental conditions.

These aims were met.

The time course experiments allowed identification of an adequate time of stimulation
with TNF-a for the different array of genes of interest (i.e. transcription factors,

transcription factor modulators, enzymes, cytokines, chemokines). Stimulation with TNF-
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o for 6 h produced changes in the expression of 2 of the genes tested initially (Figure 5.1),

and this time was selected for use in the later experiments.

RNA analysis through NanoDrop and Bioanalyzer showed high quantities, quality and
integrity of the RNA samples generated from cultured ECs (Table 5.1, Figures 5.2, 5.3 and
5.4). The geNorm kit was used to identify the reference genes for the RT-PCR analysis; this
is superior to the usual selection of a single gene such as -actin or GAPDH. For
unstimulated cells the identified reference genes were YWHAZ and RPL13A (Figure 5.5),
while for the stimulated cells they were RPL13A and CYC1 (Figure 5.6). This approach
complies with the MIQE guidelines (Bustin et al, 2009), allowing reliable and robust
analysis of relative gene expression data within the experimental conditions used. An
optimal normalization factor was calculated as the geometric mean of these reference
genes in order to quantify the relative gene expression of the genes of interest (NFkB,

IKKB, IkBa, PPAR-a,, PPAR-y, TLR4, COX-2, MCP-1 and IL- 6).

5.5.1 Comparing the effect of 18 carbon trans isomers from industrial and ruminant origin

Activation of NFkB is a critical process for the regulation of a variety of genes participating
in the inflammatory response (see Figure 1.5, Chapter 1), including those encoding for
inflammatory cytokines, COX-2 and adhesion molecules (de Winther et al, 2005; Lu et al,
2012). Therefore, a reduced expression of the NFkB gene could be considered anti-

inflammatory.

EA and its cis isomer OA did not show any significant effect on the relative gene
expression of NFkB1, either in basal conditions or after TNF-a stimulation (Figures 5.7 and
5.8). This effect is consistent with the almost null changes induced by EA on the
expression of both IKKB and IkBa (Figures 5.9 to 5.12). Kinase IKKB function is to
phosphorylate the inhibitory subunit of NFkB, IkBa, causing NFkB activation and
translocation to the nucleus. Consequently, increased expression of the gene encoding
IKKB, leading to higher levels of its protein, could cause increased NFkB activity. In
contrast, increased expression of the gene encoding IkBa may be anti-inflammatory,
given that an increase in this protein would lead to higher levels of the inactive trimeric

form of NFkB.
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On the other hand, in a pro-inflammatory state, pre-incubation with the lowest
concentration (1 uM) of TVA seemed to slightly decrease the expression of NFkB1 (Figure
5.8), while a trend to do the same was observed at 10 uM. This might suggest an anti-
inflammatory action of TVA. In basal conditions, TVA had no apparent effect on NFkB1
gene expression (Figure 5.7). TVA, and also CVA, did not induce any significant changes in

IKKB or IkBa mRNA appearance (Figures 5.9 to 5.12).

To some extent concordant with the results shown here, studies using TVA in HUVECs or
human microvascular endothelial cells (HMECs) found no or only mild effects on
inflammatory gene expression (lwata et al. 2011, Livingstone et al. 2014, Da Silva et al.
2017), although these studies reported genes other than the ones investigated here.
Iwata et al. (2011) reported on TNF, ICAM-1 and iNOS gene expression, showing no
effects when HMECs were exposed to TVA and EA at increasing concentrations (25 to 100
uM) for 3 h. Livingstone et al. (2014) used HAECs from healthy and diabetic donors and
showed no effect of TVA (20 uM) on ICAM-1, insulin receptor, VCAM, eNOS or E-selectin
gene expression. However, Da Silva et al. (2017) showed that when cells are exposed to a
pro-inflammatory stimulus, TVA and EA induced downregulation of TNF, VCAM-1 and
SOD2 genes in HUVECs, although only TVA downregulated TNF and IL-8 genes in HepG2

cells.

In HAECs it has been described that EA increases the levels of activated NFkB protein,
measured by western blot and flow cytometry, while OA did not appear to alter the
phosphorylation status of this transcription factor (Bryk et al, 2011; Harvey et al, 2012).
Others have reported that EA, at a concentration of 100 uM, increased nuclear
translocation of NFkB p65 in HUVECs (Pan et al, 2017). It would be interesting to test in
this model if the TFAs of interest have a differential effect on NFkB phosphorylation or

nuclear translocation.

PPARs play multiple regulatory functions, including the control of macrophage activity
and inflammation (Crisafulli & Cuzzocrea, 2009) and several FAs exert their anti-
inflammatory effects, at least partly, through their agonism of PPARs (Deckelbaum et al,
2006). When activated, PPAR-a binds to response elements on DNA, increasing the
transcription of anti-inflammatory proteins, such as IkBa (Delerive et al, 2000), interfering

with the nuclear translocation of NFkB. Therefore, PPARa negatively regulates gene
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expression of pro-inflammatory proteins by antagonizing the activities of other

transcription factors, including NFkB (Pontis et al, 2016).

The FAs used in this study did not show major effects in terms of PPAR-a gene expression.
While all the FAs induced a reduced PPAR-a mRNA expression when used at 10 uM in
unstimulated ECs, which could be regarded as pro-inflammatory, no changes were
induced at the other concentrations or when a pro-inflammatory state was achieved with

TNF-a stimulation (Figures 5.12 and 5.13).

TLRs act as sensors to detect a wide variety of microbial components and produce innate
immune responses including inflammation. Toll-like receptor-4 signalling pathway
stimulation culminates with the activation of NFkB, which controls the expression of
inflammatory cytokines genes. Therefore, the upregulation of TLR4 gene expression could

be considered pro-inflammatory.

Under basal conditions, EA and TV did not induce any significant changes in the gene
expression of TLR4, although their cis isomers did (Figure 5.15). CVA reduced TLR4 mRNA
expression when used at 10 and 50 uM, while OA did the same at 50 uM. After TNF-a
stimulation, EA induced a significant upregulation of TLR4 gene expression (Figure 5.16),

which could be considered as pro-inflammatory.

In agreement with the observations made here, Pan et al. (2017) proposed that TFAs
induced inflammation in HUVECs through their effects on TLR4 protein expression within
lipid rafts. Another study reported that EA induced the phosphorylation of TLR-mediated
signals in the mouse aorta and in HUVECs, and TLR inhibition attenuated the TFA-induced
pro-thrombogenic phenotypes of ECs implying that EA impairs endothelial anti-
thrombogenic functions through a TLR-mediated pathway and increases the
thrombogenic tendency in mice (Kondo et al, 2015). The upregulation of TLR4 gene
expression caused by EA shown here may result in enhanced TLR4 activity. Nevertheless,
given that TLR4 protein expression was not evaluated, whether EA might act as a ligand of
TLR4 or if EA altered cell membrane components (like lipid rafts) that could modulate its

expression or activity remains unclear.

Cyclooxygenase-2 (COX-2) is the enzyme responsible for catalysing the rate-limiting step
of prostaglandin (PG) synthesis from FAs. The type of FA substrates available in the

cellular membrane influences the profile of the PGs synthesized (Calder, 2011). Usually
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the major substrate is arachidonic acid which gives rise to the mainly pro-inflammatory 2-

series PGs.

Under basal conditions, all of the FAs tended to reduce COX-2 mRNA expression when
used at 50 uM. Only TVA induced a significant decrease in the expression of COX-2 when
used at 10 uM, while EA tended to do the opposite when used at 1 uM (Figures 5.17).
Instead, after TNF-a stimulation, EA and CVA induced a significant increase in the
expression of COX-2 gene when used at 50 uM (Figures 5.18). In agreement with these
results, a study showed that peritoneal macrophages from Wistar rats fed for two months
with a diet supplemented with partially hydrogenated vegetable fat, and therefore high in
EA, showed an upregulation of COX-2 and NFkB p65 proteins together with
downregulation of PPAR-y, measured by western blot (Rao & Lokesh, 2017). In contrast,
another study reported that TVA and EA (50 uM) were able to reduce PG secretion in
HUVECs after stimulation with TNF-a (24 h, 2 ng/mL), which could be caused by a
reduction in COX-2 activity (Da Silva et al, 2017a).

The expression of COX-2 is regulated by numerous transcription factors including NFkB,
the cyclic-AMP response element binding protein (CREB) and the CCAAT-enhancer
binding protein (C/EBP). COX-2 expression can also be regulated post-transcriptionally, at
the level of mMRNA stability (Tsatsanis et al, 2006). The current study did not observe a
positive relationship between the effects of the different FAs on the expression of NFkB

and PTGS2 genes.

MCP-1 is one of the key chemokines that regulate migration and infiltration of
monocytes/macrophages into the subendothelial space, being considered an early
indicator of endothelial dysfunction (Martynowicz et al, 2014). On the other hand, IL-6
has different roles in activation of ECs, promotion of lymphocyte proliferation and
differentiation, coordinating the influx of inflammatory cells into the atherosclerotic

lesion (Hartman & Frishman, 2014).

EA at the lowest concentration used induced a significant increase in the expression of
MCP-1 and OA had the opposite effect when used at 50 uM under basal conditions
(Figure 5.19). In the induced pro-inflammatory state, EA, OA and CV tended to increase
the mRNA of the gene encoding MCP-1 when used at 50 uM (Figure 5.20). In the case of

IL-6 gene expression, all the FAs induced its downregulation at 50 uM under basal
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conditions, which was also observed for TV, CV and OA at 10 uM (Figure 5.21). No
significant changes in IL-6 gene expression were observed after TNF-a stimulation (Figure

5.22), although EA tended to produce upregulation.

In a similar model, of human microvascular endothelial cells, EA in increasing
concentrations (25 to 100 uM) was able to increase the levels of IL-6 and NFkB activation
measured by phosphorylation of IkBa , and reduced endothelial insulin signalling and NO
production, whereas TVA was not associated with any of these responses (lwata et al,
2011). Although these results are not concordant, in that study IL-6 and phosphorylated
IkBa were measured through ELISA and gene expression by real time-PCR was not
assayed. A study in 3T3-L1 adipocytes and THP-1 macrophages showed that 24 h
incubation with OA and EA (500 uM) had no detectable effect on MCP-1 expression and
secretion (Cullberg et al, 2014). However the high concentration of FAs used suggests that

cell viability may have been affected although this was not tested.

