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Abstract

A diet rich in flavonoids and phenolic acids (PAs) is inversely correlated with
chronic age-related disorders including cardiovascular disease (CVD) and
neurological disorders. A central underlying cause of these disorders is
chronic inflammation, orchestrated by a wide array of pro-inflammatory
mediators including adhesion molecules, cytokines, and chemokines. In
CVD, atherosclerosis develops, which is characterised in the early stage by
endothelial activation and transendothelial migration of monocytes and
macrophages. In neurological disorders, microglial activation takes the
centre stage. Flavonoids and PAs are thought to exert their health effects
by downregulating pro-inflammatory biomarkers and/or upregulating anti-
inflammatory mediators. Flavonoids have been extensively studied for their
effects on pro- and anti-inflammatory mediators at supraphysiological
concentrations. However, they are poorly absorbed in their native form and
instead are metabolised into PAs in the body. These PA metabolites are
more bioavailable and stay longer in the circulation. This study investigated
the anti-inflammatory effects of common PAs and related synthetic
analogues at physiological concentrations (1-10 uM) on different type of
immune cells, including monocytes, macrophages, neutrophils, and
microglial cells as well as their effect on monocyte and neutrophil
transendothelial migration.

Seven common diet-derived PA (ferulic acid (FA), isoferulic acid (IFA),

caffeic acid (CA), protocatechuic acid (PCA), vanillic acid (VA), isovanillic

acid (IVA) and 4-hydroxybenzoic acid (4HBA)), and 33 related non-dietary

derived analogues, including 7 glycinated analogues, 12 alkyl esters and 14

structurally related, non-natural PAs were investigated for their effects on
LPS-induced TNF-U in THP-1 monocytes. None of the diet-derived or

glycinated phenolic acids had any effecton TNF-U s e ¢ r e-hexybester F A
(FA-Hex-Es) and FA-propyl ester (FA-Pro-Es) dose-dependently inhibited
LPS-induced TNF-U secretion but i dnRiNAt | aviees

suggesting involvement of a post-translational mechanism. FA-Hex-Es and



FA-Pro-Es upregulated haem oxygenase-1 and NADPH quinone
oxidoreductase-1 expression, potentially via the Nrf2 pathway.

In microglial cells, three diet-derived PAs (FA, IFA and PCA) and their
synthetic esters were studied for their effects on LPS-induced TNF-U a
IL-6 secretion. None of the diet-derived PA affected secretion of either
cytokine. In contrast, FA-Hex-Es and IFA ethyl ester (IFA-Et-Es) showed a
trend inreducing TNF-U and s u p géipretsirsaadigene expression,
most likely through inhibition ofthe NF-e B si gnal |l i ng pa

In a transendothelial migration assay, the 7 diet-derived PA and 14 related
analogues were screened at 1 pM for their effects on neutrophil and
monocyte migration in response to fMLP. None of the PA inhibited
neutrophil migration. However, PCA and 3-iodobenzoic acid (3IBA)
significantly inhibited monocyte migration. The mechanism of action was
then investigated. PA did not inhibit MCP-1 secretion from HLG60-
differentiated neutrophils but 2IBA and 3IBA had a moderate inhibitory
effect on MCP-1 mediated THP-1 monocyte chemotaxis, although this did
not reach statistical significance. Higher concentrations of PA could

possibly have resulted in significant effects.

These studies suggest that diet-derived PA and their related non-esterified
analogues may have poor absorption or uptake by immune cells. Higher
concentrations may help to reveal their mechanisms of action. Synthetic
esters of FA and IFA with longer alkyl groups exert anti-inflammatory
properties in monocytes and microglial cells and could be used as potential
therapeutics or nutraceuticals with anti-inflammatory properties. Ultimately,
these findings could help future study design of new analogues of
metabolites with enhanced uptake and more immunomodulatory effects in

vitro and in vivo.
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Li st o f Abbreviati ons

24DHBA 24-Di hydr oxybenResmicydicaadi d (b
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1.1 Introduction

Flavonoids (from the Latin word, flavus, meaning yellow, their colour) and
phenolic acids are the two largest classes of plant-derived (poly)phenols
and have diverse chemical structures. In the plant kingdom they are widely
distributed and found naturally in fruits, vegetables, grains, seeds, nuts,
roots, stems, barks and flowers 2. They are plant secondary metabolites
and are considered to be non-essential for growth and development.
Nonetheless they play an important role in plant defence and survival and
fulfil many biological functions. Such functions include attracting pollinators
with their vibrant colours (yellow, red/blue)?, regulating the symbiotic
interaction between plants and microorganisms (e.g. rhizobium bacteria) 4°,
maintaining redox state in the cells as antioxidants and participating in plant
defence against abiotic (ultraviolet radiation, heat) and biotic (herbivores

and pathogens) stresses 67,

Flavonoids and phenolic acids are found in numerous plant-derived foods
in the diet including spices and herbs, nuts, seeds, olives, fruits such as
berries and citrus fruit, vegetables including onions and garlic, cocoa
products, tea, wine and other plant-derived beverages 8°. A large body of
evidence suggests that flavonoids contribute beneficially to human health
as they exert antibacterial %12 antifungal 314, antiviral *'17 and anti-
inflammatory 1820 effects. Furthermore, a surge of evidence from
epidemiological studies suggests that chronic intakes of flavonoid-rich
foods may be beneficial in delaying ageing and/or reducing the risk of
various chronic age-related disorders, including neurological disorders and
cardiovascular diseases (CVD) 21726, CVD is the leading cause of death
globally 27 and neurological disorders affects hundreds of millions of people
worldwide 28. The strain of these diseases is not just a health issue for the
individual but the burden for their families, the wider society, health systems
and the economy is tremendous 2%, Preventing and or reducing the risk of
chronic disorders by flavonoid-rich diets could be considered as a sustained

investment to human health and the economy to reduce the increasing
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health costs and burden to millions of people in the UK and worldwide. A
better understanding of the mechanisms of action of dietary flavonoids is

therefore of utmost interest to the medical and nutritional fields.

The mechanisms by which flavonoids may prevent development of chronic
disease is an ongoing debate. The general assumption is that flavonoids
exert their effect by interacting with cell signalling pathways that regulate
inflammation and oxidative stress, which play key roles in the pathogenesis
of CVD and neurological disorders 213135 Inflammation is regulated by the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-a B
signalling pathway while another transcription factor, nuclear factor
erythroid 2-related factor 2 (Nrf2), co-ordinates cell responses to oxidative
stress. NF-a Bactivation leads to pro-inflammatory signalling molecules
while Nrf2 inhibits oxidative stress and indirectly down regulates
inflammation by upregulating anti-oxidant enzymes and cytoprotective
proteins, which interfere with the NF-a B s i g paghldy iand gndirectly

reduce pro-inflammatory mediator expression 36,

Decades of research has been focused on the health effects of parent
flavonoids (the native form from plants and present in foods) in in vivo and
in vitro studies using supra-physiological concentrations. However,
although flavonoids are plentiful in vegetables and fruits, their bioavailability
as parent compounds has been scrutinised by the wider scientific
community. In addition, advances in research techniques e.g. meta-omics
approaches, have illuminated the role of gut microbiota in changing the fate
of flavonoids consumed 3¥7. Gut microbes metabolise parent flavonoids,
giving rise to small compounds which are absorbed by intestinal

enterocytes and further metabolised by phase Il enzymes in the liver 38740

Recent research suggests that flavonoid metabolites are more bioavailable
and more bioactive than their parent compounds at physiologically
achievable concentrations 1812041153 As flavonoids are modified in the body,
their metabolites are more abundant and more bioactive. Strikingly the most

common flavonoid metabolites identified in circulation are the simple
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phenolic acids such as protocatechuic acid (PCA), vanillic acid (VA), cafeic
acid (CA) and ferulic acid (FA) which are either taken as free form from food
as well as originating from the colon (colonic metabolites) as degradation
products of various major dietary flavonoids such as quercetin and
epicatechin. Together the magnitude of simple phenolic acid found in
circulation may reach far greater bioavailability. Moreover, recent evidence
suggesting that these simple phenolic acids are able to pass the blood brain
barrier (BBB) indicating the protective effect of flavonoids on preventing

neuroinflammation might be due to these simple phenolic acids 5+,

Nevertheless, it is unclear which metabolites or phenolic acids are involved
in specific health effects, for example reducing the risk of developing CVD

and neurological disorders, and several questions remain.

Which compounds are more bioactive for observed health effects? What is
the mechanism of bioactivity? Can we classify metabolites based on their
structure activity relationships? This study set out to answer those
guestions by investigating the potential effects of some of the most
bioavailable phenolic acids from the common diet to help determine their
role in combating inflammation. Furthermore, as flavonoids and phenolic
acids are diverse and so are their metabolites, we intended to explore the
chemical space occupied by the compounds, investigating their structure
activity relationships and mechanisms of action as potential nutraceuticals
or pharmaceuticals. For this purpose, we screened a large numbers of
structurally related and non-natural, commercially available phenolic acids
as well as ester analogues of these common phenolic acids to understand
if the anti-inflammatory bioactivity of naturally occurring phenolic acids can

enhance their pharmacological properties for therapeutic use.
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1.2 (Poly )phenols

(Poly)phenols are the major ubiquitous phytochemical group in nature,
found predominantly in plants as secondary metabolites as well as in
mushrooms (fungi), slime molds and bacteria 658, They are characterised
by the presence of at least one phenolic ring coupled to one or several
hydroxyl groups (Figure 1. 16). Furthermore, these compounds can have
several moieties attached, for example sugars, known as glycosides, in
addition to a range of different groups, including hydroxyl, methoxyl, methyl,
benzyl and isoprene resulting in tremendously diverse shapes and
structures 2% 30, Based on their origin (synthesis pathway), chemical
structure and biological function, (poly)phenols are currently divided into six
classes and further split into numerous sub-classes %62, The current
classification includes phenolic acids, lignans, stilbenes, non-phenolic
metabolites, other (poly)phenols and flavonoids according to the Phenol-
Explorer database %61 (Figure 1. 16). Phenol-explorer is the most complete
online database of (poly)phenols and to date, containing food composition
of more than 500 (poly)phenols (classified in 6 classes and 31 sub-classes)
in 459 foods ©°.

(Poly)phenols l
Phenolic acids Lignans Stilbenes Flavonoids Non-phenolic Other
Oj’OH HOw e ~ l’“j’OH _ metabolites polyphenols
o} () o~ OH
A S A HO_ A A OH._~., ~
O (,L b . I § [
1 ) Tyrosol
OH \v“'J“OH OH Examples: y |
Examples: Examples: Example: OH Glycine $Xamples-
Gallicacid Enterolactone Resveratrol S Vanilloylglycine yroso .
. . . 0.~ O ,f Curcumin
Vanillicacid Sesamin j L
Ferulic acid
Caffeic acid O“ oH
- _OH Anthocyanidins ﬂ/j\T

Flavanones

| B
Flavones 7 Oz~
¢ o
/5 3

5 4 OH
j’“ Flavan PY
/L:\T"O“ l \[ \Lo\ L A
HO 0. -

T/I,T o OH._~ hd
N “OH N ‘ OH O

oH © OH O O Flavanols

OH

Flavonols
Isoflavones

Figure 1. 16 Six classes of (poly)phenols with examples and six major sub-classes of
flavonoids. Adapted from Moosavi et al., 2015.
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Important to note that in the scientific, regulatory, and popular literature, the

term Apolyphenolso is widely and interc
family of phenolic compounds including those with less than one ring or no

ring. This term is in a recent review have been scrutinized and the purposed

correct nomenclature should be (poly)phenols when referringt o 6a mi xt ur
containing, or combinationofphe no |l i ¢ s a n d topmgdhasipelthatn ol s 6
phenolic compounds with one or wheme ring

referring to 6a compound containing 2 o

struciurebd

To our current knowledge, dietary flavonoids are the most abundant class
of (poly)phenols (60%), followed by phenolic acids (30%) >°. At the time of
writing this thesis, an estimation of 15000 flavonoid structures have already
been characterised % and divided into nine subclasses: chalcones,
dihydrochalcones, dihydroflavonols, isoflavonoids, flavanones, flavanols,
flavones, flavonols and anthocyanins 065, The first three sub-classes are
less abundant in the common diet and therefore only the remaining six
subclasses will be further discussed (Figure 1. 16). On the contrary,
phenolic acids encompass five subclasses: hydroxybenzoic acids,
hydroxycinnamic acids, hydroxyphenylacetic acids, hydroxyphenylpropanic
acids and hydroxyphenylpentanoic acids %6566 The first two classes are

prevalent %6 and therefore these will mainly be addressed henceforth.
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1.2.1 Chemistry and functions of flavonoids

The prevalent structure of flavonoids arises from the shikimate (C6-C3) and
acetate (C6) biosynthetic pathway 7 and is composed of a 2-phenyl-benzo-
2 p y flaman) bdckbone. The flavan core is a tricyclic (C6-C3-C6), a Cis
framework (Figure 1. 17), which consists of a heterocyclic benzopyran ring
(ring C) that merge two benzene rings (A ring and B ring), the aromatic and

phenyl constituents respectively .

C6-C3 C6

Figure 1. 17 Common structure of flavonoids based on chrome rings (A +C) and aromatic
ring (B).

The sub-classification of flavonoids is based on the differences in the
presence of a double bond in the C ring (at C2-C3 position) as well as the
oxidation level (Figure 1. 18). The variation within a sub-class is based on
the number and/or substitution (usually hydroxyl and methoxy group) of the
B-ring (Figure 1. 18) or C-ring functional groups as well as the variation in
glycosylation arrangements on both the A and B rings 6870
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Prominent B-ring functional groups*

Sub-class Common structure

dietary flavonoids R, R, R;
Cyanidin OH OH H
Anthocyanidins
Delphinidin OCH, OH H
Apigenin H OH H
Flavones
1Y Lueolin OH OH H
prs Naringenin H OH H
Flavanones ey
Y Hesperetin OH OCH; H
e Daidzein OH H H
Isoflavones REYYYY —
R &L, Genistein OH H OH
S Myricetin OH OH OH
Flavonols ”O\vf“-‘f"\j' R,
Yo Quercetin OH OH H
Flavan-3-ols 1 (+)-Catechin OH OH H
(Flavanols) e (+)-Gallocatechin OH oH  OH

Figure 1. 18 Major sub-classes of flavonoids with common structures. Figure adapted from
Manach et al, 2004. * with exception of Isoflavones (poses a C-ring functional group).

The existence of a double bond in the flavonoid core structure, combined
with a carbonyl group (C=0) stabilises electron delocalisation. Those,
combined with multiple hydrogen atoms of the aromatic groups behave as
scavenger of reactive oxygen species (ROS) and therefore function as
potent antioxidants in plants °. The core structure of flavonoids is an
aromatic chromophore (structures with selective light absorption), which
can absorb different region of visible ultraviolet (UV) light 1. Hence, the
emitted light is responsible for the distinct colour of flowers and fruits. Those
colours play an important role in plant reproduction i.e. pollination by insects
and seed dispersal by animals (in general by birds and mammals) 72.
Moreover, flavonoids play a central role in a range of vital biological
activities in plants. Such functions are important in early plant development,
acting as chemical messengers (e.g. in symbiosis and auxin regulation) 73,
defence mechanisms against a range of abiotic (excessive light irradiation,
temperature and heavy metal tolerance) 77174176 and biotic stresses

(herbivores and pathogens) 77:78,
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The role of flavonoids combating diseases in humans and animals is widely
investigated 10'20.79, Despite well-documented in vitro antioxidant activities
of flavonoids 8%84 a vast body of evidence suggests that in animals and
humans their potential for being antioxidants and free radical scavengers is
limited to the gastrointestinal tract because of their inadequate
bioavailability and metabolism 859 A widely approved alternative
assumption is that in vivo, flavonoids implement their health effects through
modulation of proteins and enzymes in the cell signalling pathways by their
metabolites 728993195 This research will be focused on flavonoid
metabolites, in particular phenolic acids and their mechanisms of action in

Vivo.

1.2.2 Chemistry and functionof phenolic acids

Dietary phenolic acids, also known as phenolcarboxylic acids, are the
second largest (poly)phenolic compounds found in the habitual diet 60.6566
and are synthesised through the shikimate pathway via phenylalanine and
tyrosine %. The most prevalent sub-classes of phenolic acids are
hydroxybenzoic and hydroxycinnamic acid (Figure 1. 19). Hydroxybenzoic
acids are derivatives of benzoic acid and bear a seven carbon atom
framework of C6-C1 structure 89798 The structural differences between
distinct compounds are based on the modification of the phenyl ring with
one or more hydroxyl or methoxy substitutes (listed in Figure 1. 19). Hence,
the most prevalent structures in the common diet include protocatechuic
acid, vanillic acid, 4-hydroxybenzoic acid (also known as p-hydroxybenzoic

acid), salicylic acid, ellagic acid, syringic acid and gallic acid 066971100,

In contrast, the derivatives of hydroxycinnamic acids have the framework of
C6-C3 structure 8% and arise from cinnamic acid. As in hydroxybenzoic
acids, differences between structures of this subclass are based on

modification of the aromatic ring.
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Function group

OH

R4

Benzoic acid derivatives

Cinnamic acid derivatives

R3=R*=OH
R2=0CH;,R3=OH
R2=0H,R®=OCH,
R3=OH
R2=R3=R¢=0OH
R'=R‘=OH
R2=R4=0OCH,,R*=0OH

Protocatechuic acid
Vanillic acid

Isovanillic acid
P-Hydroxybenzoic acid
Gallic acid

Gentisic acid

Syringic acid

Caffeic acid
Ferulic acid
Isoferulic acid
P-Coumaric acid

Sinapinic acid

Figure 1. 19 Common structures of benzoic and cinnamic acid derivatives. Figure adapted
from Barros et al., 2009 and Heleno et al., 2015.

The most common structures from habitual human diet include caffeic acid,
ferulic acid, isoferulic acid, cinnamic acid, sinapinic acid, p-coumaric acid
and p-hydroxycinnamic acid 6697799 Both hydroxybenzoic acids and
hydroxycinnamic acids are usually present in bound form such as
glycosides, amides and esters 897.99.1011103 Moreover, in addition to existing
free or bound structures from the diet, phenolic acids can also be produced
through metabolism of flavonoids by gut microbiota 52100.1041107 Thys, they

are present in higher quantities in the circulation.