There is no previous research on the effects of these TFAs of different origin on the

expression of the genes of interest in ECs.

5.5.2 Comparing the effect of two CLA isomers of ruminant origin and LA on the

inflammatory gene expression pathway

Both CLAs were shown to induce downregulation of NFKB1 gene expression after TNF-a
stimulation (Figure 5.24). Paradoxically, at 1 uM CLA10,12 also induced increased
expression of the gene encoding IKKB (Figure 5.26), which may be considered as

contradictory effects.

A study in HUVECs reported that a mix (50% each) of the same CLAs used in this project
reduced NFkB activity by 25-30%, measured by transfection with a NFkB-luciferase
reporter gene (Goua et al, 2008). In contrast, CLA10,12 was shown to increase the nuclear
localization of p65 subunit of NFkB in 3T3-L1 adipocytes (Poirier et al, 2006). In the case of
CLA9,11, a study in dendritic cells showed that this FA (50 uM, 48 h) decreased NFkB
activity in basal conditions and also after LPS stimulation by preventing the degradation of
IkBa (Loscher et al, 2005). This evidence and the new results shown here suggest that the

effects of CLAs on NFkB gene expression or activity might be cell type and isomer specific.
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At 10 uM, the CLAs and LA induced the downregulation of PPAR-a gene expression, but
only under basal conditions (Figure 5.29), while in the pro-inflammatory state CLA10,12

tended to cause upregulation (Figure 5.30).

There is no previous research on the effects of CLAs on PPAR-a gene expression in ECs.
Some studies in mice and in vitro have reported effects of CLAs on PPAR-y. For example, a
study in mice reported that CLA10,12 supplementation induced a reduction in PPAR-y
gene expression in white adipose tissue, which was associated with reduced adipose
tissue mass, increased expression of pro-inflammatory genes (TNF-a, MCP-1, IL-6) and
insulin resistance (Poirier et al, 2006). This effect on PPAR-y gene expression was also
observed in 3T3-L1 adipocytes in the same study. Other authors proposed that
supplementation with a mixture of CLAs ameliorated colitis through a PPAR-y-dependent
mechanism in a mice model (Bassaganya-Riera et al, 2004). In the current study PPARy

gene expression was not detectable.

The CLA isomers and LA did not induce significant changes in the expression of TLR4
(Figure 5.31 and 5.32). Also in the case of TLR4, there is not previous research relating its

actions or expression in ECs with CLA exposure.

The CLAs and LA induced the downregulation of COX-2 gene expression, but only under
basal conditions (Figure 5.33), with a trend to increase it after TNF-a stimulation for the

CLAs (Figure 5.34).

In contrast to these results, a study performed in ECs isolated from porcine pulmonary
arteries showed that pre-incubation for 24 h with linoleic acid (20 uM) amplified the TNF-
o mediated endothelial inflammatory response, inducing oxidative stress, p38 MAPK,
NFkB, COX-2, and PGE; (Wang et al, 2008a). Others have reported that the exposure of
mouse macrophages to various CLA isomers reduced the COX-2 mRNA expression, COX-2
promoter activity and the production of PGE; in response to IFN-y (Yu et al, 2002),
although the study used CLA concentrations (100 and 200 uM) that according to results

reported previously (Chapter 3) are cytotoxic, at least in the EC model used here.

The CLAs and LA did not induce any change in the expression of the MCP-1 encoding gene
(Figure 5.35 and 5.36), which was similar to the results for the expression of IL-6 after
TNF-a stimulation (Figure 5.38). Instead, both CLAs at 10 uM induced downregulation of

IL-6 gene expression under basal conditions, which could be considered anti-

137



Chapter 5

inflammatory if it is translated into lower cytokine levels. This was the case for CLA9,11,

as shown in chapter 4.

Studies using CLAs in animal models show inconsistent results. Poirier et al. (2006)
reported that the administration of CLA10,12 by gavage at a dose of 20 mg/day for 7 days
in mice led to the upregulation of TNF-a, MCP-1 and IL-6 gene expression in white
adipose tissue without affecting their serum levels (Poirier et al, 2006). Similarly, another
study, using enriched diets with 0.06%, 0.2%, and 0.6% (w/w) of mixed CLA10,12 with
linoleic acid (50/50), mixed CLA10,12 with CLA9,11 (50/50) or linoleic acid alone as
control diet in young male mice for 6 weeks, showed that the intermediate and higher
intakes of CLA10,12 reduced adiposity, increased serum levels of MCP-1 and IL-6 and

enhanced liver steatosis (Shen et al, 2013).

On the other hand, some in vitro studies have reported anti-inflammatory effects of CLAs
in HUVECs, but these effects were related to lower adhesion of THP-1 cells and isolated
human PBMCs dose-dependently in HUVECs treated with TNF-a by CLA10,12 (Sneddon et
al, 2006), or reduced ICAM-1 and VCAM-1 expression in HUVECs exposed to CLA10,12 and
a CLA mix (Goua et al, 2008).
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5.5.3 Conclusions

Overall, differential effects of the TFAs used were observed on the expression of genes

involved in the inflammatory pathway of EA.hy926 cells.

Table 5.2: Summary of effects of FA treatment on the expression of genes involved in the
inflammatory pathway of EA.hy926 cells.

Fatty acid (unstimulated cells)
CVA TVA CLA9,11 | CLA10,12

/M1 | S/

Gene

NFkB1

IKBKB (for IKKB)
NFKBIA (for IkBa)
PPARa

TLR4

PTGS2 (for COX-2)
CCL2 (for MCP-1)
IL-6

Gene

NFkB1

IKBKB (for IKKB)
NFKBIA (for IkBa)
PPARa

TLR4

PTGS2 (for COX-2)
CCL2 (for MCP-1)
IL-6
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The exposure of EA.hy926 cells to EA increased the mRNA levels of some of the
inflammatory pathway genes measured after TNF-a stimulation, having neutral or
lowering gene expression effects under basal conditions, which is consistent with the
results shown in chapter 4. EA decreased gene expression of COX-2 and IL-6 under basal
conditions, although it upregulated MCP-1. In the induced pro-inflammatory state, EA
upregulated TLR4 and COX-2, tending to do the same for MCP-1 and IL-6 gene expression.
In contrast, TVA had very few effects on the inflammatory pathway gene expression,
decreasing gene expression of COX-2 and IL-6 at basal conditions and doing the same
after TNF-a stimulation for NFkB1 mRNA expression. The results suggest that TFAs from
different sources do behave differently in terms of their effect on the gene expression of
the inflammatory pathway in this EC experimental model, especially after TNF-a

stimulation.
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For the CLA isomers, their effects were similar. Both of them upregulated NFkB1 and
caused downregulation of COX-2 and IL-6 gene expression under basal conditions, and
lowered gene expression of NFkB1 after TNF-a stimulation. The effects of both CLA
isomers on gene expression can be regarded as anti-inflammatory, which differs from the
findings shown in chapter 4 where CLA10,12 generated an increase of pro-inflammatory
cytokines levels after TNF-a stimulation. These findings suggest a complex modulatory

role of the CLA10,12 isomer on inflammation.
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Chapter 6  Effect of 18-carbon trans fatty acids on
binding of monocytes to cultured EA.hy926

cells
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6.1 Introduction

Previously it was shown that TVA has neutral or anti-inflammatory effects on ECs under
basal conditions and after inflammatory stimulation (Chapter 4 and 5), and that CLA9,11
also has some anti-inflammatory actions in basal conditions. In contrast, EA and CLA10,12
showed pro-inflammatory effects in the EC model used, particularly after TNF-a
stimulation. These effects were identified by measuring inflammatory cytokines and
chemokines being secreted from ECs to the cell culture media (Chapter 4) and through
differences in expression of genes involved in the inflammatory pathway (Chapter 5).
These effects could affect the binding of monocytes to the ECs, which is considered a key

early step in the progression of atherosclerosis (section 1.2.2).

The activation of the NFkB signalling pathway leads to EC activation, which initially
comprises the stimulation of the expression and subsequent production of
chemoattractants and cell-surface adhesion molecules, such as VCAM-1, ICAM-1, P-
selectin and E-selectin, which mediate initial capture, tethering and rolling along the
endothelium of circulating leukocytes, including monocytes. The activation of ECs can be
induced by numerous mediators, including pro-inflammatory cytokines, such as TNF-a
and IL-6, as well as by oxidative stress, hypercholesterolemia, and hypertension among

others (see section 1.2.1, chapter 1).

The levels of sSICAM-1 in the supernatant of ECs were shown to be reduced by TVA and
increased by CLA10,12 when used at 1 uM (Chapter 4). It has been reported that sICAM-1
reflects ICAM-1 expression on cells (Leeuwenberg et al, 1992), which is constitutively
expressed or inducible on the cell surface of different cell lines such as ECs (Fonsatti et al,

1997; Myers et al, 1992).

The effects of the TFAs of interest on the adhesion of monocytes to ECs have not been
explored extensively. There are only a few studies reporting effects of CLAs and EA on
monocyte adhesion, using different in vitro models and often high FAs concentrations
(Bryk et al, 2011; Sneddon et al, 2006; Stachowska et al, 2012).To my knowledge, the

effects of TVA on monocyte adhesion has not been reported.

The study by Bryk et al. (2011) reported that iTFAs such as EA or linoelaidic acid can

induce an increased adhesion of monocytes and lymphocytes to HAECs together with a
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dose-dependent increase of cell surface expression of ICAM-1 and VCAM-1 (Bryk et al,
2011). The study by Stachowska et al. (2012) showed that CLAs induced only a trend to
reduce macrophage adhesion to HUVECs even though CLA9,11 decreased ICAM-1 cell

surface expression by 52% in comparison to control cells (Stachowska et al, 2012).

In order to identify if the effects of 18-carbon TFAs on the levels of pro-inflammatory
mediators in the ECs supernatant and on the inflammatory pathway gene expression have
a functional effect on the activation of ECs and subsequent monocytes adhesion, the
monocytic THP-1 cell line was used to perform static adhesion assays with EA.hy926 cells
pre-incubated with the FAs of interest. Additionally, EC surface expression of ICAM-1 was

measured using anti-human CD54 antibodies and flow cytometry technique.

6.2 Objective and aims

The objectives of the research described in this chapter were to compare the effects of
the 18-carbon cis and trans FAs of interest on the adhesion of monocytes to cultured

EA.hy926 cells and on the endothelial cell surface expression of ICAM-1.
The specific aims were to:

e Measure the effects of different cis and trans 18-carbon FAs on the adhesion of
monocytes to cultured ECs with and without TNF-a stimulation.

e Measure the effects of different cis and trans 18-carbon FAs on the expression of
ICAM-1 on the surface of cultured ECs.

e Compare the effects of 18 carbon trans isomers from industrial and ruminant
origin on the adhesion of monocytes to cultured ECs and on the expression of
ICAM-1 on the surface cultured ECs.

e Compare the effects of two conjugated linoleic acid isomers of ruminant origin
and linoleic acid on the adhesion of monocytes to cultured ECs and on the

expression of ICAM-1 on the surface of cultured ECs.
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6.3 Methods

6.3.1 Reagents

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

6.3.2 Adhesion assay procedures

For these experiments, 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 h at 37°C with various FAs at a
concentration of 1, 10 and 50 uM followed by 6 h incubation with DMEM or TNF-a at 1
ng/mL. Plates with ECs were washed twice with RPMI without supplements before adding

the THP-1 cells.

The monocyte THP-1 cell line (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 uM hypoxanthine, 0.4 uM aminopterin and 16 uM
thymidine). Cells were maintained at 37°C in 5% CO. Prior to use in experiments cells
were grown in T-75 flasks until confluent, using them for experiments between passages

5 and 15.

Adhesion of THP-1 monocytes to EA.hy926 cells was determined using the Vybrant™ Cell
Adhesion Assay Kit (Thermo Fisher) as described in Chapter 2.

6.3.3 Flow cytometry procedures

For these experiments, confluent EA.hy926 cell cultures were scraped from T-175 flasks
and resuspended in DMEM at a density of 5.5 x 10° cells per mL. Cells were seeded at that
density per well in 6-well plates, incubated for 48 h at 37°C with various TFAs at a

concentration of 1, 10 and 50 uM followed by 6 h incubation with TNF-a at 1 ng/mL.
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To determine the cell surface expression of ICAM-1, (PE-Cy™ 5)-conjugated anti-human
CD54 (BD Biosciences) was used as described in Chapter 2. Flow cytometry was

conducted as described in Chapter2.

6.3.4 Statistical analysis

THP-1 monocyte adhesion to EA.hy926 cells pre-incubated with FAs is expressed as a % of

control, control being non-FA treated.

Cell surface ICAM-1 expression data are expressed as A change (subtraction of the % of
gated CD54 positive cells of the EA.hy926 cells incubated with FA to the % of gated CD54
positive cells of the EA.hy926 cells incubated with DMEM containing 0.1% of ethanol
(Control)), % of control of gated CD54 positive cells and % of control of median

fluorescence intensity (MFI), which relates to the levels of ICAM-1 expression per cell.

Data are expressed as mean + SEM; data analysis was performed in PRISM and Excel.
Multiple group differences were compared using One-way ANOVA, and, where the

ANOVA was significant, Tukey’s as post hoc test was used.

6.4 Results

6.4.1 Effect of 18-carbon TFAs on the adhesion of monocytes to cultured ECs

To investigate the effect of different cis and trans 18-carbon FAs on the adhesion of
monocytes to the endothelial monolayer, EA.hy926 cells were exposed to FAs at
concentrations of 1, 10 and 50 uM for 48 h followed by 6 h incubation with DMEM or
TNF-a stimulation at 1 ng/mL. Monolayers were then co-incubated with calcein labelled
THP-1 cells for 1 h, which was determined by previous work in our research group as

being optimal for binding to ECs that had been subject to TNF-a stimulation at 1 ng/mL.

145



Chapter 6

6.4.1.1 Effect of 18-carbon trans isomers from industrial and ruminant sources on the

adhesion of monocytes to cultured ECs

Under basal conditions, pre-incubation of EA.hy926 cells with TVA at 1 uM and OA at 50
UM induced decreased adhesion of THP-1 monocytes (Figure 6.1(A)). In contrast, EA used
at 10 uM tended to increase monocyte adhesion, which became a statistically significant
effect at 50 uM, with EA acting differently from TVA and OA at both higher

concentrations used (Figure 6.1(A)).

After TNF-a stimulation, pre-incubation of EA.hy926 cells with TVA, OA and CVA at 1 uM
decreased adhesion of THP-1 monocytes. When the FAs were used at 10 uM, none of
them induced changes in monocyte adhesion compared to control. Once again EA at 50

UM increased monocyte adhesion (Figure 6.1(B)).
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Figure 6.1: Adhesion of THP-1 cells (% of control) to EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or several
concentrations (1 uM; 10 uM; 50 uM) of FAs, followed by incubation with A) DMEM or B) TNF-a (1
ng/mL) for 24 h and 1 h co-incubation with THP-1 cells. Bars are mean +SEM of 9 samples
performed in 3 experiments. One-way ANOVA with Tukey’s as post-hoc test: *p<0.05; **p<0.01;
***p<0.001; ****p<0.0001. OA = oleic acid, CVA = cis vaccenic acid, TVA = trans vaccenic acid, EA
= elaidic acid.

Images taken under the fluorescence microscope agree with these quantitative results,
showing a higher number of THP-1 monocytes (green spots) when ECs were pre-

incubated with EA both with and without TNF-a stimulation (Figures 6.2 and 6.3).
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A) Control (0,1% eth) B) Oleic acid

Figure 6.2: Representative visualisation of adhesion of calcein-labelled THP-1 cells to EA.hy926
after exposure to FAs (50 uM).

Adhesion of THP-1 cells to EA.hy926 cells without pre-incubation with FA (control (A)) or with 48 h
prior exposure to oleic acid (B), cis vaccenic acid (C), trans vaccenic acid (D), elaidic acid (E)
followed by incubation with DMEM for 6 h and 1 h co-incubation with calcein-labelled THP-1 cells.
Attached THP-1 cells were visualised by fluorescence microscope Nikon Elipse Ti at a
maghnification of 100x under transmitted light.
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A) Control (0,1% eth) B) Oleic acid

o e

Figure 6.3: Visualisation of adhesion of calcein-labelled THP-1 cells to EA.hy926 after exposure to
FAs (50 uM) and TNF-a (1 ng/mL).

Adhesion of THP-1 cells to activated EA.hy926 cells without prior incubation with FA (control; CTL
(A)) or with 48 h prior exposure to oleic acid (B), cis vaccenic acid (C), trans vaccenic acid (D),
elaidic acid (E) followed by incubation with TNF-a (1 ng/mL) for 6 h and 1 h co-incubation with
calcein-labelled THP-1 cells. Attached THP-1 cells were visualised by fluorescence microscope
Nikon Elipse Ti at a magnification of 100x under transmitted light.
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6.4.1.2 Comparing the effect of two CLA isomers of ruminant origin and LA on the adhesion

of monocytes to cultured ECs

Figure 6.4(A) shows that treatment of EA.hy926 cells with any of the three FAs at 1 uM
did not significantly affect adhesion of THP-1 cells to the ECs under basal conditions.
When used at 10 uM, pre-incubation with LA induced a reduction in THP-1 adhesion,

acting significantly different from the CLA isomers.

In a pro-inflammatory state, both LA and CLA9,11 reduced adhesion of THP-1 cells
compared to stimulated control cells, while CLA10,12 had no effect on THP-1 adhesion

(Figure 6.4(B)).
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Figure 6.4: Adhesion of THP-1 cells (% of control) to EA.hy926 cells exposed to FAs.

ECs were incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or 1 uM and 10 uM

of FAs, followed by incubation with A) DMEM or B) TNF-a (1 ng/mL) for 24 h and 1 h co-incubation
with THP-1 cells. Bars are mean +*SEM of 9 samples performed in 3 experiments. One-way ANOVA
with Tukey’s as post-hoc test: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. LA = linoleic acid,

CLA9,11 = conjugated cis-9, trans-11 linoleic acid, CLA10,12 = conjugated trans-10, cis-12 linoleic
acid.

Images taken under the fluorescence microscope agree with the quantitative results,
showing lower amounts of THP-1 monocytes (green spots) when ECs were pre-incubated
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with CLA9,11 in TNF-a stimulated cells and LA both with and without TNF-a stimulation
(Figures 6.5 and 6.6).

B) Linoleic acid

Figure 6.5: Visualisation of adhesion of calcein-labelled THP-1 cells to EA.hy926 after exposure to
CLAs (10 pM).

Adhesion of THP-1 cells to activated EA.hy926 cells without prior incubation with FA (control; CTL
(A)) or with 48 h prior exposure to linoleic acid (B), conjugated cis-9, trans-11 linoleic acid (C),
conjugated trans-10, cis-12 linoleic acid (D) followed by incubation with DMEM for 6 h and 1 h co-
incubation with calcein-labelled THP-1 cells. Attached THP-1 cells were visualised by fluorescence
microscope Nikon Elipse Ti at a magnification of 100x under transmitted light.
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A) Control (0,1% eth) B) Linoleic acid

Figure 6.6: Visualisation of adhesion of calcein-labelled THP-1 cells to EA.hy926 after FA after
exposure to CLAs (10 uM) and TNF-a (1 ng/mL).

Adhesion of THP-1 cells to activated EA.hy926 cells without prior incubation with FA (control; CTL
(A)) or with 48 h prior exposure to linoleic acid (B), conjugated cis-9, trans-11 linoleic acid (C),
conjugated trans-10, cis-12 linoleic acid (D) followed by incubation with TNF-a (1 ng/mL) for 6 h
and 1 h co-incubation with calcein-labelled THP-1 cells. Attached THP-1 cells were visualised by
fluorescence microscope Nikon Elipse Ti at a magnification of 100x under transmitted light.
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6.4.2 Effect of 18-carbon TFAs on the surface expression of ICAM-1 on cultured ECs.

The experiments described in this section were performed only with TNF-a stimulated
ECs given that when the cells were analysed under basal conditions, only 0 to 4% of gated

ECs were ICAM-1 positive.