Similarly to flavonoids, phenolic acids are not essential in plant growth and
development but nevertheless play an important role in plant immunity and
defence against biotic and abiotic stressors 971081110 Moreover, certain
plant species use phenolic acids such as ferulic, caffeic and p-
hydroxybenzoic acid to suppress the growth of other plant competitors

(allopathy) thereby contributing to plant colonisation and survival 11112,
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1.3 Dietary sources and intake  of flavonoids

and phenolic acids

Dietary flavonoids and phenolic acids are the most abundant (poly)phenolic
compounds from almost any product of plant origin, including fruits and fruit
products, vegetables, seeds, cereals and cereal products, seasonings, oils,
coffee, and cocoa (Table 1. 4). 1296169113114 " Moreover, plant derived
beverages including alcoholic (e.g. wine, beer, cider, liguor) and non-
alcoholic (tea and herb infusions, fruit juices, cocoa, and coffee beverages)

are also rich sources of phenolic acids and flavonoids 4.

Table 1. 4 Food classes with examples of food stuffs containing flavonoids and phenolic
acids. Data retrieved from Phenol-Explorer database, version 3.6.

Food Classes Example food stuff

berries, citrus, drupes (cherry, nectarine, apricot, plum and peach), melons,
Fruits and fruit products apple and pears, tropical fruits (banana, kiwi, mango, pineapple), dried fruits,
jams and purees

Potatoes, onions, shoot (asparagus, fennel, globe artichoke), stalk (celery), root
(carrot, radish, beetroot), peas and beans, cabbages, gourds (e.g. cucumber,

Vegetables pumpkin, squash), fruit vegetables (pepper, tomato, eggplant, olive and
avocado)
Cocoa Chocolates and cocoa powder

Cereals and cereal products Wheat, buckwheat, rye, sorghum, rice, maize, pasta, bread and breakfast

cereals
Seeds nuts (e.g. almond, peanut, walnut), flaxseed, sesame seed, poppy seed, pulses
(beans, lentils, peas), soy
Oils Olive oil, corn oil, peanut butter, rape seed, sesame seed, sunflower seed, soy
Seasonings Herbs, spices, spice blends (i.e. curry powder), soy sauce, vinegar
Alcoholic beverages Wines, beers, ciders, liquors, spirits

Coffee beverage, cocoa beverage, tea infusions, herb infusions, fruit juices,

Non-alcoholic beverages vegetable juices, soy drinks
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Among all foodstuffs, cocoa, tea, wine, and berries are exceptionally high
in phenolic acids and flavonoids, exemplified in Table 1. 5. Flavanols are
abundant in cocoa and green tea while berries, plums and grapes (red wine)
are rich in anthocyanins &4, Flavonols are found abundantly in seasonings
and vegetables such as cloves and onions and flavanones are primarily in
citrus fruits, while isoflavones are found almost exclusively in soy and soy

products 115,

Table 1. 5 Main dietary food sources with high content of phenolic acids and flavonoids.
Information derived from Phenol-Explorer, version 3. and Martin et al., 2017.

Food sources

Total (poly)phenol
content
(per 100 g or mL)

Major composition
flavonoids / phenolic acids

Prominent compound

Cocoa powder

Dark chocolate

Black
chokeberry

Strawberry

Orange (blonde)

Coffee (filter)

Red wine

Tea black
(infusion)

5624 mg

1860 mg

1752 mg

289 mg

279 mg

266 mg

215 mg

104 mg

Flavanols (>500 mg)
hydroxybenzoic acids (>45 mg)
hydroxycinnamic acid (>35 mg)

Flavanols (>230 mg)
hydroxycinnamic acid (>20 mg)

Anthocyanins (>870 mg)
Flavonols (>40)
hydroxycinnamic acid ( >140 mg)

Anthocyanins (>70 mg)
Flavanols (> 8 mg)
hydroxybenzoic acids (> 5 mg)

Flavanones ( > 40 mg)

hydroxycinnamic acid (> 210 mg)

Anthocyanins (>20 mg)
Flavanols (>40)
hydroxybenzoic acids (> 5 mg)
hydroxycinnamic acid (7 mg)

Flavanols (> 65 mg)
hydroxybenzoic acids (> 16 mg)

(-)-Epicatechin (158 mg)
Protocatechuic acid (40 mg)
caffeoyl aspartic acid (37 mg)

(-)-Epicatechin (70 mg)
Ferulic acid (24 mg)

Cyanidin 3-O-galactoside (558 mg)
Quercetin 3-O-galactoside (46 mg)
Caffeic acid (141 mg)

Pelargonidin 3-O-glucoside (47 mg)
(+)-Catechin (6 mg)
4-Hydroxybenzoic acid (7 mg)

Hesperetin (34 mg)
Naringenin (11 mg)

Caffeic acid (87 mg)
5-Caffeoylquinic acid (70 mg)

Malvidin 3-O-glucoside (10 mg)
Procyanidin dimer B3 (9 mg)
Gallic acid (4 mg)

Caffeoyl tartaric acid (3 mg)

(+)-Gallocatechin (14 mg)
5-O-Galloylquinic acid (11 mg)

Among all food stuffs, coffee, tea, and fruits (Table 1. 5) are the most
important sources of total (poly)phenols in the European and UK diet 116,
Overall, the main (poly)phenol contributors are phenolic acids and
flavonoids 7. In the UK diet, flavonoids account for nearly half of total
(poly)phenol intake. The average intake of flavonoids in Europe has been
estimated to be 428 mg/d in adults (18-64 years) which is based on food
consumption data from the European Food Safety Authority (EFSA) and
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FLAVIOLA Food Consumption Database '8, Among fourteen investigated
countries, Ireland, UK, and the Netherlands were the highest flavonoid-
consuming countries with an average of 851, 655 and 643 mg/d
respectively. In the UK diet, the main flavonoid compounds are gallated
compounds (110 mg/d), followed by epicatechin (30 mg/d), flavonols (28
mg/d) and anthocyanidins (16 mg/d).

Non-alcoholic beverages, especially tea and coffee, are the main sources
of dietary phenolic acids and flavonoids for European populations. The
average UK daily intake of total flavonoids from tea has been estimated to
be approximately 157 mg/d '8 which is more than % of total flavonoid
intake. Furthermore, the average UK diet contains 43 mg/day of flavanol
catechins, the highest concentration of all flavonoids found in the diet 118,
The most important sources of catechins include apple, cocoa and cocoa
products and tea 6. Moreover, tea is thought to be the most popular drink
after water worldwide and contains approximately 62 and 104 mg/100 mL
(poly)phenols (green tea and black tea respectively) and the majority of
these flavonoids are flavan-3-ols (flavanols), followed by flavonols and
phenolic acids acids (Table 1. 6). Based on consumption of a cup of tea
(200 mL cup, 1% tea leaves w/v), the estimated intake of total catechins is
approximately 30 and 135 mg from black tea and green tea respectively 1%°.
The relative concentrations of major flavanols from tea are catechins with (-
)-epigallocatechin 3-O-gallate the most prevalent (27 mg/100 ml) 5> and

the average daily intake is approximately 157 mg/d in the UK alone.
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Table 1. 6 Dietary sources and main content of flavonoids. Derived from Phenol-Explorer,
version 3.

Total polyphenol content Major flavonoid

Dietary sources (per100g) sub-classes Major content
6o (-)-Epigallocatechin 3-O-gallate (27 mg),
Greentea mg (-)-Epigallocatechin (20 mg), (-)-Epicatechin (8 mg)
Blacktea 104m Flavanals, (-)-Epigallocatechin 3-O-gallate (9 mg),
9 Flavonols (-)-Epicatechin 3-O-gallate (7 mg), (-)-Epigallocatechin (7 mg)
Apple [Cider], 251 (-)-Epicatechin (29 mg), Procyanidin dimer B2 (20 mg),
peeled mg (+)-Catechin (20 mg)
(-)-Epicatechin (158 mg), Procyanidin dimer B1 (112 mg),
Cocoapowder 5624 mg (+)-Catechin (108 mg)
(-)-Epicatechin (70 mg), quercetin (25 mg),
Dark chocolate 1860 mg Flavanols (+)-Catechin (20 mg)
Procyanidin dimer B1 (25.77 mg),
Peach 107mg (-)-Epicatechin (7.97 mg), (+)-Catechin (5.47 mg),
Banana 155 mi +)-Catechin (1.34 mg), (-)-Epicatechin (0.11 m
g 9 p 9
Orange 279mg Flavanones Hesperetin (33.60 mg), Naringenin (11.22 mg),
Flavones Eriodictyol (17.60 mg), Hesperetin (17,10 mg),
Lemon 60mg Luteclin (1,27 mg)
Anthocyanins, Pelargonidin 3-O-glucoside, Kaempferol 3-O-glucoside
Strawberry 289mg Flavanols, Flavonols Pelargonidin 3-O-(6"-succinyl-glucoside), (+)-Catechin

Coffee is the major source of the phenolic acids, hydroxycinnamates
including caffeic acid, ferulic acid, p-coumaric acid and sinapinic acid, 812,
These are mostly found as conjugates e.g. with tartaric or quinic acid and
referred to as chlorogenic acids 124122, Hence, high consumption of coffee
may exceed the average daily intake of phenolic acids and so is the major

dietary (poly)phenol intake for many people in UK and around the globe
116,123

Other sources of flavonoids in the UK diet include fruit and fruit products (57
mg/d), grain and grain-based products (20 mg/d), alcoholic beverages (19
mg/d) and legumes, nuts, and oilseeds (15 mg/d). The main content of
flavonoids is found on the outer layers (such as skins) of fruits, seeds and
cereals and intake of the whole food is associated with a healthy diet.
Finally, it should be noted that the content of flavonoids and phenolic acids
in food sources varies hugely depending on plant variety, ripeness, storage
time, food treatment/processing, drying, heat treatment and biotic and

abiotic stress to which the plants have been exposed .
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1.4 Metabolism and absorption

It is now well established that flavonoids are extensively metabolised upon
intake 691241129 In nature, the majority of flavonoids usually occur
conjugated to swugar moi eti es (wi-t h
glycosides or glycones. It was therefore speculated that their absorption is
limited to aglycone forms 139, underestimating their metabolism by the gut
microbiota. Upon consumption, flavonoids are metabolised through various
mechanisms depending on their structure and composition 27 and a wide
range of metabolites arise from both gut and phase Il metabolism. For this
reason, a better understanding of flavonoid metabolism is a key step toward

understanding the mechanisms of action of dietary flavonoids.

Metabolism occurs in the enterocytes lining the gastrointestinal tract, in the
lower gastrointestinal tract by the gut microbiota and further in the liver
1112131 "Flavonoids are first metabolised in the small intestinal tract (Figure
1. 20). Here, flavonoid aglycones are directly absorbed by intestinal
enterocytes, while the sugar moiety of glycones are cleaved by lactase
phloridzin hydrolase (LPH), located on the brush border, leaving the
aglycone to be directly absorbed into enterocytes 32 133, Alternatively,
glycones may be actively transported to enterocytes via the sodium-
dependent glucose transporter (SGLT1) 133 134 Upon absorption into
enterocytes, aglycones passively diffuse into the hepatic portal vein, while
the glycones may be targeted by cytosolic-b-g| ucosi des (CbG) ,
off the sugar moiety, releasing aglycones 35. Moreover, within enterocytes,
the aglycones can be further conjugated to methyl, sulphate or glucuronide
groups by phase Il enzymes, UDP-catechol-O-methyltransferase (COMT),
sulfotransferase (ST) or glucuronosyltransferase (GT). These conjugated
flavonoids are rapidly targeted by the multidrug resistance protein (MRP)

and expelled back to the intestinal lumen or into the hepatic portal vein 32
136, 127
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Figure 1. 20 Mechanisms of flavonoid absorption. LPH, lactase phloridzin hydrolase; MRP,
multidrug resistance protein; SGLT1, sodium-dependant glucose transporter; UDP-GT,
UDP-glucuronosyltransferase; SULT, sulfotransferase; COMT, catechol-O-
methyltransferase; Ch G, ebyglucossdesl Adapted from Warner, 2016 137 and
created in BioRender.com.

All metabolites that reach the hepatic portal vein are transported to the liver
where they may further undergo methylation, sulfation and/or
glucuronidation 1% 56, After this, they may be released into systemic
circulation, followed by distribution to tissues and/or targeted for rapid
excretion by the kidneys and/or through bile to re-enter the small intestinal

lumen 92,

All flavonoids that are unabsorbed or returned to the small intestine are
passed to the colon. Throughout the passage to the colon, anthocyanidin
compounds spontaneously degrade, while other flavonoids are targeted by
gut microbiota, which possess certain metabolic enzymes including
glucosidases, demethylases, decarboxylases, hydroxylases and esterases

and these give rise to small compounds upon metabolism 20 %8, |n the early

43



70s Griffiths and co-workers 40 first highlighted the importance of the gut
microbiota in flavonoid metabolism by feeding flavonoids to antibiotic-
treated or germ-free animals. Treatment with antibiotics decreased or
completely suppressed the formation of metabolites in germ-free subjects.
Three decades later, Bowey and co-workers (2003) showed that
transplanting faecal flora from healthy human subjects to germ-free rats
resulted in metabolism of flavonoids, emphasizing the importance of the gut
flora in metabolism'#! . The products of catabolism are further excreted in
faeces, and/or absorbed and transferred to the liver via the hepatic portal
vein where they are further processed and/or distributed to various tissues

and/or excreted as mentioned above.

One of the key steps in catabolism is thought to be the A-ring fission and
carbon loss from C5 to C8, released as oxaloacetate which is converted to
CO:2 and exhaled through the lungs 24 °°. However, a large proportion of
flavonoid metabolites found in the circulation have been shown to originate
from B-ring fission as phenolic metabolites 143. These metabolites include
procatechuic acid, cinnamic acid, vanillic acid, phenylpropionic acids,
phenylacetic acid, benzoic acid and caffeic acid. Other important
metabolites found in the circulation include valerolactones and glycine
conjugates 22 60162 Moreover, the majority of flavonoid metabolites found in
the circulation and urine are methylated, sulphated, glucuronidated and

glycated conjugates 19 24 27,61,

Based on the above evidence it has been theorised that the health effects
of flavonoids are more likely the result of their metabolites that are abundant
in circulation rather than their parental flavonoids, which are poorly found
in the circulation 146 92 41 Sybsequently, more recent studies, including
work from our lab, have focused on the bioactivity of phenolic metabolites
in comparison with their parental flavonoids and demonstrate that

metabolites are more bioactive than their parent compounds. 147: 19, 44, 47, 46,
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1.5 Bioavailabilit vy

The health effects of flavonoids and phenolic acids depends on the amount
consumed and their bioavailability. Bioavailability is defined as the fraction
of all compounds (including nutrient /drugs or xenobiotics), relative to dose
which is absorbed into the systemic circulation for a certain physiological
function or storage %14, The usual biometrics used for bioavailability
assessments are blood/plasma and urine %0, Several methods are used to
measure the bioavailability of nutrients, including tracer methods (e.g.
isotopes) or serum concentrations °1. Measuring serum concentration is
one of the widely used methods and considered as analogous to the
traditional pharmacokinetic measures used for drugs, such as measuring
the area under the curve (AUC) 152, AUC is a measure of the extent of a
given compound absorbed and its persistence in circulation. For measuring
plasma concentration, usually two parameters, Cmax and Tmax are used, the
maximum concentration of a given compound in plasma (Cmax) and the time

at which this concentration is highest (Tmax).

The maximal concentration (Cmax) of flavonoid metabolites found in human
plasma range between 0.09 i 0.32 uyM with a median time to reach a
maximum concentration (Tmax) ranging between 0.5 - 7h 32 66._ Rothwell et
al. (2016) hypothesized that the maximum concentration of flavonoid
metabolites in human circulation (although theoretically possible) cannot
exceed 10 uM from diet. However, Czank et al., (2013) 1%, reported that the
serum concentration of metabolites from anthocyanin range between 0.1 -
42.2 uM within 0.5 7 48 h which is 42-fold higher than previously suggested.
In this study, the research group investigated the absorption, distribution,
metabolism, and excretion (ADME) of a !3C5-labeled anthocyanin in
humans where they found that the Cmax and the Tmax Of anthocyanin
metabolites varies greatly, suggesting a much higher bioavailability of

metabolites than previously suggested.

Ottaviani et al investigated the ADME of isotope labelled [2-*4C](i)-
epicatechin in humans and reported a 95% absorption of (i )-epicatechin
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(EC) with the total Oi 48 h. 154155 |n this study 8 healthy middle-aged males
(31 + 3y, 75+ 11 kg) subjects were given 50 mL drinks containing 60 mg
(207 uM) of EC, with 300 uCi of radioactivity. Post-consumption, two peaks
were observed in both blood and plasma at 1 h and at 6 h with (Cmax) of 699
+ 65 nM and 516 + 93 nM for blood and, 1209 + 104 nM and 952 + 168 nM
for serum, respectively. Detection in blood and plasma lasted up to 36h and
72h respectively. The elimination of radioactivity was 82 + 5% in urine after
24h and 12 £ 3% in faeces, accounting for 95% bioavailability of total 2-
14C](1 )-epicatechin ingested. More interestingly, EC was converted into
more than 20 structurally related metabolites with the majority being
gamma-valerolactones accounting for 42% and 28% were hippuric and
phenolic acids. Moreover, the level of unmetabolised EC in this study was
below the detection limit suggesting the bioactivity of EC must be
exclusively due to metabolites. This is an important point for designing
intervention studies and in ex vivo studies in order to be able to use relevant

metabolites and their physiological concentrations.