Figure 6.7(A) shows the gating of unstained TNF-a stimulated EA.hy926 cells. Incubation
of EA.hy926 cells with TNF-a significantly up-regulated cell surface ICAM-1 expression
(Figure 6.7(B)).
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Figure 6.7: Flow cytometry plots for cell surface ICAM-1 analysis.
A) Gated unstained TNF-a stimulated EA.hy926 cells. B) Gated unstimulated (red) and TNF-a
stimulated (blue) (PE-CyTM 5)-conjugated CD54 antibody stained EA.hy926 cells.

6.4.2.1 Effect of 18-carbon trans isomers from industrial and ruminant sources on the

surface expression of ICAM-1 in cultured ECs.

FA exposure was shown to have differential effects depending on individual FA and FA
concentration. TVA exposure showed a trend to reduce the % of cells expressing ICAM-1
with all the concentrations used, behaving significantly differently from EA, which tended

to increase ICAM-1 expressing cells (Figure 6.8(A)).
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Figure 6.8: Cell surface expression of ICAM-1 after exposure to FAs.

A) % gated (A change, % of control) and B) median fluorescence intensity (% of control), in
EA.hy926 cells incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or several
concentrations (1 uM; 10 uM; 50 uM) of FAs, followed by incubation with TNF-a (1 ng/mL) for 6 h.
Bars are mean SEM of 9 samples performed in 3 experiments. One-way ANOVA with Tukey’s as
post-hoc test: *p<0.05; **p<0.01; ****p<0.0001. OA = oleic acid, CVA = cis vaccenic acid, TVA =
trans vaccenic acid, EA = elaidic acid.

The changes in the % of cells expressing ICAM-1 were consistent with the changes in the
levels of ICAM-1 expression on the total of EA.hy926 cells analysed per sample (i.e. MFI).
As shown in figure 6.8(B), TVA also tended to reduce ICAM-1 expression on ECs, inducing
a significant change when used at 50 uM. EA tended to induce the opposite effect,

behaving significantly differently than TVA when used at 10 and 50 uM.
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6.4.2.2 Comparing the effect of two CLA isomers of ruminant origin and LA on the surface

ICAM-1 expression in cultured ECs.

The cells exposed to CLA9,11 showed no change in either % of ECs expressing ICAM-1 or
on the levels of ICAM-1 expression per cell (Figure 6.9), behaving similar to control.
CLA10,12 induced an increase in the % of cells expressing ICAM-1 when used at 1 uM,
behaving significantly differently than CLA9,11 and LA at that concentration, while
inducing a significant reduction both on % of ECs expressing ICAM-1 and on the levels of

ICAM-1 expression per cell when used at 10 uM (Figure 6.9. (A) and (B)).
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Figure 6.9: Cell surface expression of ICAM-1 after exposure to CLAs.

A) % gated (A change, % of control) and B) median fluorescence intensity (% of control), in
EA.hy926 cells incubated for 48 h with DMEM containing 0.1% of ethanol (Control) or 1 and 10
UM of FAs, followed by incubation with TNF-a (1 ng/mL) for 6 h. Bars are mean +SEM of 9 samples
performed in 3 experiments. One-way ANOVA with Tukey’s as post-hoc test: *p<0.05; **p<0.01.
LA = linoleic acid, CLA9,11 = conjugated cis-9, trans-11 linoleic acid, CLA10,12 = conjugated trans-
10, cis-12 linoleic acid.
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6.5 Discussion

The aims of the research described in this chapter were to compare the effects of
different cis and trans 18-carbon FAs on the adhesion of monocytes to cultured ECs, in
basal conditions and after stimulation (of the ECs) with TNF-a and on the cell surface

expression of ICAM-1 in cultured TNF-a stimulated ECs. These aims were met.

The recruitment of monocytes is regulated by the expression of adhesion molecules and
chemokines on the activated endothelium surface. The chemokines stimulate the
circulating cells, such as leukocytes, to bind to ECs in order to initiate their migration
through the endothelium into sites of inflammation. Adhesion molecules expressed on

ECs play a key role in the leukocyte-adhesion interactions (Baker et al, 2018).

Chemoattractants that were measured in the EC supernatants in this research include
monocyte chemoattractant protein 1 (MCP-1), regulated on activation normal T cell
expressed and secreted (RANTES) and interleukin 8 (IL-8) (see Chapter 4). In addition, the
soluble form of the adhesion molecule intercellular adhesion molecule 1 (sICAM-1) was
also measured in the cell culture media. sICAM-1 reflects ICAM-1 expression on cells
(Leeuwenberg et al, 1992), which is constitutively expressed or inducible on the cell

surface of different cell lines such as ECs (Fonsatti et al, 1997; Myers et al, 1992).

As explained above all of these molecules are involved in monocyte activation and
trafficking across the endothelium. As reported in Chapter 4, the FAs studied within this
model modulated the levels of these inflammatory mediators, after which it was decided
to explore if these effects could change the functionality of the ECs in terms of affecting

the adhesion of monocytes.

ICAM-1 is involved in monocyte activation and trafficking across the endothelium
(Lehmann et al, 2003; Reiss & Engelhardt, 1999), which explains its presence in
atherosclerotic lesions (Poston et al, 1992; van der Wal et al, 1992) and its role in their
progression (Kitagawa et al, 2002). Leukocyte adhesion to the endothelium via ICAM-1
elicits increased intracellular Ca?*, the activation of p38 and Rho, while VCAM-1 binding
leads to racl activation. It has been suggested that the activation of these signalling
molecules facilitates transmigration by triggering EC contraction and by weakening the

bonds of the junctional adhesion molecules (Lawson & Wolf, 2009).
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Given the role of cell surface ICAM-1 on the adhesion of monocytes to ECs, it was decided

to also determine the effect of the FAs of interest on the EC surface expression of ICAM-1.

6.5.1 Comparing the effect of 18-carbon trans isomers from industrial and ruminant origin

In non-stimulated ECs, Figure 6.1(A) shows that the lowest concentration of TVA was
enough to produce decreased monocyte adhesion. The other concentrations used (10
and 50 uM) did not evoke any significant changes. In contrast, EA showed a dose-
response effect, inducing a significant increase of THP-1 cell adhesion to ECs only at 50

UM under the same non-stimulated conditions.

After TNF-a stimulation (Figure 6.1(B)), TVA maintained its previous effect of reducing
adhesion together with OA and CVA (1 uM). EA also maintained its effect increasing the

adhesion of THP-1 cells to EA.hy926 monolayer when used at 50 uM.

These results suggest an anti-inflammatory effect of TVA both in the absence of a classic
inflammatory stimulus and in its presence. On the other hand, the augmented adhesion
of monocytes caused by EA observed with unstimulated and TNF-a stimulated ECs
suggests a change in these cells functionality, which could contribute to the development

of atherosclerosis.

There are no studies describing the effect of TVA in static or flow adhesion assays,
although it has been reported that the treatment with a diet supplemented with this
ruminant TFA can reduce TNF-a levels in a mouse model (Wang et al, 2015) and also in
humans (Sofi et al, 2010). TNF-a is a pro-inflammatory cytokine that affects a variety of
cell processes. Through the activation of the NFkB signalling pathway, TNF-a stimulates
expression of adhesion molecules such as E-selectin, VCAM-1 and ICAM-1 (Kutdo et al,

2005), which in turn would affect the adhesion and transmigration of monocytes.

In chapter 4, EA treatment was shown to increase the levels of MCP-1, RANTES and IL-8

after inflammatory stimulation, having neutral or some anti-inflammatory effects in basal
conditions. Instead, the treatment with TVA caused a reduction of MCP-1, VEGF, RANTES,
IL-8 and IL-6 in non-stimulated cells, which was maintained for ICAM-1, VEGF and RANTES
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at 1 uM after inflammatory stimulation, having otherwise neutral effects. The results of
both chapters can be related, particularly in the experiments where a pro-inflammatory
state was induced. Under basal conditions, only a trend of higher levels of RANTES was

observed when EA was used at 50 uM.

As shown in Figure 6.8, and in agreement with the findings described in the previous
chapters, TVA showed opposite effects to EA, tending to decrease % of cells expressing
ICAM-1 and producing a significant decrease in the levels of its expression (50 uM,

p<0.01).

These results suggest an anti-inflammatory endothelial cell phenotype induced by TVA

that is consistent with the findings shown previously.

There are no other studies describing the effect of TVA on cell surface expression of
ICAM-1 or comparing the effect of ruminant versus industrialized TFAs on this outcome.
In the study by Livingstone et al. (2014) aortic ECs from healthy and diabetic donors were
incubated for 24 h with TVA (20 uM). They measured soluble VCAM-1 and ICAM-1 in the
cell culture supernatant by ELISA; however, the levels were below the detectable range.
Additionally, the same study showed that TVA did not affect the relative gene expression

of ICAM-1.

In this study, EA did not induce significant changes in the surface expression of ICAM-1 in
EA.hy926 cells, although it showed a trend to increase both in the % of cells expressing

ICAM-1 and in the level of expression as MFI (Figure 6.8).

A few studies have reported the effects of iTFA on the surface expression of adhesion
molecules in ECs. Bryk et al. (2011) showed that linoelaidic acid and EA can induce the
expression of ICAM-1 and VCAM-1 on the surface of aortic endothelial cells together with
overexpression of ICAM-1 and VCAM-1 mRNA, resulting in an increased adhesion of
human monocytes and lymphocytes to the ECs. However, the FA concentrations used in
this study were much higher than in the current study (50 to 200 uM). Harvey et al.
(2012) showed the same effect for surface ICAM-1 in a similar in vitro model using lower
concentrations (25 and 50 uM). Siddiqui et al. (2009) reported that linoelaidic acid (5 uM)
significantly stimulated ICAM-1 expression on the cell surface of HAECs, while treatment
with the n-3 FA DHA significantly inhibited the expression of ICAM-1. The same study

reported that a diet containing 17% of iTFAs (EA and linoelaidic acid) adversely affected
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survival due to sudden cardiac death in rats with coronary ligation, while n-3 FAs had
beneficial effects on survival. In addition, animals fed with iTFAs had variable degrees of
aortic atherosclerotic lesions, lacked the ability to develop collaterals around the site of
occlusion, and showed increased circulating levels of soluble ICAM-1 (sICAM-1), the
opposite to what it was observed in the animals fed with n-3 FA-enriched diet (Siddiqui et

al, 2009).