An important aspect of bioavailability is the huge inter-individual variability
between human subjects. Several studies have reported a huge variability
in plasma metabolite concentration of study participants 5015, This
variability has been attributed to several factors such as genetic variation
100 age and metabotypes %6 of subjects, and variations in their gut
microbiome 53 as well as the general food matrix %° or, most likely, a
combination of all these factors. The gut microbiome has emerged as one
of the most critical factors of (poly)phenol bioavailability as well as
bioactivity '°7. Two-way interaction between gut microbiota and
(poly)phenols occur i.e. (poly)phenols may modify composition of microbial
popul at ebmtic-l i( kig r e fob gut eicrobiota through their
microbial catabolites, by acting as antimicrobial agents for specific bacterial
groups and contributing to the growth and modifying the composition of
commensal gut microbiota 7* 8 such as bifidobacterial and lactobacilli 158,
In return, the beneficial microbiome can metabolise (poly)phenols into

smaller molecules, metabolites which are more bioavailable. Flavonoids,
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together with the composition of beneficial gut microbiota has been shown
to exert a protective effect on obesity-associated pathologies through

modulation of inflammatory-related cellular events in the intestine 12 44.81,

Furthermore, intake of flavonoids can be enhanced by presence of the food
matrix. For instance, consumption of tea (flavan-3-ols) with milk, ascorbic
acid or citrus juice (lemon, lime, orange and grapefruit) can enhance parent
flavonoid bioavailability 161, This assumption is also valid for anthocyanins
e.g. anthocyanin bioavailability from common foodstuffs or from pure
compounds has been suggested to range between <0.1-2%, in contrast to
5% from wine, suggesting that other compounds from wine possibly

enhance the bioavailability of anthocyanins °2.

Other factors that affect bioavailability are different concentrations of
administered compounds, additive/synergistic effects, intake with fat and/or
fibre, micro and macronutrients, solubilisation and miscellarization, use of
antibiotics and physical activity 839.70.107.1621164 The concentration of tissue
and plasma protein bound phenolic metabolites may be higher than plasma
concentrations, contradicting previous views that storage in tissue is low &
9, This is another important point to consider when designing experiments
with metabolites. However, in our lab three studies have demonstrated that
the majority of bioactive metabolites exhibit their effects at 1-10 uM and their
effects can be seen as non-linear U-shaped °#7 which suggests that these

concentrations can be achieved via normal dietary consumption.

Frequently reported metabolites found in human and animal fluids following
dietary consumption include those from four flavonoid sub-classes:
anthocyanins (cyanidin, delphinidin, and peonidin glucosides, usually
originated from different berries and berries extracts) 414389165 22, 59, 71,
flavanones (hesperetin and naringenin glucuronides, usually originated
from citrus fruits) 4%128; flavonol (quercetin) 41166 and flavanol ((-)-
epicatechin) 41167, Furthermore, the most frequently identified metabolites
that are derived from a range of different (poly)phenols are: protocatechuic
acid, ferulic acid, caffeic acid, 4-hydroxybenzoic acid, 4-

hydroxyphenylacetic acid, gallic acid, isovanillic acid, isoferulic acid,
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hippuric acid and their sulfate, glucuronide conjugates as well as 5C-ring
fission metabolites such as 5-(hydroxyphenyl)-o-valerolactones

41,52,53,65,89,155,165

A growing body of evidence suggests that metabolites are more
bioavailable and active than their parental flavonoids at physiological
concentrations 18120:44:4547.49,51.85,168  Eor instance, our lab previously
investigated the effect of the peak signature of cyanidin-3-glucoside (C3G)
metabolites on soluble vascular adhesion molecule-1 (VCAM-1) and
interleukin-6 (IL-6) in human endothelial cells ?° and showed that the
metabolites reduced soluble VCAM-1 and IL-6 secretion contrasting their
parental compounds which did not shown any effect at the same
concentrations. This suggests that metabolites are bioactive at
physiological levels and physiological concentrations could be utilised in in

vitro studies.
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1.6 Bioactivity

It has long been understood that a diet rich in (poly)phenols is associated
with a reduced incidence of all-cause mortality 2116 and a lower risk of
developing various chronic diseases 317, including various types of cancer
231501711175 ' Type 2 diabetes (T2D) 1 12 78 cardiovascular diseases (CVD)
31.35150,1771182 " neyrological disorders (depression, Alzheimer, Parkinson,
stroke) 190.177.1831188 gnd improved cognitive function 26182190  Flavonoids
and phenolic acids have been particularly postulated to be responsible for
these health effects, with stronger evidence for beneficial effects in CVD
and neurological disorders 189, This review will focus on the impact of
flavonoids and phenolic acids on CVD and neurological disorders and the

underlying mechanisms and major signalling pathways involved.

49



1.7 Flavonoid intake and vascular diseases

1.7.1 Cardiovascular diseases

Cardiovascular disease is an umbrella term used to describe several
conditions that affect the heart and blood vessels, including coronary heart
disease (CHD) or ischemic heart disease, rheumatic heart disease, aortic
diseases, peripheral arterial disease and cerebrovascular disease 2719,
CVD is the leading cause of death worldwide, taking an estimated 17.9
million lives per year ?’. In a wider context, the burden of CVD is also an
economic challenge. Public Health England estimated the annual costs of
CVD to NHS (£ 4.7 billion, 6% of total NHS budget) and the wider economy
(£ 15.8 billion) 2°. With increased life expectancy, the cost of CVD-related

disorders is expected to grow exponentially 1°2.

The specific cause of CVD is not clear, nevertheless developing CVD
depends on several factors including high blood pressure, cholesterol,
diabetes, obesity, smoking, high alcohol consumption, physical inactivity,
and genetic susceptibility 1919, CVD can be largely prevented by leading
a healthy lifestyle 1% and adopting a diet rich in fruits and vegetables. The
benefit of a healthy diet may be due to numerous factors including vitamins,
minerals, fibre, and (poly)phenols. Furthermore, eating more fruits and
vegetables might reduce consumption of less healthy food stuffs, such as
red meat and calorie rich foods, contributing to a reduced risk of developing
CVD.

1.7. 2 Flavonoid and phenolic acid intake and CVD

Over the last few decades, researchers have attempted to link the observed
health effect of a diet rich in fruits and vegetables with consumption of
(poly)phenols, particularly flavonoids and phenolic acids. This assumption

is broadly supported by a large body of evidence from epidemiological
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studies 212331 randomized control trials (RCTs) 3235 and meta-analysis

studies 19 .

In a prospective 16 year follow up study, 34,489 postmenopausal women
(the Il owa Womends Health study) were r e
between flavonoid intake and CVD mortality. Consumption of
anthocyanidins, flavanones and certain foods rich in flavonoids was
associated with a reduced risk of mortality from coronary heart disease
(CHD), CVD and all other causes '°. Moreover, Cassidy et al (2011)
examined the association between habitual flavonoid intake and
hypertension incidence in a prospective study in both men and women.
Flavonoid consumption intake was assessed every four years over a 14-
year period in 156,957 subjects. The findings suggest an association
between reduced risk of hypertension and the highest intake of
anthocyanins, and some specific flavone and flavanol compounds *%.
Another prospective cohort study with 56,048 participants followed for 23
years noted that a moderate habitual intake of flavonoids reduced the risk
of all causes of CVD mortality and a strong association plateaued at
approximately 0.5 g/day intake 23

More recently, high intake of isoflavones was associated with a moderately
lower risk of developing CHD in healthy participants from three prospective
cohortstudies( NHS ( Nur s e s 0); withe74,241 \womé&nt betd/gen
19841 2012) and NHSII (94,233 women, between 19911 2013), and Health
Professionals Follow-Up Study (42,226 men, between 19861 2012) who

were free of CVD and cancer at baseline 22,

Cassidy and co-workers (2015) implemented another approach to examine
the associations of intake of different flavonoid classes with twelve
inflammatory biomarkers by using an inflammation score (IS) 1°8. They
studied a cross-sectional analysis of 2375 participants from the
Framingham Heart Study Offspring Cohort for their total flavonoid intake
and different classes (anthocyanins, flavonols, flavan-3-ols, flavanones,
flavones, and their polymers) by quantifying the intake from validated food

guestionnaires. They found an inverse association between high intake of
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anthocyanins and flavonol and IS, where higher intakes of anthocyanins
were associated with a reduction in all selected biomarkers and flavonols
with lower cytokine and oxidative stress biomarker concentrations. In
addition, higher intakes of flavan-3-ols and their polymers were inversely
associated with lower oxidative stress biomarkers. Other studies have
investigated specific flavonoids that could be responsible for CVD
prevention. In a prospective cohort study, Knekt et al (2002), collected the
total dietary intake histories of 10,054 Finnish females and males for one
year. After 28 years, a follow up suggested that higher intake of the
flavonols quercetin and kaempferol, and the flavanones hesperetin and
naringenin were associated with a lower mortality from ischaemic heart
disease (or CHD) and CVD 3,

Furthermore, tea and cocoa are rich in catechins and phenolic acids and
have been postulated to be responsible for the beneficial effects of these
food products in CVD. A meta-analysis of the data from 16 RCTs on systolic
blood pressure (SBP) and 15 RCTs on diastolic blood pressure (DBP) with
391 subjects demonstrated that blood pressure reduction linked to
consumption of cocoa depends on the dose of ingested catechin 1%,
Previously, Arts et al (2001) also assessed the effect of catechins on fatal
heart disease risk in 806 men aged 65-84 years over 16 years. High
consumption of catechins (mainly from chocolate, black tea and apples)
was inversely correlated with deaths from ischemic heart disease 2%,
Moreover, the effect of tea derived flavonoids on risk of myocardial
infarction was assessed in 4,807 Dutch
a period of 5.6 years. The relative risk of myocardial infarction was lower in
tea drinkers with a daily intake >375 ml compared with non-tea drinkers 2%,
Another meta-analysis based on seven prospective cohorts of 68,860 men
and 36,877 women including a total of 2087 fatal CHD event also concluded
an association between a reduced risk of CVD and high intake of flavonols
from tea, red wine and other fruits and vegetables 2°?. In another meta-

analysis, 22 prospective cohort studies were examined and an inverse
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correlation found between incremental intake of flavonoids (100 mg/day)
and decreased risk of all-cause (6%) and CVD ( 4%) mortality 169,

In contrast, other studies have found low or no associations between CVD
risk and these flavonoids. For example, a study of 38,445 women, extended
over 6.9 years, found only a weak association between CVD and a high
consumption of flavonoids from tea, apples and broccoli 2°3. A systematic
review and dose-response meta-analysis, including 27 cohort studies
reported a low inverse association between chocolate intake and CHD and
stroke %4, In another meta-analysis of nine population cohorts with 216,908
participants, including over 5249 CHD cases, there was no significant
association between CHD and the highest flavonol intake 2°°, Furthermore,
another prospective cohort study, Vogiatzoglou et al 2015 2° the Norfolk
arm of the European Prospective Investigation into Cancer and Nutrition
(EPIC-Norfolk) investigated the associations between flavan-3-ol intake
and CVD risk and mortality rate. The flavan-3-ol intake was assessed using
7-day food diaries of 24,885 (11,252 men; 13,633 women) participants
followed between 1993-1997. There was no consistent relationship
between high intake and overall reduced risk or mortality rate of CVD.

Epidemiological studies, based on food questionnaires have their own
limitations and are prone to many confounding factors including accuracy
of dietary intake measurements, for example errors in food frequency
questionnaires, recall methods and in dietary histories and large variation
in dietary sources of flavonoids between different countries 2%, In addition,
food processing, storage methods and varying environmental stress to the
plant depending on geographical location varies greatly and all of those
factors can collectively influence the (poly)phenol content of food stuffs. In
addition, a lack of suitable biomarkers 2%, bioavailability (composition of gut
microbiome and food matrix), interindividual variability 2%, (e.g. age, sex,
ethnicity, pathophysiological statues and medication 22°), life style, physical
activity and socioeconomical statues ' can also hugely affect variation

between participants and studies.
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To bypass certain obstacles, well controlled intervention trials with pure
compounds or supplements have been undertaken to examine the health
effect of flavonoids 21213, For example, Grassi et al. (2015) 2!, examined
the effect of different doses of cocoa flavonoids on several CVD biomarkers
in 20 healthy subjects aged 18-70 years, for five 1-week periods. In this
study, participants received five 1-week periods of 10 g cocoa (0, 80, 200,
500, 800 mg cocoa flavonoids/day) according to a randomised controlled,
double-blind, cross-over design. Cocoa dose-dependently improved flow
mediated dilation (FMD) and decreased pulse wave velocity (PWV) and
endothelin-1 (ET-1) also by ameliorating office- and monitored- blood
pressure (BP) 2L, Another study investigated the effect of black tea on blood
pressure in a randomised placebo-controlled double-blind 6-month parallel
trial on men and women aged 35 to 75 y, who were regular tea drinkers
where they found that long-term regular consumption of black tea resulted
in significantly lower BPs in individuals with normal to high-normal range
BPs 22, Moreover, Dower et al. (2015) 2%3, examined the effect of pure
epicatechin and quercetin supplementation on cardiometabolic health and
vascular function in healthy men and women aged 40i 80 years in a
randomised, double placebo-controlled, crossover trial in a four week
intervention. Quercetin-3-glucoside supplementation did not affect CVD risk
factors and had no effect on insulin, while epicatechin improved fasting
plasma insulin and insulin resistance, but did not significantly affect flow-
mediated dilation. They concluded that epicatechin but not quercetin might
be responsible for the cardioprotective effects of cocoa and tea by

improving insulin resistance.

In a double-blind RCT study, long-term blueberry consumption improved

cardiometabolic biomarkers in participants with high risk CVD by 12-15%

32 During a6-monthintervention,1 15 over wei ght 2®kg/md bes e

participants, aged 50-7 5 y w i3t metab@ic-syndrome (MetS)
components (incl. hypertension, hypertriglyceridemia, impaired fasting
glucose, low levels of HDL cholesterol or central adiposity) were randomly

assigned (n=37, 39, 39) to consume a product equivalent to a daily 1 cup
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or ¥ cup of blueberries (freeze-dried) or placebo treatment, containing 879,
439, and 0 mg phenolic acids and 364, 182 or 0 mg of anthocyanins
respectively. A dose-dependent significant increase in total concentration
of anthocyanin-derived phenolic acid metabolites in serum and 24 h-urine
was observed. A daily intake of 1 cup blueberry significantly improved and
sustained endothelial function, systemic arterial stiffness, lipid statues, and

underlying NO bioactivity, and lowered cGMP levels.

In another double-crossover RCT, wild blueberries (150 mg) and purified
anthocyanins (160 mg) dose-dependently improved endothelial function (as
FMD and SBP) in comparison to control drinks with vitamins, minerals or
fiore in 60 healthy humans 2. Furthermore, 63 plasma anthocyanin
metabolites were quantified with a majority of cinnamic and benzoic acid
derivatives. Of these plasma metabolites, 14 and 21 correlated with acute
and chronic flow-mediated dilation improvements, respectively and
intracardiac injection of these metabolites also improved flow-mediated
dilation in mice. Moreover, daily blueberry intake led to differential
expression of 608 genes involved in cell differentiation, immune response,
cell adhesion and migration, suggesting that anthocyanin metabolites are
major mediators of vascular bioactivity via changes in cellular and gene

response 46,

However, although exact dietary intake can be better quantified, these trials
also have limitations, and the results are not consistent with findings from
epidemiological studies. Several factors can affect intervention trials with
supplements, including the food matrix, inter-individual variability and
additive/synergistic effects of other bioactives from diet 3% 214, Furthermore,
the health state of participants may be an important contributor to the
outcome, i.e. the effect of phenolic acids or flavonoids on overall
cardiovascular health might be more visible in individuals at higher risk (e.qg.
smokers and high alcohol consumers) of CVD 212332195215 |n conclusion,
the relationship between CVD and high intake of flavonoids is still not fully

convincing and more robust studies are needed which may aspire to include
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more accurate flavonoid content of different type of foods and sufficient
standardised materials and well-matched controls used in RCTs 3°.

In addition, an alternative approach to investigate the relationship between
CVD and flavonoids is to focus on the molecular level and study the
mechanisms of action of dietary bioactives in relation to the underlying
mechanisms of CVD.

1.7. 3 Inflammation and CVD

Inflammation is the primary defence mechanism of the body against
damage caused by internal and external factors. In general, it triggers a
cascade of mediators resulting in cell, tissue, and systemic responses to
eliminate pathogens or injurious agents and remove the damaged tissue to
allow the body to heal. Chronic inflammation occurs when the inflammation
Is unresolved and leads to long-term damage. Inflammation is a central
underlying component in the pathogenesis of several chronic age-related
diseases, including atherosclerosis 2!, which is thought to be the single

most important contributor to CVD development 217,

1.7. 4 Atherosclerosis initiation and progression

Atherosclerosis is defined as a progressive disease characterised by the
accumulation of lipids and fibrous debris in the large arteries ultimately
leading to thrombotic complications at the end stage 2. The normal
process of atherosclerosis starts with activation of endothelial cells in
response to multiple factors, including infectious agents, circulating
inflammatory cytokines (for example, tumor necrosis factor-U ( TUNF,
interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), reactive
oxygen species (ROS), autoantibodies and traditional risk factors e.g. high
plasma cholesterol, high glucose and smoking particles 2171223, All of these

factors directly or indirectly activate the endothelium resulting in impaired
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vascular relaxation, increased leukocyte adhesion, increased endothelial
permeability and formation of pro-thrombotic state 22°.

Upon activation, endothelial cells express various selective adhesion
molecules on their surface to bind various types of leukocytes. These
include L-, P- and E-selectins (SEL), intercellular adhesion molecules
(ICAMs), platelet endothelial cellular adhesion molecules (PECAMs) and
vascular cell adhesion molecule-1 (VCAM-1) 2?4, which is one of the key
molecules that mediates monocyte adhesion to the endothelial cells.
VCAM-1 and ICAM-1 can also be cleaved from the cell surface by
proteolytic enzymes (e.g. matrix metalloproteases (MMPs)) and released
into the circulation as soluble forms (e.g. sVCAM-1, sICAM-1, sSEL) where
they mediate recruitment of lymphocytes, monocytes and neutrophils to the
activated endothelial cells 2247226, |CAM-1 deficiency reduces
atherosclerotic lesions in double-knockout mice (ApoE(-/-)/ICAM-1(-/-)) %%/,
emphasising the importance of regulation of adhesion molecules.
Collectively, sSEL, sICAM-1 and sVCAM-1 are important plasma
biomarkers for endothelial dysfunction to predict future death from CVD and
have been extensively investigated as target molecules of flavonoids 105 106,

In the last decade, evidence suggests that some flavonoids and metabolites
exert potential health effects in CVD by decreasing the expression of SEL,
ICAM-1 and VCAM-1 and their soluble forms 66 107. 108 Qur lab has
previously demonstrated that commonly consumed parent flavonoids inhibit
VCAM-1 secretion in CD40L-stimulated HUVECs (human umbilical vein
endothelial cells). In this study, 0.1-10 uM cyanidin-3-glucoside (C3G)
reduced VCAM-1 protein expression . Furthermore, orientin and
isoorientin (40 uM) down-regulate ICAM-1, VCAM-1 and E-selectin mRNA
and protein expression in LPS-induced HUVECs 232, Apigenin (25 uM)
down-regulated ICAM1 and VCAML1 gene expression in LPS-stimulated

mouse J774A.1 macrophages 231

Moreover, flavonoids and their gut metabolites decrease ICAM and VCAM
expression and the adhesion of monocytes to HUVECSs. Previous research

from our lab has used physiologically achievable concentrations of six
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parent flavonoids and fourteen conjugated metabolites/unconjugated
phenolic acid metabolites to investigate the effect on protein and mRNA
expression of ICAM-1 and VCAM-1 in HUVECs in response to TNF-U .

all 20 compounds, protocatechuic acid (PCA) (1-100 puM), PCA -3-O-
sulphate (PCA3S) and isovanillic acid (IVA) (10-100 uM), PCA-4-O-
sulphate (PCA4S) and IVA-3-glucoside (IVA3G) (100 puM) reduced sVCAM-
1 protein expression and no significant effect on VCAM-1 mRNA expression
was observed #’. These results were consistent with previous findings from
our lab where PCA, PCA-4-O-sulfate (PCA4S), phloroglucinaldehyde
(PGA), IVA, ferulic acid (FA) and vanillic acid (VA) at 0.1-10 pM reduced
VCAM-1 secretion in CD40L-stimulated HUVECs 8. Furthermore, PCA has
been reported to inhibit monocyte adhesion to MAECs (mouse aortic
endothelial cells) at 20-40 uM and attenuate TNF-U-stimulated VCAM-1 and

ICAM-1 expression 233,

Others have reported that flavonoid (i )-epicatechin (EC) and its metabolites
(EC-48ul fat e (-&gethdl-EC, ( 4 @ ME-CH-D-gludui@nide

( EC7 G)O;ymetdylkEC-7-b-D-g|l ucur oni de (46MEC7G))

concentrations (0.2-2 uM) significantly reduced U937 monocyte (U937)
adhesion to HUVECs 5! Furthermore, the anthocyanins C3G, C-3-
galactoside (C3Gal), C-3-arababinoside (C3Arab), delphinidin 3-O-
glucoside (D3G), peonidin 3-O-glucoside (P3G) and their metabolites PCA,
VA, FA and hippuric acid (HA) at physiologically-relevant concentrations
(0.1-2 uM) decreased the adhesion of monocytes (THP-1) to HUVECs. A
trend toward decreased ICAM-1 VCAM-1 and SEL expression was
observed “4¢. There was no change in gene expression with these
metabolites. Hence, these anthocyanins and their metabolites may have

other cellular targets to reduce monocyte adhesion to endothelial cells.

In  conclusion both conjugated and unconjugated metabolites at
physiologically relevant concentrations reduce the adhesion of monocytes
and the secretion of sSEL, sICAM-1 and sVCAM-1 in endothelial cells.
Since there was no significant effect on mRNA expression at physiological

concentrations, this indicates that the mechanism of action is likely to be
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post-transcriptional. One of the post-translational regulators of ICAM-1 and
VCAM-1 is MMP-9, which cleaves these molecules from the cell surface,

releasing them into the circulation 234,

In all stages of atherosclerosis, inflammation plays a key role and is
orchestrated by a range of pro-inflammatory mediators including cytokines
which are divided into several classes e.g. interleukins (IL), chemokines and
interferons (IFN) and TNF-U 222,

All cytokines and adhesion molecules are tightly controlled by various
intracellular signalling proteins. One of the major regulators of pro-
inflammatory cytokine and adhesion molecule expression is the
transcription factor NF-eB (nuclear factor kappa-light-chain-enhancer of
activated B cells), Section 1.9.1 describes in more detail the key regulators
in vascular inflammation and summarises the impact of flavonoids on these
regulators. NF-aB activity is counter regulated by Nrf2 (nuclear factor
erythroid 2-related factor 2), a central transcription factor upregulating anti-
inflammatory and detoxifying enzymes. Nrf2 is described in more detail in
section 1.10.1.
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1.8 Flavonoid intake and neuro logical

disorders

Neurological disorders encompass a broad range of diseases affecting the
central and peripheral nervous systems including depression, Alzheimerd s
disease (AD) and other dementias, Parkinson& disease (PD), multiple
sclerosis (MS) and cerebrovascular diseases (stroke, brain ischemia,
migraine, and other headache disorders).

Worldwide, hundreds of millions of people are affected by neurological
disorders 2 and the sum of burden to the individual, their families and
carers, the wider society, health systems and the economy are tremendous.
People with these conditions have the lowest health-related quality of life of
any chronic disorders and an increased trend in deaths accounting 39%
compared to 6% decrease in all-cause of deaths since 2001 3°. Moreover,

35% deaths associated with neurological disorder are premature.

The causes of many neurological disorders are largely unknown but the
neurological symptoms occur as a result of injury, infection or an immune

response 28,

Consumption of flavonoid-rich food, especially berries, tea, and chocolate
has been linked to a reduced risk of cerebrovascular diseases i.e. stroke
and ischemia, AD, depression, and improved cognitive functions. This
assumption is greatly supported by evidence from epidemiological studies,

RTCs and meta-data analyses.

Cerebrovascular disease

Knekt (2002) 3! investigated the total dietary intake of flavonoids of 10,054
Danish men and women by assessing their dietary history. A lower
incidence of cerebrovascular disease was associated with higher
kaempferol, naringenin, and hesperetin intakes 3. Dark chocolate is rich in
cocoa flavonoids and a systematic review and dose-response meta-

analysis revealed a small inverse association of increasing dose of
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chocolate consumption (10 g/day daily increase) with reduced risk of stroke
204 In a prospective cohort of Swedish men, high dark chocolate
consumption was associated with lower risk of stroke 23°. Chocolate
consumption of 37,103 participants was assessed based on a food-
frequency questionnaire. Over 10.2 years, 1,995 total stroke incidents were
recorded. The relative risk of stroke comparing the highest chocolate intake
(median 62.9 g/wk) with the lowest quartile (median 0 g/wk) was 0.83 (95
% confidence interval [CI] 0.701 0.99). Furthermore, they conducted a meta-
analysis of five studies, with 4,260 stroke cases and the overall relative risk
of stroke for highest vs lowest category of chocolate intake was 0.81 (95 %
Cl 0.7310.90) suggesting that moderate flavonoid-rich chocolate
consumption may lower the risk of stroke. In another large prospective
cohort study of Japanese men (38,182) and women (46,415), aged 44-76
y, a strong inverse association between chocolate consumption and risk of

developing stroke was found only in women 23,

Neurodegenerative disorders - AD & PD

In the Framingham Offspring Cohort study, long-term flavonoid intake was
associated with lower risk of developing AD and related dementias in US
adults 24, In this study 2801 participants (mean baseline age = 59.1 y; 52%
females) were followed. Over 19 years, 193 AD-related dementias (ADRD)
occurred of which 158 AD were registered. Participants with the highest
(>60™ percentile) intake of anthocyanins, flavonols, and flavonoid polymers
had a lower risk of ADRD relative to lower intake (<15" percentile). In
particular, higher intake of anthocyanins and flavonols was associated with

lower risk of AD.

Habitual intake of specific flavonoids has also been linked to a reduced risk
of developing PD 2%, In a study of combining cohorts of 80,336 women from
the NHS and 49,218 men in the Health Professional Follow-up Study, the
association of high intake of flavonoids from tea, berries, apples, red wine,
and oranges/orange juice with the PD risk was examined. During 20-22

years of follow-up 805 (438 men and 367 women) participants developed
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PD. No significant association was found in women while in men,
participants in the highest quintile of total flavonoids had a 40% lower PD
risk than those in the lowest quintile (hazard ratio [HR] = 0.60; 95% CI 0.43,
0.83; p = 0.001). Further analysis showed a significant association of

anthocyanin and berry intake with lower risk of PD.

Cognitive function

Several human intervention studies have attempted to link a flavonoid-rich
diet, especially berries, to improved cognitive function 26:189.190.238 A
crossover RCT study evaluated the effects of a mixture of berries on
cognitive function during a 5-wk intervention. 40 healthy subjects between
501 70 years old (10 males, 30 females) were given daily either a mixed
berry beverage (150 g blueberries, 50 g strawberry, 50 g elderberry, 50 g
lingonberries, 50 g blackcurrant and 100 g tomatoes) or a control beverage
and were subjected to cognitive tests including selective attention,
psychomotor reaction time, and working memory capacity *°. High intake
of the berry mixture, rich in (poly)phenols, enhanced working memory
relative to the control supplement but no effect was observed on selective

attention or psychomotor reaction.

Dodd et al. %6 also examined the acute effect of blueberry consumption on
the cognitive function of healthy older adults. In this RCT study, 18 healthy
participants (8 men, 10, women), aged 60-75 years were randomly
assigned to drink either a flavonoid-rich blueberry beverage (579 mg antho-
and pro-cyanidins) or a placebo drink (a sugar matched control) on one visit
and vice versa. Cognitive function was measured at baseline, 2 and 5 h
post-consumption as well as blood pressure (BP), arterial stiffness and
plasma-brain-derived neurotrophic factors (BDNF), measured at baseline
and at 1-hour post-consumption. Relative to placebo, the blueberry drink
significantly improved cognitive function at both post-intervention time-
points and lowered systolic BP and decreased BDNF plasma concentration,

suggesting that a single dose of flavonoid rich blueberry drink may improve
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cerebrovascular function and positive interactions with cell signalling

molecules involved in cognitive processes.

More evidence comes from a 12-wk intervention study (a randomised,
placebo-controlled cross-over trial) where concord grape juice (CGJ)
(containing 777 mg total (poly)phenols) improved cognitive function in 25
healthy mothers (aged 40-50 y) of preteen children. At baseline of 6-12 wk,
mood, attention, executive function, and verbal and spatial memory were
assessed. Relative to placebo, CGJ intake resulted in significant
improvements in immediate and spatial memory and driving performance
of participants, suggesting that long-term consumption of flavonoid-rich
grape juice is not beneficial exclusively to adults with impaired mild cognitive

function 189,

Depression

The relationship between flavonoid intake and depression is unclear.
However, a limited number of studies have investigated the association
between berry intake and depression in the young and adults 185186 A
prospective cohort study followed 82,643 women without a previous history
of depression at baseline from the NHS (aged 5371 80 y] and the NHSII
(aged 361 55 y) cohorts and calculated their total intake of flavonoids and
subclasses (anthocyanin, procyanidins, flavonols, flavan-3-ols, flavones,
flavanones and polymeric flavonoids) from food-frequency questionnaires,
collected every 2-4 y. Physician- or clinician-diagnosed depression or
antidepressant use was self-reported in response to periodic questionnaires
and taken as criteria of depression. In total 10,752 depression incidences
occurred during follow-up. An inverse association was observed between
depression and flavonol, flavone and flavanone intake. In the NHS cohort,
a 9-12% lower depression risk was observed with total flavonoids,
proanthocyanidin and polymers intakes. Older women (O  Bv&th higher
intake of all flavonoid subclasses (except flavon-3-ol) had a significant lower

risk of depression and strongest associations were observed with flavones
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and procyanidins . These findings suggest that higher flavonoid intakes
may be inversely associated with lower risk of depression, especially in

older women.

In a double-blind, placebo-controlled RCT with two parallel studies, acute
wild blueberry (WBB) consumption was positively associated with mood in
young children and young adults 8. This study looked at the effect of
blueberry drink 2h post consumption on impaired executive function (EF),
which is linked to cognitive processes (e.g., rumination) that maintain low
mood and depression. In one study 21 young adults (aged 18-21)
consumed a blueberry drink (30 g freeze-dried WBB containing 253 mg
anthocyanins dissolved in 30 mL orange squash and 220 mL water) or a
matched placebo drink in a counterbalanced cross-over design. In another
parallel study, 50 children (aged 7-10) were randomly assigned to a
blueberry drink or a matched placebo. Mood was assessed using the
Positive and Negative Affect Schedule at baseline and 2 h post-
consumption of the drinks. In both studies, relative to placebo control, the

blueberry intervention increased positive effects on mood.

From these studies, the plant compounds responsible for these improved
effects on neurological function are unclear but likely are at least partly due
to flavonoids and their metabolites since the foods chosen for these studies
were rich in flavonoids and curcumin, quercetin, kaempferol, cyanidin,
luteolin, catechin, epicatechin (EC), epigallocatechin (EGC) and
epigallocatechin gallate (EGCG) and gallic acid (GA) have been reported to
be beneficial in prevention of AD, PD, and depression 23°. Since
neuroinflammation plays a major role in the pathogenesis of these disorders
and flavonoids inhibit inflammation, the mechanism of action of flavonoids
in these disorders is likely due to their interaction with signalling molecules

that regulate inflammation.
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1.8.1  Neuroinflammation and microgli al cell

activation

Neuroinflammation is characterised as the inflammatory response within
the brain or spinal cord and is mediated by reactive oxygen species (ROS),
secondary messengers, cytokines and chemokines 2%, The
neuroinflammatory  response  consequently affects  biochemical,
psychological, immune, and physiological response of the brain and body.
However, there are different degrees of neuroinflammation with positive and
negative aspects. Transient low-level inflammation has positive effects on
neurological tissue including tissue repair, neuroprotection, enhanced
plasticity, and reorganisation of host priorities. However, high-transient, and
chronic low-to high-inflammation has negative effects including neuronal

damage, cognitive impairment, reduced plasticity, anxiety, and depression.

The central nervous system (CNS) comprises several different types of cells
including neurons, oligodendrocytes (communicating between neurons),
pericytes (surrounding endothelial cells), astrocytes (communicating
between neurons and blood vessels) and microglial cells (Figure 1. 21).
Astrocytes and microglial cells are mainly involved in maintaining
homeostasis of the CNS and in repairing brain injury 241, Neuroinflammation
is a major contributor to both age-related 242243 and age-independent
neurological disorders. The neuroinflammatory mediators are mainly
produced by the microglial cells, astrocytes, endothelial cells, and

peripherally derived immune cells in the CNS.

In age-dependent AD and PD 2437245 and in age-independent diseases such
as stroke 2%6, neuroinflammation plays a central role and is initiated by

chronic microglial activation.
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Figure 1. 21 The major cell types in the CNS. Microglial cells (resident macrophage-like
cells, constantly monitoring microenvironment for damage to repair), oligodendrocytes
(communicating between neurons), pericytes (surrounding endothelial cells), astrocytes
(communicating between neurons and endothelia cells). BBB, blood brain barrier. Created
in BioRender.com.

Microglial cells are myeloid lineage cells 24, arising from the yolk sac during
development 247248 and act as residential macrophage-like immune cells in
the CNS, representing 10% of the adult brain cell population. In contrast to
other brain cells (neurons, astrocytes, oligodendrocytes), microglial cells
are capable of rapid regeneration and repopulation from residual microglia
after acute depletion 24°. They are involved in early brain development and
later acquire a key role in the regulation of neuroinflammation and play a

central role in neurological dysfunction and disease 2°°.

Resting microglial cells constantly survey the brain environment and
become activated upon signals from surrounding cells (Figure 1. 22).
Depending on the signal, they either become pro-inflammatory (classical-

activation, or M1 state) or anti-inflammatory (non-classical activation, or M2
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state). Microglial cells acquire the M1 phenotype in response to IFN-2 , -G M
CSF or LPS, and M2 phenotype by IL-4 and IL-10 245, Classical activation
leads to activation of transcription factors (TF) suchas NF-a B, ,8FAT1
and STATS5 leading to secretion of pro-inflammatory cytokines (TNF-U IL-
1 b ,-6,IL412) and chemokines CCL2 and CXCL10 245, In turn, alternative
activation leads to Nrf2, STAT3 and STAT6 TF activation and subsequent

upregulation of several genes including IL-10 and TGF-b 245

resting microglia

classical alternative
activation activation

(LPS, IFN-y, GM-CSF) (IL-4, IL-10)

M1: pro-inflammatory M1: anti-inflammatory

M2:F

/

Figure 1. 22 Schematic overview of microglial activation. Resting microglial cells become
activated by LPS, IFN-o , -G3F (classical activation) or by IL-4, IL-10 (alternative
activation), resulting in M1 (pro-inflammatory) or M2 state (anti-inflammatory) respectively.
Adapted from Subramaniam et al., 2017 and created in BioRender.com.

-
-

*

e.g. TNF-a, IL-1B, IL-6,

MCP-1, CXCL10 e.g. TGF-g,1L-10

The role of microglial cells in neuroinflammation 2°° and neurodegenerative
diseases has become increasingly evident 243244250 Although classically
activated microglia are essential for primary immune responses in the brain,
when the response becomes chronic, the resulting neuroinflammation
damages the CNS tissue. Hence, diet derived natural compounds

(nutraceuticals) with the potential to affect microglial activation are
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promising candidates for promoting anti-inflammatory responses or
inhibiting neuroinflammation and neurodegenerative conditions. Although
high intake of flavonoids has been linked to a reduced risk of developing
neurological disorders, their uptake and role in the brain remains elusive.
Cell based assays are promising methods to discover the cellular

mechanisms of flavonoids on microglial cells.

68



1.9 Mechanism of chronic inflammation and

inflammatory biomarkers

As previously discussed, chronic low-grade inflammation is the main
underlying mechanism of cardio- and cerebro-vascular diseases and is
orchestrated by a range of pro-inflammatory signalling molecules. Here,
some of the main inflammatory biomarkers including TNF-U, -6 MCP-1

and their master regulator, the transcription factor NF-aB will be discussed.