The difference with the findings described here might be related to the type of cell line

used, times of exposure and use of inflammatory stimulus.

Interestingly, although the surface expression of ICAM-1 on ECs was not significantly
changed by the pre-incubation with EA at any of the concentrations used here, the
adhesion of monocytes did increase when EA was used at 50 uM, which suggests that EA

might be acting on other pro-inflammatory molecules to activate ECs.

6.5.2 Comparing the effect of two CLA isomers of ruminant origin and LA.

In non-stimulated ECs, CLA isomers had neutral effects, comparable to control, at both
concentrations. However, LA significantly affected monocyte adhesion inducing a

reduction when used at 10 uM (Figure 6.4(A)).

In TNF-a stimulated ECs, both CLA9,11 and LA significantly reduced the adhesion of THP-1
cells to the EA.hy926 cell monolayer at both concentrations used, being more potent and

acting significantly different than CLA10,12 isomer when used at 10 uM (Figure 6.4(B)).

These results suggest an anti-inflammatory effect of CLA9,11 in the induced pro-
inflammatory condition, which could play a protective role against the development of

atherosclerosis.

CLA9,11 had neutral effects on ICAM-1 cell surface expression, comparable to control, at
both concentrations used. In contrast, CLA10,12 increased significantly the % of cells
expressing ICAM-1 when used at 1 uM (p<0.01), producing the opposite effect when used
at 10 uM (p<0.05) (Figure 6.9(A)).
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These results suggest a complex modulatory effect of CLA10,12 on ICAM-1 cell surface

expression.

Sneddon et al. (2006) reported that both CLA9,11 and CLA10,12 were able to suppress
adhesion of THP-1 cells and isolated human PBMCs to HUVECs treated with TNF-a, with
no induced changes on VCAM-1 or ICAM-1 expression measured by western blot;
nevertheless, the inflammatory stimulation in this study was higher than in the current
study (TNF-a (5 ng/ml) or IL-1B (10 U/ml)). Similarly, Goua et al. (2008) showed that
CLA10,12 and a CLA mix reduced ICAM-1 and VCAM-1 expression, while the CLA mix used
at 25 uM was able to decrease NFkB activity by 30% in both HUVECs and smooth muscle
cells treated with TNF-a. Another study by Stachowska et al. (2012) showed that the
incubation of monocytes from healthy donors with CLA9,11 and CLA10,12 at 100 uM for 7
days reduced the expression of the integrins VLA-4 and Mac-1. When HUVECs were
exposed to the same concentrations of CLA isomers, both caused a reduction in the
surface expression of VCAM-1, but only CLA9,11 reduced ICAM-1 compared to control.
Additionally, both CLA isomers showed a strong tendency to reduce the binding of
monocytes to HUVECs (Stachowska et al, 2012), which agrees with the current findings to

some degree, although the FA concentration used was much higher in the previous study.

Again, is important to consider the differences in the FA concentration and times of

exposure used in the different studies, which most likely explain the different findings.

In a similar way to the findings reported for EA, the surface expression of ICAM-1 on ECs
was not significantly changed by the pre-incubation with CLA9,11; however the adhesion
of monocytes was reduced at both concentrations of CLA9,11 used, which suggests that

this FA might be acting on other inflammatory signalling molecules to decrease the

activation ECs.
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6.5.3 Conclusions
Overall, the results presented in the current chapter show differential effects of the FAs
tested on the adhesion of monocytes to cultured ECs (summary in table 6.1).

Table 6.1: Summary of effects of FAs on adhesion of THP-1 monocytes to EA.hy926 cells.

Unstimulated ECs
Fatty acid OA CVA | TVA EA LA CLA9,11 | CLA10,12
THP-1 N & N T N & <
adhesion to TNF-a stimulated ECs
ECs VIV IV Ir vV e

The exposure of EA.hy926 cells to EA increased the number of THP-1 cells bound, while

TVA and CLA9,11 caused a reduction in adhesion.
In relation to the results on the cell surface expression of ICAM-1 in cultured ECs, mild

differential effects of the FAs tested were observed (summary in table 6.2).

Table 6.2: Summary of effects of FAs on the cell surface expression of ICAM-1 in EA.hy926 cells
stimulated with TNF-a.

ECs expressing ICAM-1 (% gated)
Fatty acid OA CVA | TVA EA LA CLA9,11 | CLA10,12
Cell surface & & & & & & ™ML
expression of Level of ICAM-1 expression on ECs (MFI)
ICAM-1 cleoell]le]l o] © | U

Based on these results, it is suggested that EA (an iTFA) and TVA (a rTFA) have different
effects in the functionality of EA.hy926 cells within the model used here, both in basal
conditions and when the pro-inflammatory state was induced. In a similar way, the CLA
isomers compared here also seem to have differential effects, both having neutral effects
under basal conditions, but in the case of CLA9,11, decreasing monocyte adhesion after

TNF-a stimulation.

The exposure of EA.hy926 cells to TVA and CLA10,12 decreased the levels of ICAM-1 cell
surface expression. In the case of TVA, these results are in agreement with the anti-
inflammatory effects observed in THP-1 adhesion to EA.hy926 cells and to the effects

reported in the previous chapters in terms of cytokine levels and relative gene expression.
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Conversely, CLA10,12 usually showed evidence of acting in a pro-inflammatory way,
particularly when the cells were stimulated with TNF-a, which contrasts with the results
shown in this chapter in terms of monocyte adhesion to ECs and ICAM-1 cell surface

expression (10 uM).

The findings of the current chapter, together with the ones described in chapters 4 and 5,
support the contention that iTFAs can act in a pro-inflammatory way. These findings also
highlight the possible anti-inflammatory effects of the ruminant derived TFAs TVA and
CLA9,11 and suggest a complex modulatory role of the FAs of interest on EC function and

their inflammation signalling pathways.
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Chapter 7 General Discussion
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Among dietary fats, intake of TFAs have been related with an increased risk of CHD in
epidemiological studies (Hu et al, 1997; Mozaffarian et al, 2006; Oh et al, 2005; Sun et al,
2007; Willett et al, 1993). This risk is usually associated with iTFAs rather than rTFAs
(Ascherio et al, 1994; Jakobsen et al, 2006; Pietinen et al, 1997).

The proposed mechanisms that explain the risk association with iTFAs include adverse
effects on blood lipids (Mensink et al, 2003; Mozaffarian & Clarke, 2009; Sun et al, 2007),
pro-inflammatory effects (Baer et al, 2004; Han et al, 2002; Lichtenstein et al, 2003;
Mozaffarian et al, 2004a) and endothelial dysfunction (Baer et al, 2004; de Roos et al, 2001;

Lopez-Garcia et al, 2005).

In contrast, intake of rTFAs has been inversely associated to risk of CHD (Jakobsen et al,
2006; Pietinen et al, 1997). Although intake of TFAs has been reported to be decreasing as
a result of legislation and food labelling efforts (Doell et al, 2012; Vesper et al, 2017), there
are sub-groups of the population that show high intakes of iTFAs due to high consumption
of processed and fast food (Kris-Etherton et al, 2012). The current intake recommendation
for TFAs corresponds to less than 1% of daily energy intake (Lichtenstein et al, 2006), with
no distinction by the type of TFA ingested. However, if iTFA and rTFA have different,
perhaps opposing, biological effects and different associations with disease risk, then
legislation, labelling and intake assessments will need to be more specific. If this is to be
the case, then careful examination of the different properties of iTFAs and rTFAs in general

and of specific members of those families is required.

With the purpose of understanding the possible differential effects and mechanisms
through which TFAs could affect normal functioning of human endothelial tissues in
relation to CHD development, the present study compared the effects of various 18-carbon
cis and trans FA isomers on the inflammatory response in cultured EA.hy926 endothelial
cells. These cells are a type of HUVEC, which are perhaps the most widely studied type of
endothelial cell. The effects of the TFAs were investigated using unstimulated cells and cells
stimulated with TNF-a.. The former would indicate direct pro- or anti-inflammatory effects
while the latter would indicate the ability of the TFAs to modulate the response to a classic
inflammatory stimulus. In all cases, effects of TFAs were compared to cells incubated

without additional FAs and to cells exposed to comparator 18-carbon cis FAs.
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All the FAs tested were incorporated into endothelial cells in culture in a dose dependent
manner after 48 h exposure at 1, 10 or 50 uM, and this incorporation was accompanied by
the appearance of some metabolic products, likely desaturation or elongation products.
Additionally, the cells remained viable at the different FA concentrations used, with the

exception of trans-10, cis-12 CLA at 50 uM.

7.1 Comparing the effects of 18-carbon trans isomers from industrial

and ruminant origin

In relation to the effects of the FAs on the production of inflammatory mediators by ECs,
EA increased or tended to increase the levels of most of the cytokines and adhesion
molecules measured after inflammatory stimulation, while TVA caused their reduction in
non-stimulated cells and showed a neutral effect in TNF-a stimulated ECs. EA also showed
some anti-inflammatory effects under basal conditions when used at low concentrations,

which have not been reported before.

Although EA and TVA did not induce many significant changes in the expression of genes
involved in the inflammatory pathway of EA.hy926 cells, some differential effects were
observed. EA induced a significant upregulation of TLR4 and COX-2 gene expression when
used at 50 uM in TNF-a stimulated cells (Chapter 5, figure 5.16), which could be considered
as pro-inflammatory. In contrast, TVA induced a significant reduction in the mRNA
expression of NFkB1 when used at 1 puM in TNF-a stimulated cells, and tended to do the
same when used at 10 uM. TVA also decreased the relative gene expression of COX-2 under
basal conditions at 10 puM, showing the same trend when used at the other two

concentrations. These results suggest anti-inflammatory actions of TVA.

When adhesion of monocytes (THP-1 cells) to the endothelial monolayer and the
expression of ICAM-1 on the endothelial cell surface were assessed, differences between
EA and TVA were also observed. EA induced a significant increase of THP-1 cell adhesion to
ECs when used at 50 uM, both with and without TNF-a stimulation (Chapter 6, figure 6.1).
EA also showed a trend to increase both the % of gated ICAM-1 positive cells and the level
of surface expression of ICAM-1 at all the concentrations used (Chapter 6, figure 6.8). Again,

these effects could be regarded as pro-inflammatory and pro-atherogenic. In contrast, TVA
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reduced THP-1 monocyte adhesion when used at 1 uM, under basal conditions and after
TNF-a stimulation, and tended to decrease both the % of gated ICAM-1 positive cells and
the level of surface expression of ICAM-1 at all the concentrations used, reducing the latter

significantly when used at 50 uM. These effects could be considered to be anti-atherogenic.

TVA is naturally occurring in dairy products while EA is industrially produced. Thus, these
findings suggest that this ruminant TFA is anti-inflammatory in its own right while EA
enhances the response to an inflammatory stimulus. These findings fit with the idea that

iTFA and rTFA can have different and perhaps opposing biological actions.

Several studies have described that EA and other iTFAs have deleterious effects on health
outcomes in humans: a high dietary intake or high blood/tissue levels were associated with
CHD, systemic inflammation, endothelial dysfunction and possibly inflammation in the
central nervous system (Baer et al, 2004; Han et al, 2002; Lichtenstein, 2014; Morris et al,
2006; Smit et al, 2011). Animal models have shown similar effects, with enhanced
inflammatory parameters in cerebrospinal fluid and blood, insulin resistance, altered lipid
profiles and hepatic damage (Longhi et al, 2017; Ruth et al, 2010). /n vitro studies have
described that EA (100 uM) induces the expression of ICAM-1 and VCAM-1 on the surface
of aortic endothelial cells, increases the expression of ICAM-1 and VCAM-1 mRNA, and also,
leukocyte adhesion, phosphorylation of NFkB and ROS generation in these cells (Bryk et al,
2011). Experiments with another human endothelial cell model (HMECs) showed that
exposure to EA (100 uM) increased NFkB activation as measured by IL-6 levels and
phosphorylation of IkBa, increased superoxide production, and impaired insulin signalling

and nitric oxide production (Ilwata et al, 2011).

Using a maximum concentration that is half of what other authors have used (50 uM), here
it was shown that EA exposure induced increased inflammatory mediator levels (MCP-1,
VEGF, RANTES and IL-8). Increased levels of these mediators is related to a pro-
inflammatory state that could lead to the development of atherosclerosis and endothelial
dysfunction. For example, MCP-1 is one of the key chemokines that regulate migration and
infiltration of monocytes/macrophages into the subendothelial space, being considered an

early indicator of endothelial dysfunction (Martynowicz et al, 2014).

EA also showed a trend to induce the surface expression of ICAM-1. This adhesion molecule

is involved in the leukocyte-endothelium interaction and the regulation of vascular
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permeability (Frank & Lisanti, 2008). Because adhesion is one of the earliest steps of
inflammation in atherosclerosis, followed by migration of blood leukocytes into the sub-
endothelial space, the increase in adhesive properties of endothelial cells may be an
important mechanism by which dietary iTFAs exert their pro-inflammatory and pro-
atherogenic effects (Bryk et al, 2011). In agreement with the findings of this study, EA
induced a significant increase of THP-1 cell adhesion to ECs in non-stimulated and TNF-a

stimulated conditions.

The evidence about the effects of rTFAs is less consistent, especially when comparing the
results from animal models with outcomes in human studies. It has been shown that TVA
can lower fasting triglycerides, total cholesterol, low density lipoprotein and non-esterified
fatty acids in animal models of dyslipidaemia (Tyburczy et al, 2009; Wang et al, 2009; Wang
et al, 2008b). Blewett et al. (2009) also reported that short-term (3 wk.) supplementation
with TVA (1.5% w/w) normalized stimulated IL-2 and TNF-a production and increased IL-10

production in JCR-LA-cp rats, suggesting anti-inflammatory effects.

In humans, the literature is inconsistent. While some authors have reported beneficial
effects of rTFAs, other have shown opposite results. For example, Da Silva et al. (2015)
compared iTFA and rTFA in plasma phospholipids and their correlations with metabolic risk
factors, including lipid profile, glycaemic profile, adiposity and blood pressure, in a cohort
composed of 100 healthy non-obese and 100 obese participants. They found that plasma
rTFAs (TVA and trans palmitoleic acid) levels were associated with lower insulin levels and
blood pressure and higher adiponectin levels, unlike their industrial counterpart (EA) which
was associated with higher total cholesterol, triglycerides and glycaemia (Da Silva et al,
2015). On the other hand, Gebauer et al. (2015) conducted a double-blind, randomized,
crossover feeding trial in 106 healthy adults. They determined the effects of TVA, CLA9,11,
and EA, in the context of highly controlled diets on lipoprotein risk factors compared with
a control diet. Their findings showed that both TVA and partially hydrogenated vegetable
oil adversely affect atherogenic lipoproteins, with higher concentrations of LDL cholesterol,

apoB and triacylglycerol (Gebauer et al, 2015).

In contrast, studies in endothelial and other cell line models have reported beneficial
effects of TVA (Da Silva et al, 2017a; Iwata et al, 2011; Jaudszus et al, 2012; Krogager et al,
2015), concordant to some extent with the results presented in this thesis. Overall, this

study showed that low concentrations of TVA were enough to result in decreased levels of
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MCP-1, VEGF, RANTES, IL-8 and IL-6 in non-stimulated ECs compared to the control,
suggesting an anti-inflammatory preventive effect. Although after TNF-a stimulation, the
levels of the inflammatory mediators measured did not change with the exposure of the
ECs to TVA, the cell surface expression of ICAM-1 showed a trend to be reduced with all the

concentrations used, being statistically significant at 50 uM.

Even though other studies have reported outcomes related to inflammation in relation to
exposure to TVA, they are not the same outcomes as measured in the current research,

which makes the comparison with other findings considerably harder in comparison to EA.

For instance, a study on HMECs reported that TVA (100 pM) did not induce any
inflammatory responses in comparison to EA and linoelaidic acid, specifically in relation to
NFkB activation, levels of IL-6 and superoxide production (lwata et al, 2011). Another study
on human PBMCs showed that TVA decreased the percentage of both IL-2 and TNF-a
expressing Th cells induced by alloreactive stimulation (Jaudszus et al, 2012). Krogager et
al. (2015) showed that TVA had no effect on cellular proliferation of HepG2-SF cells or their
metabolism of cholesterol in comparison to EA, assessed by proteome analysis. The study
by Da Silva et al. (2017) showed that TVA at concentrations above 25 uM significantly
reduced the TNF-a induced expression of TNF-a, VCAM-1 and superoxide dismutase 2
genes in HUVECs. The same study reported that TVA induced a reduction on the gene
expression of IL-8 and TNF in HepG2 cells (Da Silva et al, 2017b). To my knowledge, there
are no studies describing the effect of TVA in static or flow adhesion assays or its effects on

cell surface expression of ICAM-1.

In terms of the mechanism of action of these FAs, it seems plausible that TLR4 and NFkB
are involved. EA induced an increased mRNA expression of TLR4 and COX-2, but had no
effect on NFkB1 relative expression. The TLR4 pathway eventually activates NFkB signalling
(see section 1.2.3.3 and 1.2.3.4, Figure 1.5), which could be related to effects on NFkB
phosphorylation or nuclear translocation; or a later (past 6 h stimulation) higher gene
expression and protein level of other NFKkB monomers. Other authors have also suggested
that EA exerts pro-inflammatory actions in HUVECs through increased TLR4 protein
expression within lipid rafts (Pan et al, 2017). Although TVA had no effect at higher

concentrations, at 1 uM it was able to reduce NFkB1 relative gene expression in TNF-a
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stimulated ECs. Additionally, under basal conditions, TVA reduced the levels of MCP-1, IL-6
and IL-8, together with a decreased gene expression of COX-2 and IL-6, which are all

consistent with decreased NFkB signalling.

The difference between the findings shown here and those of other studies can be related
to the FA concentrations and cell line used and other experimental/methodological
differences. In addition, other authors may not check the concentrations of the FAs used
periodically or even at all. While conducting the current research, it was seen that TFAs can
be unstable when stored, so not knowing precisely the FA concentration used in in vitro
studies is not a negligible factor when analysing the effects and possible outcomes in this
type of investigation. In relation to the FA concentrations used in this study, a maximum of
50 uM was considered to avoid the toxic effects found at 100 uM. It is important to consider
that most of the studies in the literature use TFA concentrations of 100 uM average,
reaching maximum values of 400 uM (Qiu et al, 2012). An important discussion in this
matter is if these concentrations are physiologically reachable and comparable to the
amount of TFA that can be incorporated into human cells and tissues through the diet.
There is limited information on this. Nevertheless, the highest TFAs levels reported in
plasma in healthy adults correspond to 88 uM for EA, 74 uM for TVA, 42 uM for CLA9,11
and 18 puM for CLA10,12 (Abdelmagid et al, 2015). To my knowledge, absolute

concentrations of these FAs in other tissues in humans have not being described.
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7.2 Comparing the effect of two CLA isomers of ruminant origin and LA

In relation to the effects of the CLAs on the production of inflammatory mediators by ECs,
CLA9,11 had neutral or anti-inflammatory effects in non-stimulated ECs, reducing the levels
of MCP-1, RANTES, IL-8 and IL-6. CLA10,12 exposure reduced the same cytokines in basal
conditions, with the exception of IL-6, which was increased. In contrast, CLA10,12 increased
the levels of ICAM-1, VEGF, RANTES and IL-6 after TNF-a stimulation. CLA9,11 had no effect

on any of the inflammatory mediators measured after inflammatory stimulation.

In terms of gene expression, both CLAs increased NFkB1 gene expression under basal
conditions, together with a reduction of PPAR-a, COX-2 and IL-6 relative gene expression.
These effects may be considered contradictory, although, given that both CLAs reduced the
levels of the pro-inflammatory mediators measured under basal conditions, it could be
speculated that the higher gene expression of NFkB1 did not translate into higher

expression of its protein or its activity.