1.9.1NF - B

NF-oB is a master regulator of inflammation, controlling the transcription of
more than 200 genes that are involved in cellular survival (e.g., cFLIP,
BcIXL, SOD) 25t and inflammation 252 (e.g. adhesion molecules, cytokines,
chemokines, and matrix metalloproteinases). Hence, the activation of NF-
aB has been associated with many chronic inflammatory diseases such as
atherosclerosis 2'¢, rheumatoid arthritis (RA) 2°3, inflammatory bowel

disease (IBD) %>* and cerebrovascular diseases 2°°.

NF-oB is activated in response to various stimuli through either a classical
(canonical) pathway or an alternative pathway 2°¢ (Figure 1. 23 ) In the
classical pathway, it is activated by cytokines (e.g. TNF-U o 1) ot UPS
(lipopolysaccharide) that binds to TLRs (toll like receptors), the antigen
receptors TCR/BCR, RANK (receptor activator NF-aB) or lymphocyte
coreceptors, CD30/CD40 257, Activation of the alternative pathway occurs
through activation ofcertan TNF r eceptors e. g. CD40, L E
receptor) and the BAFF receptor 2°7. NF-aB is a family with five members,
p65 (RelA), RelB, p50, p52 and c-Rel, which exist as dimers 252258 and their
activation depends on either the canonical or non-canonical pathway. For
example, the canonical pathway induced by TNF-U o 1 uslally activates
RelA (p65)-containing dimers, whereas the non-canonical pathway usually

activates RelB. which then translocate into nucleus 2°°. NF-aB is
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sequestered in the cytosol by 18B (inhibitor of kappa-B). This complex is
phosphorylatedby i1t s upstream kinase, Il KK (1 aB

The IKK kinase complex, known as the core regulatory element of the NF-
aB signalling pathway, can be activated by various upstream kinases thus

plays a central role in the activation of NF-aB. The IKK kinase complex

consists of two regulatory kinases, | KK
| KKo2/ NE MB essadtial modulator) (Figure1.23). The | KKb subun
regul ates the activation of the | 8B com

t he JIsubkhit) activates the alternative NF-a B p at #°w dpon
phosphoryl ati on | @B i s ubiquitinated
degradation, thereby releasingthe NF-e B het er odi mer to ente
259 where it initiates transcription of numerous genes including adhesion

molecules (ICAM, VCAM, selectins), cytokines (TNF-U, -11 W/ -B),andl L
chemokines (MCP-1, MIP-1, CXCL12) 22,

Numerous flavonoids and their metabolites have been reported to inhibit

NFeB activation either directly or via
reported that rutin, luteolin, catechin, EGCG (epigallocatechin 3-O-gallate)

andquerceti n (20 OM) stabilised | siBdumkgr ada't
THP-1 cells and consequently prevented NF-ae B p65 transl ocati
nucleus 259, In addition, quercetin (15-60 uM) and apigenin (6.25-25 uM)

both inhibited NF-e B bi ndi ng t-imdud@dmacrophagels PS5,

Moreover, C3G (cyanidin 3-O-glucoside) prevented NF-a Bp65 nuclear

transl ocation-Ubyhiosipihlir ty ilinadced®MNB26407 L P S
cells at 25 uM 262, Mounting evidence also suggests that phenolic acids,

including protocatechuic acid 1% 120 vanillic acid 253, ferulic acid 32 1511153

caffeic acid and chlorogenic acid %% prevent NF-e B acti vation t I
reducing the pro-inflammatory mediators TNF-U , -116L,  -1@QAdMCAM-

1 in RAW264 macrophages, RASMC, intestinal epithelial cells and

HUVECs.
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Figure 1. 23 The NF-8B signalling pathway. IL, Interleukin-1; LPS, lipopolysaccharide; TLR,

Toll-like receptor; CD40L, Cluster of differentiation ligand 40; TNFR, TNF-U r ecept or ;

MyD88, Myeloid differentiation primary response gene 88; IRAK, Interleukin-1 receptor-
associated kinase; TRADD, TNFR associated death domain; RIP1, receptor interacting
protein 1; TRAF2, 3, 6, TNFR a sastivated linase d;
NIK, NF-a Binducing kinase; PI3K, phosphoinositide 3-k i na s e ; I KK, |
inhibitor of kappa B; NF-e B, nuc | e a r -lightalain-enhanteaopagti®ated B cells.
Created in BioRender.com.

However, not all studies have shown an inhibitory effect on the NF-oB
signalling pathway. Recent studies from our lab and by others have
provided evidence for post-translational regulation of cytokines and
adhesion molecules by metabolites 1°4647. For example, quercetin at
physiological concentration (10 uM), does not inhibit LPS-induced NF-aB
activation in THP-1 cells °. In some studies, metabolites of flavonoids have
increased NF-aB activation. For example, 20-40 uM C3G increased NF-aB
nuclear translocation in TNF-U-induced HUVECs 2% In addition,
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epicatechin increased NF-aB (p65) nuclear translocation in HepG2 cells at
a physiological concentration of 10 uM, suggesting that flavonoids may
have different mechanisms of action in different cell types and at different
concentrations and further studies are required with physiologically

achievable levels of metabolites.

1.9.2 TNF -A

TNF-U plays a central role in innate and :
differentiation, migration, apoptosis, and survival 251270271 |n response to

infection or in chronic inflammatory disorders, TNF-U  thesprimary cytokine

to be released and a potent activator of the subsequent cascade of

cytokines, chemokines, and proteases. Hence, control and regulation of

TNF-U i s hi ghl y aitherapeutidvi@wpoint &nd lmsrbeen widely

investigated as a potential therapeutic target 259272, Currently on the market,

there are 25 approved TNF-U bl ocker s that inhibits or
of TNF-U273, Five of these blockers are recombinant monoclonal antibodies

including infliximab, adalimumab, golimumab certolizumab and etanercept

that neutralises the TNF-U act i vi ty. These blthecker s
European Medicines Agency (EMA) and Food and Drug Administration

(FDA) for the treatment of RA, Ankylosing spondylitis, psoriasis, psoriatic

arthritis, juvenile idiopathic arthritis, ulcerative colitis and Crohn 6 s di seas e
273, However, those drugs have several limitations, including loss of

response in 30-50% of patients or various side effects, including an

increased risk of serious infections 273.274,

TNF-U is pr oduc e ge dboells mcludingdnenurre aelis such as
monocytes, macrophages, resident macrophages including microglial
cells?%®, mast cells 27, T and B lymphocytes 276 and natural killer cells (NK)
21T and non-immune cells (fibroblasts and osteoclasts, smooth and cardiac
muscle cells and endothelial cells) 272276 in response to various stimuli e.g.
LPS, ILs, CD40L, TNF-U i t ex4DLf macrophage colony-stimulating
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factor (M-CSF) and granulocyte-monocyte colony-stimulating factor (GM-
CSF) 252,275,277,278_

TNF-U is tightly regulated by various mec
stages i.e. gene transcription, mRNA turnover, translation and secretion
253,219 At the transcriptional level, TNF-U gene expression i s
chromatin modification, co-regulators, and a network of various
transcription factors including NF-kB, Egr-1, AP-1 and NFAT (nuclear factor

of activated T cells) 252:280,

At the post-translational level TNF-U mRNA i s regul ated b
mechanisms, including ARE-binding proteins 281:282 micro RNA (miRNA)

253 and p38 MAPK 282283 The first control checkpoint is ARE (Adenosine

and Uridine-rich element) 281282 g destabilisation element is located at the

36 untransl ated r2 gonwoling @NF-Ut rmeRiNSAc rfi oprt si t
stability, transport (from nucleus to cytoplasm) and mediating initiation of its

translation 225, Thus, mRNAs with this element are not stable and have a

short life. Another important mechanism at the post-transcriptional level is

the regulation by micro RNA (miRNA) which can either trigger translational

activation or suppression of mMRNA 283, For TNF-U mRNA i nhi bi ti on,
mMiRNA have been identified e.g. miR-369-3p, miR-16, miR-125b and miR-

155 253, miR-125b directly targets TNF-U mRNA and decr ease
transcription. In contrast, miR-155 enhances TNF-U tr ans | ati on by
interfering with the transcripts of several upstream proteins, including

FADD, ,&nd RIBK1 that are involved in LPS signalling pathways 286,

Interestingly, neutrophil microvesicles have recently been reported to

mediate atherosclerosis by delivering miR-155 to atheroprone endothelial

cells 287,

Following post-transcriptional modification, TNF-U i s transl ated i
kDa pro-TNF-U  atradsported to the cell membrane. The extracellular part
of TNF-U ¢ a n eabed byaumerous proteases such as MMPs (1-3, 7, 9,
12, 14, and 17, ADAML17). A disintegrin and metalloprotease 17 (ADAM-
17), alsocalled TNF-U converting enzymmwy(TNRELCE) i s
sheddase. TACE cleaves the membrane-bound TNF-U i n response
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stimulation with various molecules e.g. reactive oxygen species (ROS) 253,
Cleavage by TACE produces a 17 kDa soluble form, which circulates in the
serum. TACE has a broad range of substrates including the adhesion
molecules L-SEL, ICAM-1, VCAM-1 and the receptors IL-6R, EPCR and
TNFR 288289 Cleavage of the TNF-U and IL-6 receptors results in their
soluble forms, which can act as decoy receptors to neutralise the bioactivity

of these pro-inflammatory cytokines.

As a master regulator of chronic inflammation, TNF-U has been frequently
investigated in flavonoid and phenolic acid studies. Chang et al., (2013) 261

reported that quercetin (30 uM) inhibits LPS (100 ng/mL)-induced TNF-U

and IL-1 bgene and protein expression via IKK, Akt and JNK signalling

pathways in murine macrophages (RAW264.7). In high-glucose-induced

THP-1 cells, quercetin, catechin, rutin, luteolin and EGCG at 20 uM inhibit

TNF-U secr ep6bdfaBvipat hway by | BEGCSt abi |l i
has also been reported by others to attenuate TNF-U e x p r at€5%10M® n

UM but has no effect at 6.25-12.5 uM in LPS-(250 ng/mL)-induced HREC

(Human Retinal Endothelial cells) 2%,

Although at supraphysiological concentrations these flavonoids have been
shown to be active, they show either no or a low effect at physiological
levels (0.2-10 pM). For instance, orientin reduced TNF-U | gmoedrately

at 5-10 yM and at 20-40 pM together with isoorientin dose-dependently
markedly reduced levels 232, Our lab has previously investigated the effects

of anthocyanins and their metabolites at 1 pM on TNF-U, -11bL anl® | L
secretion in LPS-stimulated THP-1 cells. Metabolites showed more
bioactivity at physiological concentrations than their parent compounds °,
however the effect was protein specific. No effect on TNF-U mRNA | evel s
was seen, suggesting that the regulatory mechanism of action might be
post-translational, possibly involving TACE 1°. Moreover, the flavonoids

rutin, orientin, and isoorientin have been reported to inhibit TACE

expression and activity 232291,
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193 TNF-A receptor TNFR1 & TNFR2

Under physiological conditions, both the soluble form and membrane-bound
TNF-U assemble as homo-trimers and bind to the extracellular domain of
either of two typesof TNF-U r ecept or s ( T N3Rdlowadby
trimerisation of the receptor (Figure 1. 24). The membrane-bound form
activates both TNFR1 and TNFR2. Conversely, the soluble form almost
exclusively activates TNFR1 2% and is assumed to be the most active form
253,294 suggesting that controlling the soluble ligand is important for
controlling its role in inflammation. Various cell types ubiquitously express
TNFR1, which is mainly involved in pro-inflammatory and apoptotic
pathways that are associated with tissue injury 271, In contrast, TNFR2 has
been shown to be involved in cell signalling that promotes angiogenesis and
tissue repair 2% and is expressed at low levels and only on specific cell
types, including immune cells, endothelial cells, cardiac myocytes, and
selective subtypes of neurons (microglia, astrocytes, oligodendrocytes)
259,293,295 Although both receptors play different roles, there is cross-talk
between them, facilitated by TRAF2, allowing the two receptors to interact
and modulate e a ¢ h o dighadlimg pathways 2%, therefore it is important

to understand the signalling pathways of both receptors.

Upon TNF-U remticn, TNFRL1 is activated and via its intracellular death
domain (DD) recruits the core adaptor protein TRADD (TNFR associated
death domain), which assembles with RIP1 (receptor interacting protein 1),
TRAF-2 (TNFR associated factor 2), clAP1 and clAP2 (inhibitor of
apoptosis protein 1 and 2) to form complex | (Figure 1. 24 ) 25°, This initial
complex transduces the signal further to activate several pathways
including NF-a B a n @ral &imase pathways including JNK, p38, ERK
(extracellular signal-related kinase) and PI3K (phosphoinositide 3-kinase)

pathways, leading to pro-inflammatory gene transcription 2922%,

In contrast to TNFR1, TNFR2 does not include a death domain and is only
activated by membrane-bound TNF-U 259, Activation of TNFR2 leads to
recruitment of TRAF2 which recruits TRAF1 and clAP1/2. This complex

TNFR?Z

activatesNF-a B by at |l east three different p a
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activation of the IKK complex, TRAF3/NIK-me di at ed | KKU phosph
and activation or the PI3K/Akt (Akt also known as PKB, Protein kinase B)
signalling pathway. Furthermore, this complex can activate non-apoptotic
signalling through p38 MAPK and the MEKK1/IJNKK1/JNK signalling

pathways 29,

membrane TNFa

TIlo

@ — @
APK ERK1 /2 l
S

\_/

\ \ activation of
o @ pro-inflammatory genes
@ ST QL

Figure 1. 24 The TNF-Usignalling pathway. TNFR1/TNFR2, TNF-U r ecept or -1/ 2; NI
8 Binducing kinase; TRADD, TNFR associated death domain; RIP1, receptor interacting

protein 1; TRAF1,2, 3, TNFR associated factor 1/2/3; PI3K, phosphoinositide 3-kinase;

JNK, c-Jun N-terminal kinases; ERK, extracellular signal-r el at ed ki nase; | KK,

| a B, i nhibitoeBpfnkalear -Bghtechkdin-enhanseaop getivated B

cells; AP1, Activator protein 1. Created in BioRender.com.
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Flavonoids may affect TNF-U a c t ia\ailargely unknown pathway.
Therefore, TINFF-U and its wupstream regulators ar
molecules as targets for flavonoids. The majority of investigated flavonoids
and their metabolitesreduce TNF-U secretion in response

including LPS, high glucose and PMA (Phorbol 12-myristate 13-acetate)
19,231,260i1 263,265,266,291_

Reports on the mechanisms by which flavonoids inhibit TNF-Usecretion are

conflicting. For example Wu et al. (2009), demonstrated that 20 puM

quercetin reduced the secretion of TNF-U and bl lin high gl uc
stimulated THP-1 cells 260 and a concomitant inhibition of p65 NF-s B

nuclear translocation through stabilise d | 8 B d e and iahdbaidniofo n

PKC, p38 and ERK1/2 MAP kinases. However, Chang et al. (2013) reported

that quercetin (at 15-60 uM) decreased TNF-U a n-l bptotein and gene

expression through suppression of Akt/JNK and NF-e B a c t ,irathart i on

than p38 and ERK, in LPS-induced RAW264.7 macrophages 262,

In studies of flavonoid metabolites, Min et al., (2010) demonstrated that 25

UM C3G and its metabolite, PCA, inhibited IL-1 b  a n d-U SEdxefion
through attenuationof p65NF-e B nucl ear byi amslbod¢ atoinowof
and inhibition of p38, ERK and JNK MAP kinases in LPS-induced
RAW264.7 cells 252, Moreover, Kim et al (2011) reported that vanillic acid at
10-100 pM reduced TNF-U a n &6 sdcretion and inhibited NF-a B
activation via | B degr adat i on ,-1 aatimation mal®PPa s e
stimulated macrophages 2%2. To conclude, flavonoids or their metabolites

may have different mechanisms of action in different cell types and/or under
different conditions (LPS vs high glucose). Further research is needed to
investigate physiological concentrations of metabolites in relevant cell types

such as human immune and endothelial cells.
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1.9.4 ThelL -1 and TLR4 signalling pathways

The IL (Interleukin) cytokine family plays a central role in inflammation and
innate immunity. This family has 11 members including IL-1 U/ 1b-2, IL-6,
IL-12, IL-15, IL-17, IL-18, and IL-33, among which the IL-1 b  alln1B

ligands and the IL-1RI receptor are well characterised. IL-1 b st i mul at e

multiple genes involved in inflammation, vasodilation and hypotension e.g.
cytokines, COX-2 (cyclooxygenase type 2), PLA2 (phospholipase A type 2),
and INOS (inducible nitric oxide synthase) involved in NO (nitric oxide)
production 2°7. Moreover, IL-1 b al so st i riudnd VGAM-1

secretion.

Usually, IL-1 b s ecr et i o nactivated thrbugh tre uLt1RI and IL-
1RAcP heterodimer that possess TIR (Toll IL-1 receptor) domains.
Receptor dimerisation recruits MyD88 (myeloid differentiation primary
response gene 88) followed by a kinase signalling cascade and gene
transcription (Figure 1.23). ThelL-1 b pr ecur sor i s tr
and further transferred into secretory lysosomes where it is cleaved by
activated caspase-1 and released into the extracellular matrix. Caspase-1
also cleaves IL-18 and IL-33 2°7. |IL-18 is an essential co-activator of IL-2,
IL-12, and IL-15, inducing IFN-o  act i vati on, whi ch
microbial infection 2%. In contrast, IL-33 has both pro-and anti-inflammatory
effects in atherosclerosis 2%. IL-17A (interleukin-17A) is a key cytokine of T
helper 17 (TH17) cells that are involved in tissue inflammatory response.

The binding of IL-17A to its receptor IL-17RA leads to activation of NF-a B
300

Interleukin members share a highly homologous cytoplasmic domain with
TLRs (toll like receptors) 2°7. TLRs are expressed on various immune cells
and are an integral part of the innate immune system by recognising
microorganism derived pathogen associated molecular patterns (PAMPS)
301 However, in the absence of infections they are involved in the response
to endogenous stimuli during tissue injury and chronic inflammation 2%,
TLRA4 is one of these receptors that plays an important role in inflammation

and is classically stimulated by the gram-negative bacterial cell wall
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component, LPS. This leads to upregulation of pro-inflammatory mediators
such as TNF-U, -110lU b6 (Fidute 1. 23) 302,

In general, TLR4 activation is facilitated by LBP (LPS binding protein),
CD14, a cell surface molecule, and MD2 (myeloid differentiation protein 2),
an adapter protein. LBP is a soluble shuttle protein that is ubiquitously
present in the serum at low levels and binds to LPS 303, Upon exposure to

bacteria, the level of LBP acutely increases in response to pro-inflammatory

cytokines such as IL-1, IL-6 and TNF-U t o enhance the i

response 3%, LBP facilitates LPS assembly with CD14, which further
facilitates the transfer of LPS to the TLR4 and MD2 receptor complex. This
complex transfers the signal either through a MyD88-dependent or
independent pathway 302, The MyD88-dependent pathway involves
recruitment of TRAF6 (TNF-receptor associated factor 6) and IRAKs (IL-1
receptor-associated kinases) (Figure 1. 23 ). This recruitment leads to
TRAF6 self-ubiquitination and oligomerisation. Ubiquitination of TRAF6
leads to recruitment of TAB1, TAB3 (transforming growth factor beta
( TFGboti vated kinase 1 aactivate®l kinaserl)do
the complex, leading to TAK1 activation which in turn initiates

phosphorylation of the IKK complex and ultimately activation of NF-a B .

TLR4 and its downstream signalling molecules have been widely
investigated as promising therapeutic targets due to their role in sepsis and
other inflammatory-mediated disorders such as ischemia/reperfusion injury
and rheumatoid arthritis 3°°. Hence, several drugs have been introduced to
inhibit TLR4 and its associated molecule MD2 146:147_ Moreover, some small
molecules with a phenolic ring have been shown to inhibit the TLR4
signalling pathway. For example, resatorvid (TAK-242), a small molecule
with two phenolic rings, selectively binds to extracellular domain of TLR4

and interferes with interactions between TLR4 and its adaptor molecule 3°7.

It seems reasonable to think that since flavonoids and their metabolites are
small molecules with phenolic rings, they may be promising anti-
inflammatory therapeutic agents. To our knowledge, only a few studies

have reported that flavonoids exert their anti-inflammatory effects by
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inhibiting pro-inflammatory receptors. The flavones orientin and isoorientin
inhibited LPS-induced TLR4 expression in HUVECs at 40 uM 232, More
recently, cyanidin inhibited IL-17A and alleviated inflammation in vivo 3%, In
this study, Liu et al (2017) used a structure-based search through computer-
aided, docking-based virtual screening for small molecules that inhibit IL-
17A. Cyanidin specifically recognized an IL-17A binding site in the IL-17A
receptor subunit and inhibited the IL-17A/IL-17RA interaction, perhaps
competing with pro-inflammatory receptor ligands or directly blocking
receptors by flavonoids and their metabolites. This process deserves more
attention and needs to be further investigated.

1.9.51L-6

IL-6 is another major cytokine with a unique pleiotropic function, being both
pro- and anti-inflammatory. It is involved in a variety of physiological events
including cell proliferation, differentiation, survival, and apoptosis 3.
Moreover, IL-6 plays key roles in the immune and haematopoietic system,
cardiovascular and nervous system, the placenta and endocrine system

and liver and bone metabolism 3097312

Dysregulation of IL-6 underlies the pathology of numerous diseases
including IBD3*, RA and Cast | e famenlslisedses’e, £¢le
311316 gand neuroinflammation 319317:318 -6 was originally identified as B-
cell differentiation factor that maturates B-cells into antibody-producing cells
in the mid-80s 3!°. Since then, IL-6 has been intently studied. IL-6 is
produced in a wide variety of tissues and cells, including immune cells (T-
and B-cells, monocytes/macrophages, and microglia), endothelial cells and
vascular smooth muscle cells, fibroblasts, liver, muscle adipocytes,
neurons, and astrocytes 3097311318 || -6 js induced in response to different
stimuli including TNF-U | F Nib-1 bGD40L, oxLDL, platelet derived growth
factor (PDGF), PAMPS such as LPS, and viral infection 309.310,316,320,321,
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IL-6 Receptor and signal transduction

In contrast to the IL-6 protein, its receptor IL-6 (IL-6R) is only expressed on
certain cells including epithelial cells and hepatocytes 322 and some immune
cells (microglia 323324, monocytes/macrophages, neutrophils and some
lymphocytes) but not on endothelial cells 32° or on other neuroglial cells 38,
In addition, IL-6R can exist as a soluble form either by alternative splicing

326 or, as previously mentioned, by enzymatic cleave of TACE 2%,

IL-6 signalling is transduced either via a classical pathway or trans-
signalling pathway 327:328, Classical signalling occurs through membrane
bound IL-6R which upregulates pro-inflammatory gene (such as ICAM,
VCAM) transcription via several pathways and is involved in acute immune
responses against pathogens. In contrast, trans-signalling only occurs by
sIL-6R that acts on cells lacking IL-6R (illustrated in Figure 1. 25).

Classical signaling trans-signalling

IL-6
0

IL-6
TACE
130
pg130 Pg
IL-6R
JAK/STAT 5 JAK/STAT
ERK : ERK
PI3K PI3K

Hepatocytes wide variety of cells (incl.

some immune cells (incl. : endothelial cells, immune
: cells, liver, muscle,

adipocytes and neurons

monocytes/macrophage,
neutrophils, microglia

Figure 1. 25 Overview of IL-6 signalling. In classical signalling binding of IL-6 to IL-6
receptor (IL-6) activates pg130 which transduce down-stream signalling via JAK/STAT
signalling in restricted cell types. Cleavage by TACE liberates IL-6R which can bind to IL-
6 and activates distal cells that lacking IL-6R. Adapted from Rothaug et al., 2016 and
created in BioRender.com.
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Trans-signalling has been reported to amplify pro-inflammatory cytokines
including MCP-1, IL-6, IL-8, and PAI-1 production in endothelial cells 325.
The slIL-6R can be detected in various bodily fluids and at sites of
inflammation. Hence trans-signalling is postulated to promote transition
from acute to chronic inflammation, and therefore plays an important role in

inflammatory disorders.

The signal transduction of both the classical and alternative pathway is
mediated by the cell surface glycoprotein 130 (gp130) 3* which interacts
with homodimers of IL-6R and IL-6, forming hexamers (2 of each of these

molecules).

The intracellular domain of gp130 has a binding site for Janus kinase (JAK),
Src homology domain 2-containing tyrosine phosphatase 1-2 (SHP1/2)
and STAT1-6 (Signal Transducer and Activator of Transcription 1-6) 309314,
JAK kinases are constitutively associated with gp130 while STAT and SHP

is recruited to the activated gp130 3,

Activation of the hexamer complex leads to transcription of inflammatory
genes via several downstream signalling pathways, including JAK/STATS3,
JAK/AKI/STAT3, JAK/PI3K/NF-a B, SHP2/ MMBPK/SNHP1/ ERK TF
and PI3K pathway, leading to the activation of inflammatory target genes.

Alternatively, IL-6 signalling can also occur via the SHP2/ERK pathway 3,

IL-6 signalling via JAK/STAT3 325 is predominantly anti-inflammatory 3¢ and
is involved in growth arrest and differentiation 3°°, In contrast, signalling via
SHP2/MAPK/NF-a B99:321 or JAK/STAT1 36 is pro-inflammatory leading to
transcription of chemokines and adhesion molecules. Moreover, STAT1
crosstalk with the STAT3 pathway via SOCs suppresses STAT3 316, hence

STAT1 plays an important role in IL-6-induced inflammation.
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IL-6 protein production is under several TFs

The human IL-6 gene promoter includes an AP-1 site, an NF-oB site, and
a multiple response element, c-fos serum-responsive element (SRE)
homolog which includes the c-fos retinoblastoma control element (RCE)
and cyclic AMP-responsive element (CREB) together with a nuclear factor
for IL-6 expression (NF-IL6, aka the CCAAT/enhancer binding protein
binding site (CEBPD), flanked by two glucocorticoid responsive elements
(GRE) and two TATA boxes (Figure 1. 26) 309:329,

As described above, NF-a B i s i nvol ved i inflammatworyscr i pt
genes, especially TNF-U,  MiCdnhd IL-6. Likewise, AP-1 is a dimeric
transcription factor consisting of c-fos and c-jun which can form
homodimers or heterodimers. Both AP-1 and SRE share a high degree of

sequence similarity and c-jun:c-jun or c-jun:c-Fos can bind to both sites 33,

NF-IL6 activation is regulated in several ways through its phosphorylation
at different sites. More importantly, NF-IL6 co-operateswithNF-e B an-d AP
1, playing a synergistic role in IL-6 gene expression 32°. Interestingly, NF-
IL6 also has an affinity to bind to the regulatory regions of several other
cytokine genes such as TNF-U,  a md3, Implying that NF-IL6 has a

wider role in the inflammatory response.

e-Fos o jumh CREB ipso? pE5 Y, ’—. r
Nev/ o pleleny ]

-557-552  -466 -461 -283 277 ! c-Fos SRE 73 -63 “

-163 158 -145

Figure 1. 26 The human IL-6 gene promoter with approximate binding sites for transcription
regulator elements and trans-regulatory factors. Adapted from Luo et al., 2016 and created
in BioRender.com.
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Several negative regulators suppress IL-6 gene expression. For example,
steroid hormones suppress gene expression via binding to GREs,
suppressing AP-1 and NF-a B a ¢ ¥°j while thg tumor suppressors p53
and retinoblastoma proteins suppress IL-6 promotor activity at the region of
-221 to +13 bp 3%,

High plasma levels of soluble IL-6 are associated with an increased CVD
risk and atherosclerosis 3! and high expression levels are also associated
with neuroinflammation 31°. Early studies reported that anthocyanins protect
vascular endothelial cells from ox-LDL-induced oxidative stress injury 332
and inhibited CD40L-induced secretion of IL-6, IL-8 and MCP-1 via TRAF2-
NF-a B333, Furthermore, anthocyanins and their metabolites including
phenolic acids inhibit IL-6 expression induced by CD40L 334 and oxLDL 18
at physiologically relevant concentrations of 0.01-10 uM in endothelial cells.
It is important to note that phenolic acids were more bioactive at lower
concentrations compared to their parent anthocyanins. Moreover, IL-6
expression was inhibited by apigenin in LPS-induced THP-1-derived and
murine macrophages via ERK1/2 23! and by orientin and isoorientin in LPS-
induced human endothelial cells via ERK1/2-NF-a B**?. Furthermore, PCA
suppressed expression of LPS-induced IL-6 via activating PPAR-0  p a't
and suppressing NF-a Bn human gingival fibroblasts 33°. A synthetic hybrid
of ferulic-acid-caffeic acid also inhibited LPS-induced IL-6 expression via
NF-eB in murilcels3hi crogl i a

1.9.6 MCP -1

Chemokines are a large family of chemoattractant small cytokines. They
are divided into four subfamilies based on the number and spacing of their
conserved cysteine (C) residues in the N-terminus of the protein and named
C, CC, CXC and CXasC 3%, Collectively, chemokines are the main players
in selective recruitment of immune cells to the site of inflammation that is

induced either by an injury or infection.
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The C-C motif chemokine ligand 2 (CCL2) also known as monocyte
chemoattractant protein 1 (MCP-1) is a potent inflammatory mediator by
triggering firm adhesion of monocytes to endothelial cells contributing to
early atherosclerotic lesions 338, MCP-1 is found in human atheroma 33°
and mice lacking MCP-1 receptor (CCR2) 340341 have fewer monocytes in
vascular lesions and are less susceptible to atherosclerosis 34!, Blocking
MCP-1 release from myeloid cells abolishes leukocyte adhesion to
atherosclerotic lesions 221.In addition, MCP-1 also regulates migration and
infiltration of natural killer (NKs), dendritic cells (DCs) and memory T cells
to the site of inflammation337:342343| thus playing a broader and key role in

innate and adaptive immunity.

MCP-1 is secreted by various cells including immune cells (peripheral blood
mononuclear cells (PBMCs), polymorphonuclear cells (PMNCs) and
microglia, astrocytes, fibroblasts, smooth muscle, mesangial, epithelial, and
endothelial cells 337:340:343.344 |t s secreted in response to a variety of stimuli,
including cytokines (TNF-U,I F NH-1, IL-4 and IL-6), growth factors,
complement factors (C3a, C5a), viral **°> and bacterial particles (LPS, fMLP)
343 a high fat diet *4, or high glucose 36, Besides being a potent chemokine
for monocytes, MCP-1 may increase cytotoxic activity of lymphocytes and
NK cells and may alter the phenotypes of vascular smooth muscle cells and

activate MAPKSs in endothelial cells 347.

MCP-1 gene transcription is regulated by three transcription factors: NF-a B,
AP-1 and SP1 348135 NF-a B(three binding sites) and AP-1 (two binding
sites) are the two main regulators, while SP1 (one binding site) is only
essential for basal transcription activity of MCP-1 345348 As in the case of
many pro-inflammatory cytokines, MCP-1 gene expression is regulated
mainly by MAPKs/AP-1 (c-jun/c-fos) or NF-aB signalling pathways 34°:346.351

Theroleofthe NF-ae B si gnal | i 8 beenpdesdussedalyovehTae
mitogen-activated protein kinases (MAPKS) are an evolutionary-conserved
family of serine/threonine kinases enzymes. Upon stimulation by mitogens
and pro-inflammatory mediators, they co-ordinate cellular responses by

protein phosphorylation and signal transduction in three main signalling
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cascades. These pathways are named after their terminal kinase: the
extracellular signal-regulated kinases 1/2 (ERK1/2), C-Jun N-terminal
kinases (JNKs), and p38 MAPKs 32, ERK-induced c-fos and JNK-induced
c-Fos are re-joined in the formation of the dimeric transcription factor AP-1.
ERK1/2 are typically activated by growth factors and mitogenic stimuli and
regulate transcription factors (c-fos) involved in cell division, proliferation,
and differentiation. Both p38 and JNK are mainly activated by oxidative
stress and inflammatory cytokines and are often called stress-activated
protein kinases and are involved in inflammation, growth/cell cycle arrest,

and cell differentiation 3°2.

MCP-1 secretion is stimuli- and cell type-dependent 34€. For instance, in
murine microglia cells, LPS-induced MCP-1 secretion is regulated via c-
jun/INK under normal glucose conditions, while under high glucose
conditions is regulated via STAT/ERK/c-jun/JNK 346, In human primary
monocytes, serine protease plasmin-induced expression of MCP-1 occurs
via activation of the p38 MAPK and (JAK)/STAT signalling pathway 3%,

MCP-1 (CCL2) induces chemotactic effects by binding to its receptor CCR2
(Figure 1. 27). Like all chemokine receptors, CCR2 is a G-coupled protein
receptor (GPCR), composed of a short extracellular N-terminus, seven
hydrophobic transmembrane domains each connected by three
extracellular and three intracellular loops, and a C-terminal intracellular
region 337, CCR2 expression is not exclusive to monocytes but is also
expressed on NKs 3%, T lymphocytes 3%, B-lymphocytes, memory CD4+ T-
cells 337 aortic smooth muscle cells 3% and neutrophils under specific

conditions 342:343,
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Figure 1. 27 Overview of the MCP-1/CCR2 signalling pathways in monocyte migration.
Created in BioRender.com.

Although the exact mechanism of MCP-1 mediated monocyte migration in
atherosclerosis is not fully understood, a few signalling pathways have been
described®#2. These include: a pertussis toxin (PT) sensitive intracellular
calcium ion (Ca?*) rise 357:3%8 inhibition of adenyl cyclase (AC) 3%8 , activation
of phospholipase C (PLC) 259, upregulation of ERK1/2 369, JNK and p38 36!
stimulation of PI3K 362 and triggering of the JAK2/STAT3 pathway
activation in a PTX-independent manner 363, However, intracellular Ca?*
rise and ERK activation have been shown to be swift and transient 358361 |
while activation of JNK and p38 was delayed and more sustained 362
suggesting a co-ordinated and involvement of multiple mechanisms in
monocyte migration. For a more directional MCP-1-mediated monocyte
migration some other mechanisms have been associated with directing

cellular compass actin polymerisation. Arp2/3 and WASP 364 were
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associated with stimulating actin polymerisation, while activation and
recruitment of iPLA.b  a n d » ctB ImAmbrane pseudopods and ER
respectively (in a Ca?* -independent way) were associated with actin

polymerisation and directing cellular movement 365,

MCP-1 plays a role in the pathogenesis of various inflammatory-related
disorders including atherosclerosis, RA, congenital heart failure and various
types of cancer 343, Several flavonoids have been shown to inhibit MCP-1
secretion including EGCG, apigenin, C3G and quercetin. ECGC (25-100
pMM) reduced LPS-induced MCP-1 secretion from human retinal endothelial
cells (HRECs) 2 and at 30, 50 uM inhibited TNF-U-mediated MCP-1
secretion in HUVECSs 3¢, Also, C3G (50 uM) reduced MCP-1 secretion in
high glucose-induced HK2 cells 367, Apigenin (10, 30 puM) inhibited LPS-
induced MCP-1 secretion from J774-2 macrophages 3. However, at
physiological concentrations (0.3-3 uM) no effect was observed and mRNA
expression was only apparent at 30 pM. Quercetin (2 and 10 uM)
attenuated MCP-1 mRNA and protein expression in TNF-U si mul at ed

human umbilical artery smooth muscle cells (HUASMC) 36°,
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1.10 Oxidative stress and anti -oxidative

biomarkers

Oxidative stress is a key underlying factor in ageing, cancer, diabetes, and
various chronic age-related disorders including CVD and neurological
disorders. Oxidative stress is defined as the imbalance between oxidants
and antioxidants in favour of oxidants, leading to a disruption of redox
signalling and control and/or molecular damage to the host 37°. Oxidants
are reactive oxygen species (ROS) and reactive nitrogen species (RNS).
ROS include free radicals, such as superoxide radicals (O2°7) and hydroxyl
radicals (HO®) as well as non-free radicals e.g. hydrogen peroxide (H20>)
and singlet oxygen (*O2). Under normal conditions, oxidative stress is
regulated through redox homeostasis to ensure normal cellular function and
cell survival. Usually, the cellular redox status is balanced by ROS inducers
and scavengers. Inducers include hypoxia, metabolic defects, oncogenes
and endoplasmic reticulum (ER) stress and inhibitors include NADPH,
glutathione, tumor suppressors, dietary antioxidants and the transcription

factor Nrf2 371,

1.10.1 Nrf2

Nrf2 (nuclear factor erythroid 2-related factor 2) plays a critical role in
maintaining oxidative homeostasis by regulating the transcription of genes
that have a detoxifying or antioxidant function within the cell 372, Moreover,
Nrf2 also controls genes that play a role in xenobiotic metabolism and drug
transport 373, Under normal conditions, like the transcription factor NF-a B ,
Nrf2 is also kept in the cytosol preventing it from entering the nucleus
(Figure 1. 28). Nrf2 has a short half-life and is continually made and
degraded. It is sequestered in the cytosol and continually targeted for
proteasomal degradation by the Keapl-CUL3-E3 ligase complex (Kelch-
like ECH-associated protein 1, and Cullin 3) 373, In response to stress, the

Nrf2/Keapl interaction is disrupted, resulting in accumulation and nuclear
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translocation of Nrf2. In the nucleus, Nrf2 heterodimerises with small Maf
proteins and binds to the ARE/EpRE (antioxidant response
element/electrophile response element). Consequently, Nrf2 promotes the
transcription of over 250 genes involved in cytoprotection. Many products
of these genes are either directly involved in ROS detoxification or indirectly
help to modify and balance intra-cellular ROS levels.

oxidative

normal
condition

Y
— S

HO-1, NQO1,
GSH, TXN

Figure 1. 28 Overview of the Nrf2 signalling pathway. Nrf2 under normal condition
sequestered in the cytoplasm by Keap1, Cul3, E3 ligase, aiding ubiquitination and targeting
Nrf2 to proteasomal degradation. Upon stress stimuli, the Keapl is degraded resulting
complex disassociation and Nrf2 release that translocate into nucleus where together with
MAF bind to promotor region of genes with ARE sequence, upregulation gene
transcription. Created in BioRender.com.