Instead, both CLAs decreased the mRNA appearance of NFkB1 after TNF-a stimulation
when used at 1 uM, but only CLA9,11 maintained this downregulation at 10 uM. CLA10,12
induced increased levels of VEGF, RANTES and IL-6, had no effect on THP-1 adhesion while
decreasing significantly the % of cells expressing ICAM-1 and also levels of ICAM-1
expression per cell when used at 10 uM. These findings suggest that CLA10,12 has a
complex modulatory role in the inflammatory response of ECs, probably through different

and maybe opposing mechanisms.

In the case of CLA9,11, most of the results are consistent with anti-inflammatory effects.
Even though this isomer did not produce any significant changes in ICAM-1 cell surface
expression, it did reduce the adhesion of THP-1 cells to the EA.hy926 cell monolayer at both
concentrations used, which could play a protective role against the development of
atherosclerosis. The reduction in monocyte adhesion without an effect on ICAM-1 suggests

that CLA9,11 might affect other adhesion molecules not studied here.

Differential effects of CLA isomers have also been reported by others. In healthy
postmenopausal women supplementation with CLA10,12 caused higher plasma levels of

CRP, fibrinogen, and plasminogen activator inhibitor-1 (PAI-1) and of a urine marker of lipid
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peroxidation, compared to CLA9,11 and the olive oil, although, plasma levels of IL-6,
sVCAM-1, sICAM-1, MCP-1, and TNF-a were not different between the groups (Tholstrup
et al, 2008). Other studies have also reported increased CRP after CLA10,12 or CLA mix
supplementation, whether in obese men with metabolic syndrome (Riserus et al, 2002),

obese adults (Steck et al, 2007) or healthy adults (Smedman et al, 2005).

Nevertheless, the evidence in humans is not consistent. A supplementation study in healthy
young adults with CLA9,11 or CLA10,12 for 8 weeks showed that neither of the isomers
affected lymphocyte subpopulations, serum concentrations of CRP or ex vivo cytokine
production by PBMCs in response to different inflammatory stimuli. Only some differences
in blood lipids and in the expression of ICAM-1 on monocytes were observed (Tricon et al,
2004a; Tricon et al, 2004b). Ramakers et al. (2005) found no effects on ex vivo cytokine
production by isolated PBMCs or by PBMCs present in whole blood when stimulated with
LPS from a small sample of moderately overweight subjects at increased risk for CHD, after
daily consumption of 3 g of CLA9,11 or CLA10,12 in an enriched dairy product for 13 weeks
(Ramakers et al, 2005). Another study testing an enriched butter with CLA9,11 or CLA10,12
for 5 weeks showed increases in lipid peroxidation but no effects on plasma total-, LDL-,
and HDL-cholesterol and TAGs, or inflammatory and haemostatic risk markers, nor in

fasting insulin and glucose concentrations, in healthy young men (Raff et al, 2008).

In an animal model of ApoE”/ mice, the development of atherosclerotic lesions was
impaired by CLA9,11 supplemented diet, while the CLA10,12 showed pro-atherogenic
effects (Arbones-Mainar et al, 2006). The authors also reported that the group fed CLA9,11
had stabilized plagues with higher content of SMCs and collagen than the CLA10,12 fed
group. In the animals fed with CLA10,12 diet, the fibrous cap was replaced by an acellular
mass with higher macrophage content and activation underneath the plaques. The authors
suggested that the two isomers displayed a different capacity to repress or accelerate the

progress of atherosclerosis in that animal model (Arbones-Mainar et al, 2006).

In C57BL/6J female mice the administration of CLA10,12 by gavage at a dose of 20
mg/day for 7 days led to the upregulation of TNF-a, MCP-1 and IL-6 gene expression in
WAT without affecting their plasma levels, together with macrophage infiltration in WAT,
upregulation of SOCS3 and downregulation of PPAR-y gene expression in WAT (Poirier et
al, 2006).
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Another study, using diets enriched with a mix of CLA10,12 with LA (50/50), a mix of
CLA10,12 with CLA9,11 (50/50) or LA alone as a control in young male mice for 6 weeks,
showed that the intermediate and higher intakes of CLA10,12 reduced adiposity,

increased plasma levels of MCP-1 and IL-6 and increased liver steatosis (Shen et al, 2013).

Some in vitro studies also agree with these results. Goua et al. (2008) showed that CLA10,12
and a CLA mix reduced ICAM-1 and VCAM-1 expression, although only the CLA mix (with
CLA9, 11) used at 25 uM was able to decrease NFkB activity (by 30%) in both HUVECs and
smooth muscle cells treated with TNF-a. Another study by Stachowska et al. (2012) showed
that the incubation of monocytes from healthy donors with CLA9,11 and CLA10,12 at 100
UM for 7 days reduced the expression of the integrins VLA-4 and Mac-1. When HUVECs
were exposed to the same concentrations of the individual CLA isomers, both caused a
reduction in the surface expression of VCAM-1, but only CLA9,11 reduced ICAM-1
compared to control. The study by Poirier et al. (2006) also showed that when 3T3-L1
adipocytes were exposed to CLA10,12, this isomer induced increased nuclear localization
of the p65 subunit of NFkB, upregulation of IL-6 gene expression and secretion,

downregulation of the PPAR-y gene and protein and upregulation of SOCS3 mRNA levels.

In terms of the mechanism of action of the CLAs, it seems feasible that the NFkB pathway
is also involved, together with PPAR-a. Under basal conditions, both CLAs induced
downregulation of PPAR-a together with upregulation of NFkB gene expression, when
used at 10 uM. In contrast, in TNF-a stimulated ECs, CLA10,12 showed an opposite
pattern, tending to upregulate PPAR-a gene expression and reducing the mRNA
expression of NFkB1. It is known that PPAR-a can negatively regulate pro-inflammatory
gene expression by antagonizing the activities of other transcription factors, including
NFkB (Pontis et al, 2016). In the case of CLA9,11, changes in the adhesive properties of
ECs must also be considered given that the surface expression of ICAM-1 on ECs was not
significantly changed by the pre-incubation with this CLA isomer, but the adhesion of
monocytes decreased significantly at both concentrations used, with no changes in the
inflammatory mediators measured in the cell supernatant. This suggests that CLA9,11

might be acting on other molecules to reduce the adhesive properties of EA.hy926 cells.
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7.3 Conclusions

Overall, this study showed differential effects of the FAs tested, in terms of ruminant vs
industrialized 18-carbon TFAs, between the CLAs tested, and also some differences

between the cis and trans isomers.

The exposure of EA.hy926 cells to EA increased the levels of most of the cytokines and
adhesion molecules measured after inflammatory stimulation, having neutral or some
anti-inflammatory effects in basal conditions. These results are consistent with the
findings on gene expression. EA increased the mRNA levels of some of the inflammatory
pathway genes measured after TNF-a stimulation, having neutral effects or lowering gene
expression effects under basal conditions. In addition, EA exposure increased THP-1 cell

adhesion to the ECs, both with and without TNF-a stimulation.

In contrast, TVA caused reduced levels of the pro-inflammatory mediators under basal
conditions, which was also observed after inflammatory stimulation for some of them at
the lowest TVA concentration used, having otherwise neutral effects. TVA had very few
effects on the inflammatory pathway gene expression while causing a reduction in

monocyte adhesion and in the level of surface expression of ICAM-1.

Most of the findings described in this research show opposite effects of these two 18-
carbon TFA isomers, with the exception of the levels of pro-inflammatory mediators
under basal conditions, where both caused a reduction of MCP-1, IL-8 and IL-6 levels,
although always at the lowest concentrations used in the case of EA. This highlights a
possible differential effect of the FAs depending on the cellular environmental context

(basal vs pro-inflammatory conditions).

The cis-isomers OA and CVA usually showed neutral or mild anti-inflammatory effects.
The anti-inflammatory effects were usually observed under basal conditions. Some
differences between the effects of the cis and trans isomers were observed both with and

without TNF-a stimulation.

The CLAs showed some differential effects as well. CLA9,11 showed anti-inflammatory
effects in non-stimulated cells (MCP-1, RANTES, IL-8 and IL-6), with null effects after TNF-
o stimulation. In contrast, CLA10,12 had neutral or some anti-inflammatory effects under

basal conditions, while it increased the levels of most of the pro-inflammatory mediators
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measured after TNF-a stimulation. At the gene expression level, these two CLA isomers
had similar effects. Both of them caused downregulation of COX-2 and IL-6 gene
expression and upregulation of NFkB1 under basal conditions, and lowered gene
expression of NFkB1 after TNF-a stimulation. Additionally, both CLAs had null effect on
THP-1 adhesion in non-stimulated cells, while only CLA9,11 induced a reduction in
monocyte adhesion in TNF-a stimulated cells. Instead, CLA10,12 increased the % of cells
expressing ICAM-1 when used at 1 uM, while causing its reduction when used at 10 uM.

CLA9,11 induced null effects in terms of ICAM-1 cell surface expression.

In summary, both CLAs showed similar effects under basal conditions, acting generally in
a neutral or modest anti-inflammatory way. In contrast, after TNF-a stimulation,
CLA10,12 showed some pro-inflammatory effects, in terms of increasing the levels of
some inflammatory mediators and increasing the % of cells expressing ICAM-1 (at 1 uM),
while CLA9,11 maintained some anti-inflammatory effects (THP-1 adhesion). In a similar
way as with EA, this suggests that the EC responses to some FAs may change depending

on the presence of inflammation.

LA also showed some anti-inflammatory effects, particularly under basal conditions in
terms of levels of inflammatory mediators, with usually null effects on gene expression. LA
caused a reduction in THP-1 adhesion, both with and without TNF-a stimulation, when used
at 10 uM, acting significantly different from the CLA isomers, and producing null effects in

terms of ICAM-1 cell surface expression.

Overall, the results of this study indicate that the ruminant-derived TVA has the potential
of reducing the inflammatory response related to atherosclerosis in ECs. In contrast, EA
increased this response, which is particularly consistent after TNF-a stimulation. Similarly,
CLA10,12 induced some pro-inflammatory responses, mainly related to the induction of
higher levels of inflammatory mediators in the supernatant of TNF-a stimulated ECs.
CLA9,11 induced some anti-inflammatory effects both under basal conditions and after
TNF-a stimulation. These findings suggest differential effects induced by the TFAs tested.
The mechanisms through which these FAs influence the inflammatory response in ECs need

further exploration, although NFkB, TLR4 and PPAR-a are all likely to be involved.
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7.4 Limitations, strengths and future work

One limitation that should be considered is that the TFA stocks used were in ethanol.
Solvents such as DMSO or in this case ethanol are used to dissolve FAs in this type of
research. With every use of the master stocks, a small amount of the solvent can get
evaporated, which is the main reason why it is important to check systematically the

concentration of the FAs in the master stocks.