Nrf2 directly controls the transcription of key components of the glutathione
(GSH) and thioredoxin (TXN) antioxidant system by upregulating those
enzymes or enzymatic components that regulate their reduced state 374,

These include glutathione reductase (GSR), glutathione peroxidase 2
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(GPX2), several glutathione-S-transferases (GSTA1-5, GSTM1-3) 3", and
thioredoxin reductase 1 (TXNRD1) 371, Moreover, NADPH is used by these
reductases and S-transferases for electron donor and Nrf2 directly
regulates NADPH-generating enzymes as well 374 linking NADPH
production to GSH and TXN detoxifying system 371,

Indirect antioxidant gene targets include phase Il detoxification enzymes
such as NAD(P)H:quinone oxidoreductase 1 (NQO1) 3 and enzymes
regulating sequestration, such as heme oxygenase (HO-1 or HMOX1) 376,
ferritin heavy- (FTH) and light-chain (FTL) 37 .

Nrf2-mediated gene expression depends on the intensity of oxidative stress

s For exampl e, under s50 pM H2@2) eogeried at i v e
called Kruppel-like factor 9 (KIf9) is expressed, resulting in further KIf9-

dependent increases in ROS and sub-sequent cell death 378, while some

other genes including HO-1 and NOQ1 are upregulated in response low

dose (25 uM) H202, thus maintaining redox balance.

In the last two decades, substantial research has focused on the effect of
flavonoids on the Nrf2 signalling pathway. Various flavonoids are
recognised as Nrf2 activators, such as quercetin 379382 nparingenin 38,
hesperidin 384,385 EGCG 386, EGC 387, EG 388, C3G 266.269 PCA 3891391 gng
ferulic acid 264266, Among these flavonoids, quercetin is the most widely
investigated compound with various effects in monocytes, endothelial cells

and neurons.

Pharmacological activation of Nrf2 negatively regulates VCAM-1
expression in human endothelial cells and mice atherosusceptible sites 392,
Quercetin dose dependently (5-20 puM) inhibited LPS-induced adhesion
molecules ICAM-1 and E-SEL expression in human aortic endothelial cells
(HAEC) via p38-mediated Nrf2 activation and upregulation of HO-1, NQO1
and glutamate cysteine ligase (GCL) 38, Isoquercetin has been found to be
neuroprotective against cerebral ischemic stroke by reducing oxidative
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stress and neuronal apoptosis via Nrf2-mediated downregulation of the
NOX4/ROS/NF-a B signalling pat hway -induced
injury in murine neuronal cells and in rats 3%, In addition, naringenin
prevented hydroxydopamine (6-OHDA)-induced neurotoxicity in SH-SY5Y
human neuroblastoma cells and in mice via p38/JNK/Nrf2 axis by
increasing Nrf2 protein expression and its target genes HO-1, GSH and
GCL 38, Nrf2 knockdown of SH-SY5Y cells resulted in decreased HO-1,
GSH, GCL and p38/IJNK phosphorylation. Hypobaric hypoxia-induced
apoptosis and retinal impairment in rats was also down regulated by
hesperidin intake by upregulation of Nrf2/HO-1%5 and our lab has
previously shown that in THP-1 monocytes, curcumin and EGC activated
Nrf2HO-1 vi a upregul®a¥i on of PKCU

1.10.2 HO-1

HO-1 is a major regulator of immune homeostasis by mediating cross talk
between the innate and adaptive immune systems. Heme oxygenase (HO)
is a ubiquitous enzyme with three isozymes; the inducible HO-1, the
constitutive HO-2 and HO-3 3° which is a pseudogene 376:3%_ While HO-2
is constitutively expressed, HO-1 is expressed at low levels under normal
conditions but can be induced by various stimuli under stress conditions or
highly expressed during pregnancy in the placenta 3%. HO-1 has been
hypothesized to be one of the most critical cytoprotective mechanisms
activated under cellular stress conditions such as hypoxia, hyperoxia,
thermia, radiation and inflammation and induced by variety of stimuli
including by its own substrate heme, heavy metals, heat shock,

prostaglandins, endotoxins and inflammatory cytokines 396397,

HO-1 catalyses the first and rate-limiting step in heme degradation, which
produces ferrous iron (Fe?*), carbon monoxide (CO), and biliverdin which is

further reduced to bilirubin by biliverdin reductase 3°¢ (Figure 1. 29).

92

i sche



0, + NADPH NADP* + H.0

B

< @ '3 @ + biliverdin >
/ ! ROS Biliverdin
reductase
anti-inflammatory Pro-inflammatory .
cytokines e.g. — cytokines/chemokines k
IL-4,IL-10 i e.g. TN-q, IL-6, MCP

N o 'y
;

Figure 1. 29 Overview of the role of HO-1 in oxidative stress. HO-1 convert heme into CO,
ferrous iron (Fe2*) and biliverdin. Biliverdin further catalysed by biliverdin reductase and
may be re-oxidized by reducing ROS. CO supresses NF-ae B acti vati on
pro-inflammatory genes. Adapted from Ahmed et al.,, 2017 and Weaver et al., 2018.
Created in BioRender.com.

Heme is a complex of protoporphyrin IX with a central iron, an essential
molecule for the function of all living aerobic organisms and plays a
fundamental role in various biological processes including oxygen transport,
respiration, signal transduction, and drug detoxification 3%. Free heme
operates as a pro-inflammatory molecule and plays a role in the pathology
of various conditions affecting the CNS, cardiac tissue, liver, and kidneys
39 Free heme is a highly cytotoxic molecule with lipophilic properties, which
can intercalate and damage membranes and organelles (mitochondria and
nuclei) by impairing lipid bilayers and destabilising the cytoskeleton.
Moreover, heme can catalyse the formation of cytotoxic lipid peroxide via
lipid peroxidation as well as oxidation, covalent cross-linking and aggregate

formation of proteins and damages DNA through oxidative stress 3%,

The HO-1 catalytic products, bilirubin and CO are anti-inflammatory
molecules that play major roles in maintaining the protective effects of HO-

1 400401 For instance, elevated serum levels of bilirubin are inversely
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associated with atherosclerosis and metabolic syndrome 402403 Several
mechanisms have been described for the anti-inflammatory effects of

bilirubin and biliverdin. Biliverdin has been reported to activate PI3K/Akt-IL-

10 axis and inhibit TLR4 via direct binding and inhibit of IL-6 and MCP-1 404,

Bilirubin is a potent antioxidant that prevents lipid oxidation and activation

of PPAR-U, a transcri pt i o metdbalisnt*¥ andinhibigsul at i n
TNF-U a n-tl B*%. Moreover, bilirubin may be recycled back to biliverdin

by reducing ROS 401,

On the other hand, the HO-1 catalytic activity by-product ferrous iron (Fe?*)
involves in the conversion of H202 into highly unstable hydroxyl radicals
(HO%), known as the Fenton reaction. However, as discussed above, Nrf2
activation also induces the expression of FTH and FTL, the components of
the ferritin complex which oxidizes Fe?* into Fe** and incorporates it within

its structure making it unavailable for the Fenton reaction 374,

HO-1 induction is associated with protective effects against endothelial
dysfunction and atherosclerosis 4%> and against inflammation, oxidative
damage and cell death in neurons and astrocytes 4. Various flavonoids
have been reported to down-regulate inflammation and oxidative stress via
the HO-1/Nrf2 pathway, quercetin being the most frequently reported. In
ApoE'/ 'mice fed a high-fat diet, quercetin administration upregulated HO-
1 protecting them from atherosclerosis 4°°. Quercetin was further reported
to attenuate H202-induced cell damage in endothelial cells by upregulation
of HO-1 497, Quercetin also reduced LPS-induced inflammatory responses
via upregulation of HO-1 in BV2 microglia 382, Ferulic acid prevented high-
glucose induced oxidative damage to cardiomyocytes and hepatocytes by
activating Nrf2-HO-1 signalling 2%*. Moreover, ferulic acid and its parent
compound, C3G, reduced light-induced retinal oxidative stress in
pigmented rabbits by upregulating the Nrf2/HO-1 pathway 266, FA further
inhibited light-induced retinal inflammation by downregulating NF-a B

activation. Hesperidin upregulated HO-1 expression in tert-butyl
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hydroperoxide (t-BuOOH)-induced cytotoxicity in human hepatic cells via
ERK1/2-Nrf2 pathway 4. These studies demonstrate that flavonoids and
their metabolites can protect cells and tissues against oxidative stress via
HO-1 and most likely the mechanism is via a cross talk between Nrf2/HO-1

and the MAPK and NF-aB signalling pathways.

1.10.3 NQO1

NQO1 (NAD(P)H:quinone acceptor oxidoreductase) is another target gene
of Nrf2 4%, |t is a highly inducible enzyme that plays multiple roles in cellular
adaptation, redox cycling, oxidative stresses and inflammation in response
to a variety of stress elements 49410 (Figure 1. 30). NQO1 was originally
identified as a flavoenzyme that catalases two-electron reduction of
quinones and their hydroxyquinone derivatives by NADH and NADPH in
mammalian systems, protecting cells from oxidative stress, redox cycling

and neoplasia 411,

Superoxide/redox regulation Gene/protein regulation

scavenging of
superoxides

maintaining 'l /

plasma membrane
redox system

microtubules

stabilisation of ‘

PTR of mRNA

stabilisation of
proteins

regulation of —_—

NAD(P)H/NAD(P)* -// \
gatekeeper of the

2-electron reduction of 20S proteasome
quinones, quinone
imines and azo dyes

Figure 1. 30 An overview of NQO1 cellular functions.
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However, NQOL1 is now known as having multiple cytoprotective functions
including catalysing two-electron reduction of quinones, quinone imines and
azo dyes; modulation of nicotinamide nucleotide ratios (NAD+ for enzymes
PARP and sirtuins); scavenging of superoxides, and maintaining plasma
membrane redox state (by generating antioxidant forms of coenzyme
CoQ9, CoQi0 and vitamin E); stabilising of microtubules and protecting

proteins from the 20S proteasomal degradation 409412,

Evidence from genomic and proteomic studies indicates that NQO1 also

plays a role in anti-inflammatory gene regulation. A study of the mRNA

interactome identified NQO1 as a potential RNA-binding protein that is

found in ribonucleoprotein complexes 413. NQO1 also regulates serine

prot ease -l-antirypbin, AIAT (SERPINAL) translation by binding

t o i-WTR redidn #* . SERPINAL is associated with inflammatory

disorders. NQO1 was reported to inhibit TLR-induced IL-6 production via
interacting withe narcd etaar gpetoitredg ni tl aBor
degradation 3%, suggesting that NQO1 plays a potential role in post-
transcriptional and translational regulation of genes and proteins involved

in inflammation. Indeed, our group have previously shown that Nrf2-

dependent NQO1 downregulates TNF-U expression-abBia an
independent alternative pathway as well as via an NF-a Bdependent

pathway 4%, This study provided evidence that NQOL is involved in innate

immunity by downregulating LPS-induced expression of pro-inflammatory

cytokines in monocytes. LPS induced NQO1 expression while silencing

Nrf2 inhibited NQO1 expression and elevated TNF-U ahn-d bl secr et i on
When NQO1 alone, or in combination with HO-1 was silenced, LPS-induced

TNF-U andbl Levels were markedly ralsed ar
was over-expressed, LPS-induced TNF-U andl bl lexpressi on \
inhibited, suggesting a protective role of Nrf2-NQO1-HO-1 in innate

immunity by reducing excessive secretion of pro-inflammatory cytokines

during an infectious insult. Additionally, Nrf2-dependant HO-1 and NQO1

induction downregulates expression of other pro-inflammatory biomarkers

such as MCP-1 415, p38 MAPK and VCAM-1 32, These results suggest a
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crosstalk between Nrf2-dependent NQO1 and HO-1 with pro-inflammatory
cell signalling molecules and flavonoids may potentially directly or indirectly

target these interactions.
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1.11 Concluding remarksand aims

Flavonoids and phenolic acids are by far the largest (poly)phenol classes in
plant-based diets. A large body of evidence from epidemiological and
clinical studies suggest that habitual intake of food rich in flavonoids,
especially anthocyanins and phenolic acids is inversely associated with
developing CVD and neurological disorders. Chronic inflammation is the
hallmark of cardiovascular and cerebrovascular diseases and evidence
shows that the beneficial effects of flavonoids are due to their interaction

with the cell signalling molecules involved in inflammation.

The most important biomarkers of inflammation are chemokines, cytokines
and cell adhesion molecules that are regulated by the transcription factor
NF-a BFElavonoids and their metabolites act on multiple signalling pathways
to inhibit MAPKs (p38, ERK1/2, JNK), PI3K/Akt and NF-e B pat hway an.
activate Nrf2 388, 262, 389, 379, 269, 416, 266 Phenglic acids and their metabolites

may reduce chronic inflammation by altering these mediators.

The effects of parent flavonoids have been widely investigated on a wide
array of pro-inflammatory biomarkers at concentrations exceeding serum
levels despite being extensively metabolised by gut microbiota and further
by phase Il enzymes with poor bioavailability. The serum concentrations of
metabolites and phenolic acids range between 0.1 to <50 uM % and have
been shown to be bioactive at 1-10 uM concentrations in contrast to their
parent compounds'®#’. The majority of metabolites from commonly
consumed foods are those with low molecular weight including phenolic
acids and the most frequently reported phenolic acids are benzoic acid
derivatives (including protocatechuic acid, vanillic acid and isovanillic acid)
and cinnamic acid derivatives (including ferulic acid, caffeic acid and
isoferulic acid), 20184 Flavonoids and phenolic acids are diverse and so are
their metabolites and so it is important to understand their structure activity
relationships and explore the chemical space occupied by these
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compounds and investigate their mechanisms of action in order to

determine their suitability as nutraceuticals or pharmaceuticals.
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1.12 Aims  of the study

{1 Toinvestigate, in monocytic cells, the anti-inflammatory effects of the
most common phenolic acids that are found in the diet in free form
and produced by the gut microbiota.

1 To investigate structure activity relationships of these phenolic acids
by studying anti-inflammatory effects of related non-natural,
synthetic phenolic acids with nitro, amino or halogen (chloro, bromo,
iodo) groups.

1 To study the effect of common phenolic acids and their synthetic
analogues on trans-endothelial cell migration in response to
chemokines.

1 To investigate whether anti-inflammatory activity of naturally
occurring common phenolic acids can be enhanced by esterification
for their therapeutic potential as pharmaceuticals.

1 To study the anti-inflammatory mechanisms of action of the most

bioactive compounds in immune cells.
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2.1 Consumables and Chemicals

Contents and recipes of all buffers can be found in Appendix I.

2.1.1 General Consumables

T25 and T75 culture flasks, 96-well, 24-well and 48 well cell culture plates,
falcon tubes (15 mL and 50 mL) and Nunc 96-well black plates were
purchased from Thermo Fisher Scientific (Loughborough, UK) or Corning
(Amsterdam, The Netherlands). Cryogenic tubes (1.5 mL) were obtained
from Nalgene (Rochester, USA). All other consumables and plastics were

from Thermo Fisher Scientific unless stated otherwise.