Other limitations are inherent with the use of an in vitro model to mimic a patho-
physiological process. Even though it will not be possible to extrapolate the observations
made in this EC model to what happens in the complexity of interactions resulting in a
health outcome (atherosclerosis) in human beings, in vitro models are useful for
understanding the mechanisms involved in the biological effects of compounds such as FAs.
In this case, HUVECs have been widely used as a model to study the inflammatory response
of the endothelium and the effects of FAs. These cells respond to inflammatory stimuli in a
very similar way to other human ECs, such as those derived from the aorta and coronary

artery (Baker et al, 2018).

On the other hand, one of the strengths of this study is the consistent checking of FA
concentrations before performing every set of experiments. The FA concentrations were
checked periodically to ensure to be working with the planned concentrations in response

to the first limitation described above.

Other strengths include the use of several, including low (physiological), concentrations of
FAs. Several studies use very high FA concentrations, which may be considered supra
physiological when comparing with the described TFA levels in human blood described in
healthy subjects (see chapter 1, section 1.1.4). In addition, the MTT test allowed the
identification of the FA concentrations that were able to induce toxicity in the EC model

used.

The confirmation that the FAs of interest were incorporated into the cells to be able to

exert a biological effect is also part of the strengths of this research.
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Additionally, different cellular processes and pathways related to inflammation were
evaluated to be able to more fully understand which mechanisms are involved in the effects

of the FAs observed in this cell model.

In relation to future work, the identification of the metabolic products of TVA and EA and
determining whether the effects observed are due to the exposure to the TFA itself or to

its metabolic products should be explored next.

Secondly, it would be interesting to measure the expression of other adhesion molecules
on the cell surface through flow cytometry. Given that the findings for ICAM-1 expression
on the surface of endothelial cells were not always consistent with the findings for
monocyte adhesion to the monolayer of ECs, it is likely that other adhesion molecules could

be involved in the effects of TFAs observed in this in vitro model.

Thirdly, it would also be interesting to examine the effects of the TFAs of interest on the
adhesive interactions of endothelial cells and monocytes under flow conditions, to more

closely mimic the blood flow in blood vessels.

Measuring the levels of the proteins in the inflammatory pathway already assessed by gene
expression using Western blotting, specifically for proteins within the NFkB and TLR4
signalling pathways should also be explored. Gene expression is controlled by several
transcription factors and can also be regulated post-transcriptionally, so it will be important
to check if the expression of mMRNA matches the levels of functional proteins in this cell
model. The surface expression of TLR4 was assessed by flow cytometry under basal
conditions and after inflammatory stimulation, but there were only few cells expressing
TLR4 on the cell surface (data not shown). A study showed that TLR4 is located and
functions intracellularly in HCAECs (Dunzendorfer et al, 2004), which may explain why it
was not possible to find it at the cell surface here and also why it would be important to

determine its protein expression levels.

Further experiments in other cell lines, animal models and clinical trials will be needed to
completely elucidate and understand the differential role of these TFAs in the regulation of

the inflammatory response, in the context of atherosclerosis.
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Future research in cell lines and in experimental animals should consider that the effects
of TFAs are dependent upon cell type/tissues, the species of TFA, their concentration and

the duration of exposure.

Another factor to consider, in animal models and clinical trials, is the food matrix where
the TFAs are found, because when a single type of TFA is tested, the effects do not always
match with those when the TFA is administered in a food matrix, as consumed normally.
It is also possible that other compounds generated in the industrial processes involved in
the production of TFAs or in the matrix of dairy products may contribute to their

detrimental or beneficial effects, respectively.

For human studies, long term randomised controlled trials, with an initial depletion
period, measuring basal and post intervention levels of the TFAs tested, with long enough
wash out periods, controlling TFA intake and the diet of the participants, with isocaloric
interventions and an adequate nutrient replacement in the control group might be
necessary to correctly identify the beneficial and detrimental effects of the different types

of TFA.

Endothelial dysfunction is a pro-inflammatory state characterized by chronic activation of
the endothelium, which leads to atherosclerosis and CVD. EA, the iTFA studied here,
showed the capability of increasing the inflammatory response of ECs, which may
contribute to the development and/or the progression of plague formation in blood
vessels. Conversely, the rTFAs TVA and CLA9,11 showed the potential to reduce
inflammation in this in vitro model. Instead, CLA10,12 showed contradictory effects in
terms of inflammation, some pro-inflammatory and some anti-inflammatory, suggesting a
complex modulatory role of this CLA isomer on ECs function and their inflammation

signalling pathways, which needs further exploration.

The findings described in this thesis generally support the contention that iTFAs can be
pro-inflammatory while the most common rTFAs found in natural food sources may be

anti-inflammatory or without effect.
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Appendix A  Reagents
Section Reagent/Material Supplier Cat. No.

Cell culture EA.hy926 ATCC CRL-2922 - Human, LGC standards CRL-2922
somatic cell hybrid, endothelial
Dulbecco’s Modified Eagle’s Medium Sigma-Aldrich D6546
(DMEM) - high glucose
Foetal bovine serum Sigma-Aldrich F7524
Penicillin/ Streptomycin/ Glutamine Sigma-Aldrich G6784
HAT Media Supplement Sigma-Aldrich H0262
Recombinant Human TNF-a, PeproTech EC 300-01A

Fatty Acids Linoleic acid Sigma-Aldrich L1012-1G
Oleic acid Sigma-Aldrich 01383-1G
Cis vaccenic acid Sigma-Aldrich V0384-100MG
Trans vaccenic acid Sigma-Aldrich V1131-100MG
Elaidic acid Sigma-Aldrich E4637-1G
Cis-9, trans-11, conjugated linoleic acid |Sigma-Aldrich 16413-50MG
Trans-10, cis-12, conjugated linoleic Cayman chemical |90145
acid company

MTT Thiazolyl Blue Tetrazolium Bromide Sigma-Aldrich M5655-

100MG

Luminex Kits |Human Magnetic Luminex Screening R&D Systems LXSAHM-06
Assay (IL-6, IL-8, RANTES, MCP-1, VEGF
and ICAM-1)

PCR ReliaPrep™ RNA Cell Miniprep System |Promega 26011
GoScript™ Reverse Transcriptase Promega A5003
Human geNorm- kit. 6 Double Dye PrimerDesign ge-DD-6-hu

Probe gene detection kits

179



Appendix A

Section Reagent/Material Supplier Cat. No.
TagMan® Gene Expression primers; Thermo Fisher 4331182
NFkB1 (Hs00765730_m1) Scientific
PPARa (Hs00947536_m1)
PPARy (Hs00234592_m1)
MCP1 (Hs00234140_m1)
B2M (Hs00187842_m1)
PTGS2 (Hs00153133_m1)
IKBKB (Hs00233287_m1)
IL-6 (Hs00985639_m1)
TLR4 (Hs00152939_m1)
NFKBIA (Hs00355671_g1)
YWHAZ (Hs01122445 _g1)
CYC1 (Hs00357717_m1)
RPL13A (Hs04194366_gl1)
TagMan® Gene Expression Master Mix | Thermo Fisher 4369016
Scientific
Static Vybrant™ Cell Adhesion Assay Kit Fisher Scientific VXV13181
adhesion
Flow Foetal bovine serum Sigma-Aldrich F7524
cytometr
v v Phosphate Buffer Saline (PBS) Sigma-Aldrich
PE-Cy™5 Mouse Anti-Human CD54 BD Biosciences 555512
PE-Cy™5 Mouse IgG1 k Isotype Control |BD Biosciences 555750
BD Cell FIX BD Biosciences 340181
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Appendix B Fatty acids concentration checking (GC)

Fatty acid concentrations (GC), diluted from the master stocks in 100% ethanol to a 100 uM
concentration in warm complete medium (according to concentration declared by the provider

company) measured in 3 different occasions.

Linoleic acid

Fatty acids (LM) A B (0
Oleic acid 82.1800 | 122.3554 | 119.5034
Cis vaccenic acid 77.5372 | 105.3105 | 100.9476
Trans vaccenic acid 85.2061 | 123.4458 | 102.6642
Elaidic acid 96.3164 94.4328 | 122.6413
Linoleic acid 79.6407 85.6124 88.8935
::ir;jugated cis-9, trans-11 Linoleic 69.5242 823354 | 59.6088
Conjugated trans-10, cis-12 96.0992 | 109.6238 | 73.2548
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Appendix C  Fatty acids composition of supplemented

DMEM (GC)

Fatty acid composition (GC) of complete culture medium (DMEM + supplements), n=3.

Fatty acid (ug/mL) | DMEM+supps | DMEM+supps | DMEM+supps | Average
A B C
16:00 5.95 5.33 4.09 5.12
16:1n-7 0.42 0.36 0.29 0.36
18:00 7.28 6.76 4.82 6.29
18:1n-9 (OA) 2.96 3.43 3.27 3.22
18:1n-9t (EA) 0.00 0.00 0.00 0.00
18:1n-7t (TVA) 0.00 0.00 0.00 0.00
18:1n-7 (CVA) 0.74 0.81 0.77 0.77
18:2n-6 0.92 0.86 0.58 0.79
18:3n-6 0.24 0.27 0.19 0.23
18:3n-3 0.08 0.06 0.05 0.06
Cis-9, trans-11
18:2n-7 (CLA9,11) 0.00 0.00 0.00 0.00
Trans-10, cis-12
18:2n-6 (CLA10,12) 0.00 0.00 0.00 0.00
20:1n-9 0.09 0.15 0.13 0.12
20:3n-6 0.50 0.89 0.31 0.57
20:4n-6 131 1.43 0.90 1.21
20:4n-3 0.04 0.05 0.03 0.04
20:5n-3 0.45 0.43 0.35 0.41
22:6n-3 0.88 1.03 0.67 0.86
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