2.1.2 Gene ral Chemicals & Reagents

Lipopolysaccharide (LPS) (Calbiochem® E. Coli 0111: B4) was purchased

from Merck Chemical s Ltd. Tiypdwo Blue ngham
Solution, 0.4% (Cat# 11538886) was from Fisher Scientific (Loughborough,

UK). Phorbol 12-myristate 13-acetate (PMA) (Cat# 1201) was obtained

from Tocris bio-techne (Bristol, UK), and SB203580 (Cat# S1076) was from
Selleckchem (Cambridge, UK). Bay 11-7082 (Cat# B5556), SP600125

(Cat# S5567), PD 98,059 (Cat# P215), dimethyl fumarate (DMF) (Cat#

242926), all-trans-retinoic acid (ATRA) (Cat# R2625), DAPI (Cat# D9542),
cis-5,8,11,14,17-eicosapentaenoic acid sodium salt (EPA) (Cat# E6627),
cis-4,7,10,13,16,19-docosahexaenoic acid (DHA), (Cat# D2534) dimethyl

sulfoxide (DMSO) and all other reagents and buffer components were from
Sigma-Aldrich (Poole, UK), unless stated otherwise and were molecular

biology grade. All water utilised was of Milli-Q gr ade ( 19 waterMq cm

and buffers used for cell culture were sterilised by autoclaving in-house.
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2.1.3 Phenolic Metabolites, Related Compounds and

Synthetic Analogues

3-chlorobenzoic acid was purchased from Alfa Aesar (Heysham, UK).
Benzoic acid, para-aminobenzoic acid, 2- and 3-iodobenzoic acid were
obtained from Acros Organics (Geel, Belgium). All other commercially
available compounds were purchased from Sigma Aldrich. Seven
glycinated conjugates and twelve ester analogues of metabolites (Table 2. 1)
were synthesised by the Searcey lab (Dr James Harvey and Dr Andrew

Beekman), School of Pharmacy, UEA as follows. Glycine conjugates were

prepared following synthetic proeedur es

workers 47, Briefly, once compounds were appropriately protected (phenols
and carboxylic acids with the benzyl protecting group) carboxylic acids were
treated with HATU (1 eq.), DIPEA (2 eg.) and H-Gly-OMe (1 eq.) in DMF for
4 h at room temperature (RT). Water was added and the solution extracted
with EtOAc. The organic solution was concentrated under vacuum and the
residue was dissolved in the minimum amount of methanol. 2 M LIOH was
added until the solution appeared slightly cloudy, and the mixture was
stirred at RT for 16 h. The solution was washed with EtOAc, acidified with
NH4Cl (aq) and extracted with EtOAc. The organic layer was concentrated
to provide the benzyl protected glycine conjugated. Benzyl protection was
removed with reduction 417, and compounds were purified with preparative

reverse phase HPLC.

Ester analogues were prepared in a similar manner as described above.
Appropriately protected compounds were treated with alkyl alcohols in THF
with catalytic H2SOa4 at reflux for 16 h. Water was added, and the solution
was extracted with EtOAc. After concentration protecting groups were
removed with reduction 417, and compounds were purified with preparative

reverse phase
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Table 2. 1 List of screened phenolic acids.

IUPAC Name Common Name Acronym
4-Hydroxybenzoic acid 4HBA
3,4-Dihydroxybenzoic acid Protocatechuic acid PCA
3,4-Dihydroxycinnamic acid Caffeic acid CA
3-Hydroxy-4-methoxybenzoic acid Isovanillic acid IVA
4-Hydroxy-3-methoxybenzoic acid Vanillic acid VA
3-Hydroxy-4-methoxycinnamic acid Isoferulic acid IFA
trans-4-Hydroxy-3-methoxycinnamic acid Ferulic acid FA
Benzoic acid BA
2-lodobenzoic acid 2IBA
3-lodobenzoic acid 3IBA
3-Chlorobenzoic acid 3CBA
3-Aminobenzoic acid 3ABA
3-Hydroxybenzoic acid 3HBA
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4-Aminobenzoic acid

4-Nitrobenzoic acid

4-Bromobenzoic acid
2,4-Dihydroxybenzoic acid
2,4-Dimethoxybenzoic acid
3,5-Diaminobenzoic acid
3-Chloro-4-methoxybenzoic acid
5-Chloro-2-methoxybenzoic acid
4-Hydroxybenzoic acid-Glycine
3,4-Dihydroxybenzoic acid-glycine
3,4-Dihydroxycinnamic acid-Glycine
3-Hydroxy-4-methoxybenzoic acid-glycine
4-Hydroxy-3-methoxybenzoic acid-glycine
3-Hydroxy-4-methoxycinnamic acid-glycine

4-Hydroxy-3-methoxycinnamic acid-glycine

para-aminobenzoic acid

b-resorcylic acid

3-chloro-p-anisic acid
5-chloro-o-anisic acid
4-hydroxy benzoic acid-glycine
Protocatechuic acid-glycine
Caffeic acid-glycine

Isovanillic acid-glycine

Vanillic acid-glycine

Isoferulic acid-glycine

Ferulic acid-glycine

4ABA
4ANBA
4BBA
24DHBA
24DMBA
35DABA
3C4AMBA
5C2MBA
4HBA-Gly
PCA-Gly
CA-Gly
IVA-Gly
VA-Gly
IFA-Gly

FA-Gly
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3,4-Dihydroxybenzoic acid-methyl ester
3,4-Dihydroxybenzoic acid-ethyl ester
3,4-Dihydroxybenzoic acid-isopropyl ester
3,4-Dihydroxybenzoic acid-hexyl ester
4-Hydroxy-3-methoxybenzoic acid-hexyl ester
3-hydroxy-4-methoxy cinnamic acid methyl ester
3-Hydroxy-4-methoxycinnamic acid-ethyl ester
3-hydroxy-4-methoxy cinnamic acid hexyl ester
4-Hydroxy-3-methoxycinnamic acid-methyl ester
4-Hydroxy-3-methoxycinnamic acid-ethyl ester
4-Hydroxy-3-methoxycinnamic acid-propyl ester

4-Hydroxy-3-methoxycinnamic acid-hexyl ester

IUPAC: International Union of Pure and Applied Chemistry.

Protocatechuic acid-methyl ester
Protocatechuic acid-ethyl ester
Protocatechuic acid-isopropy! ester
Protocatechuic acid-hexyl ester
Vanillic acid-hexyl ester
Isoferulic acid-methyl ester
Isoferulic acid-ethyl ester
Isoferulic acid-hexyl ester
Ferulic acid-methyl ester

Ferulic acid-ethyl ester

Ferulic acid-propyl ester

Ferulic acid-hexyl ester

PCA-Met-Es
PCA-Et-Es
PCA-iProp-Es
PCA-Hex-Es
VA-Hex-Es
IFA-Met-Es
IFA-Et-Es
IFA-Hex-Es
FA-Met-Es
FA-Et-Es
FA-Prop-Es

FA-Hex-Es
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2.2 Cell Culture

2.2.1 Cells and Reagents

THP-1 (ECACC 88081201), a human monocytic cell line derived from the
peripheral blood of a 1-year-old male with acute monocytic leukaemia 48,
and HL-60 (ECACC 98070106), a human myeloid cell line obtained from
peripheral blood leukocytes of a 36-year-old Caucasian female with acute
promyelocytic leukemia 41° were purchased from the European Collection
of Authenticated Cell Cultures (ECACC, Salisbury, UK). BV2, an
immortalized cell line originated from primary neonatal murine microglia by
immortalisation with a -raf/v-myc oncogene carrying retrovirus 4?° was from
American Type Culture Collection (ATCC) (Manassas, Virginia, USA). The
human dermal microvascular endothelial cell - 1 (HMEC-1) (CDC 98247)
obtained by transfection of dermal microvascular endothelial cells (isolated
from human foreskins) with pSVT vector containing the coding region for
transforming protein SV40 large T antigen #2* was obtained from Centers
for Disease Control (Atlanta, GA, USA). RPMI 1640 medium was obtained
from Corning, PAN Biotech (Aidenbach, (
Modified Eagle Medium (DMEM) and UltraGlutamine were from Lonza
(Benelux B.V., Verviers, Belgium). DMEM/F-12 (1:1) and L-Glutamine were
from PAA Laboratories (Pasching, Austria) or Gibco Life Technologies
(Paisley, UK). Penicillin and Streptomycin and TrypLE™ Express Enzyme
phenol red (TEE) were purchased from Gibco Life Technologies. Heat
inactivated fetal bovine serum (FBS) (South American origin) was obtained
from Gibco or Biowest (Nuaillé, France) . Dul beccods PBS (DPI

Ca?* and Mg?*) was purchased from HyClone (Thermo Fisher Scientific).
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2.2.2 Cell Culture conditions

2.2.2.1 THP -1 Cell Culture

THP-1 cells were cultured in RPMI 1640 medium supplemented with 10%
FBS,2mML-gl ut ami ne, 100 U/ mL penici.l
as previously described 4%. This composition will be referred to as RPMI
complete medium henceforth. THP-1 cells (passage 8-20) were maintained
at 37°C, 5% CO:z in a humidified atmosphere. The cells were sub-cultured
twice weekly, and a density was maintained ideally between 3 7 8 x 10°
cells/mL in T75 flasks with 10-30 mL medium. Experiments were conducted
2 days after passaging when cells were in exponential phase.

2.2.2.2 HL -60 Cell Culture

HL-60 cells were cultured in RPMI 1640 medium containing 10% FBS, 2
mML-gl ut amine, 100 U/ mL penicillin

(passage 7-56) were maintained at 37°C, 5% CO2 in a humidified
atmosphere. HL-60 were sub-cultured every 2-3 days (1:20) and a density
was maintained ideally between 10° - 10° cells/mL in T75 flasks with 10-20
mL medium. Experiments were conducted 2 days after passaging when

cells were in exponential phase.

2.2.2.3 BV2 Cell Culture

Murine microglial BV2 cells were grown in DMEM/F12 medium
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and
100 pg/mL streptomycin (BV2 medium henceforth). BV2 cells (passage 25-
40) were maintained at 37°C, 5% COz in a humidified atmosphere and sub-
cultured twice weekly at 70-90% confluency in T75 flasks in 10 mL medium.

Briefly, the growth medium was removed, and the cells were washed with
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10 mL warm Dul beccods Phosphate Buf f e
Ca?*/Mg?*) prior to adding 2 mL TrypLE Express and incubated for 2-5 min
at 37°C to allow the cells to detach. Then 8 mL BV2 medium was added to
neutralise the trypsin. Cells were diluted 1 in 20 for maintenance or 1 in 10

for experiments.

2.2.2.4 HMEC -1 Cell Culture

Human dermal microvascular endothelial cell T 1 (HMEC-1) were cultured
in DMEM medium supplemented with 4.5 g/L glucose with UltraGlutamine,
10% FBS and 1% penicillin/streptomycin (HMEC-1 medium henceforth).
HMEC-1 cells (passage 5-20) were cultured at 37°C, 5% (v/v) CO2 in a
humidified atmosphere and sub-cultured every 3-4 days at 70-90%
confluency with 1.5 mL 0.1% TEE (1 X) at 10* cells/cm? seeding density in
T175 cm? flasks, with a total volume of 33 mL.

2.2.3 Cryopreservation

Two days after passaging, cells were counted to confirm density was
between 57 6 x 10° cells/mL for suspension cells or 80% confluency in a
T75 flask for adherent cells. Cells were centrifuged at 1200 x rpm for 5 min.
Then, the culture media was removed, and the pellet was re-suspended in
1 mL ice-cold freezing medium (sterile FBS with 10% DMSO) and
transferred into a labelled cryovial. The cryovials were placed into a Mr.
FrostyE freezing c b0A% isopropygl alcotfoFandsstoredr ) wi t |
overnight in -80°C to achieve a rate of cooling to -1°C/min. Cells were

transferred to liquid nitrogen for long-term storage.
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2.2.4 Thawing Cells

A cryovial containing cells was removed from the liquid nitrogen store and
thawed rapidly in a 37°C water bath and centrifuged for 5 min at 2000 rpm.
The freezing medium was discarded, and the pellet re-suspended in 1 mL
pre-warmed complete media. The cell suspension was transferred into a
T25 flask containing 7 mL of pre-warmed complete media. Cells were
checked under light microscopy for morphology, then placed in an incubator
at 37°C, 5% COz2 under high humidity. The following day, cell viability was
examined by diluting cells (1:1) with 0.4% trypan blue (Sigma), where a
diazo dye colours dead cells. The cells were transferred to a T75 culture

flask when cell density increased.

2.2.5 Cell Counting

2.25.1THP -1, HL -60 and BV2 Cells

Cells were counted in a Malassez haemocytometer under a light
microscope. Briefly cells were diluted in 0.4% trypan blue (1:1) and 10 pL
of cells was pipetted onto the haemocytometer. The number of cells in a
grid of four by five squares was counted 2 x and averaged. The cells per
mL was calculated using the following equation:

Number of cells per mL = Number of viable cells counted x 104

2.2.5.2 HMEC -1 Cells

Cell count was determined by using a bright field automated cell counter.
Briefly 2 x 20 pL cells were pipetted onto both sides of a Cellometer
Disposable Counting Chamber and the slide was inserted into a Cellometer
Auto T4 system. Cell concentration was determined automatically following
imaging and counting of viable cells and non-viable cells. The average of

the viable cell count from both sides of the slide was taken as cells/mL.
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2.3 Treatment Solutions of Phenolic acids &

Synthetic Analogues

All commercially available and synthesised metabolites were initially
solubilised in DMSO at 100 mM final concentration, with the exception of
nine synthesized compounds, which were prepared at the following
concentrations: 50 mM 4-hydroxy benzoic acid-glycine (4HBA-GI), 34 mM
protocatechuic acid-glycine (PCA-GI), 132 mM isovanillic acid-glycine (IVA-
Gl), 39 mM isoferulic acid-glycine (IFA-GI), 4 mM ferulic acid-glycine (FA-
Gl), 10 mM protocatechuic acid-methyl ester (PCA-Met-Es), 79 mM
protocatechuic acid-ethyl ester (PCA-Et-Es), 92 mM protocatechuic acid-
isopropyl ester (PCA-iProp-Es) and 91 mM ferulic acid-methyl ester (FA-
Met-Es). All main stocks were stored at -80 °C. From these initial stocks,
working stocks were prepared and stored for short term at -20 °C or at -80
°C for longer periods. Prior to the cell treatment, the working stocks were
defrosted and vortexed. Final concentrations of DMSO did not exceed 0.1%
or 0.03% for transendothelial migration assay treatment. All
transendothelial migration assay treatment solutions were prepared in a 96-
well plate on the day prior to the experiment and kept at 4 °C overnight.
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2.4 Cell Proliferation (MTS) Assay

Cell viability was measured using the CellTiter 96® AQueous Non-
radioactive Cell Proliferation assay (MTS/PMS), cat# G5430, Promega
(Madi son, USA) according t® Brigfig 10hhanuf ac
uL of 1 x 106 cells/mL THP-1 (1 x 10° cells/well) or 100 pL of 3 x 10% cells/mL
BV2 (3000 cells/well) were seeded in a 96-well plate. Treatments of
selected common flavonoid metabolites and their analogues and esters
were added in technical triplicates at final concentrations of 1 and 10 uM or
20 pM for THP-1 and BV2. Each assay had four controls, blank (media
only), basal (cell in media only), vehicle control (treatment with 0.1% DMSO)
and doxorubicin (1 uM) as cell proliferation inhibitor to provide a positive
control. The plates with cells were incubated for 24 h at 37°C and 5% CO..
Next day, 10 pL MTS/PMS reagent was added into each well and returned
to the incubator for 3 h for BV2 and for 4 h for THP-1 cells. Following
incubation, the absorbance was measured at 492 nm using a POLARstar
Optima microplate reader (BMG Labtech; Aylesbury, UK). Cell viability was
calculated by normalizing the absorbance of treatment to the absorbance
of the basal control (%).
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2.5 ELISA

2.5.1 Reage nts

The BD OptElI AEEUHEMABATEEt (Cat# 555212)
recombinant human TNF-U | yophi li zed standard, BD
MCP-1 ELISA Set (Cat# 555179) and TMB Substrate Reagent Set (Cat#

555214) were obtained from BD Biosciences (Oxford, UK). The mouse

TNF-U Uncoated ELISA (Cat# 88-7324) was obtained from Invitrogen

(Thermo Fisher Scientific). The human IL-6 DuoSet ELISA (Cat# DY206),

the mouse IL-6 DuoSet® ELISA (Cat# DY406) and Substrate Solution (Color

Reagent A [H202] and Color Reagent B [Tetramethylbenzidine] (Cat#

DY999), the Human Total HO-1/HMOX1 DuoSet® IC (Cat# DYC3776), and

TMB Substrate Reagent Set (Cat# DY999) were obtained from R & D

Systems (Biotechne, Abingdon, UK). F96 Maxisorp Nunc-Immuno 96-well

plates were from Thermo Fisher Scientific. Leupeptin hemisulfate (1167)

and pepstatin A were from Tocris Bio-techne. Lyophilized aprotinin from

bovine lung (A1153), phenlylmethanesulfonly fluoride (PMSF) (P7626),

Trit o«Add (TY284) and sodium azide (NaNs) were obtained from
Sigma-Aldrich.

252TNF -A ELI SA

2.5.2.1 Cell Stimulation and Sample Preparation

THP-1: Two days after passaging, THP-1 cells were counted, and the cell
density was adjusted to 1 x 108 cells/mL. Cells were seeded at 5 x 10°
cells/well. Then 5 pL of working solutions of selected common flavonoid
metabolites and their analogues and esters were added into the referred
wells to a final concentration of 0.1 uM, 1 uM, 10 uM and 20 puM. On every
24-well or 48-well plate 8 wells were left untreated: two with only cells to
provide basal control; two to provide an LPS control; two with LPS and 0.1%
DMSO (vehicle control) and two wells with 10 uM SB203580 to provide a
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positive control for reducing TNF-U secr eti on. The al ate w
37°C, 5% (v/v) CO2 for 30 min. Pre-incubated cells were then stimulated

with 1 ng/mL (5 pL 100 ng/mL) LPS, (except for the two basal control wells)

for a further 3 h. Cell suspensions were transferred into Eppendorfs and

centrifuged at 10,000 x rpm for 1 min or the whole plate was centrifuged at

3000 x g for 5 min. Finally, 100 pL supernatant was either inmediately used

for ELISA and/or 260 pL supernatant per sample was transferred into a well

of a 96-well plate in order to provide the use of a multichannel pipet for

ELISA assay. The plate was sealed and stored at -80°C for further use

within one week. Additionally, to provide the TNF-U EL|I SA assay wi
internal control, an internal standard stock was created by stimulating 8 mL

4x10° cells/mL THP-1 with 1 ng/mL LPS in a T25 flask for 3 h. Cells were

pelleted per above mention method and the supernatants were stored at -

80 °C in 220 pL aliquots until use.

THP-1 Macrophages: Two days after passaging, THP-1 cells were
counted, and the required volume of cells was spun at 1200 rpm for 5
minutes. Media was removed and cell pellets resuspended in differentiation
media (RPMI complete medium with 200 nM PMA) to a cell density of
2.5x10° cells/mL. Then, 2 mL/well (5x10° cells/well) was seeded in 12-well
plates and incubated for 3 days at 37°C, 5% (v/v) CO2 in a humidified
atmosphere. After differentiation cells were washed twice with 1 mL warm
DPBS to remove any remaining PMA and 1 mL RPMI complete medium
was added to the wells. Then, 50 uM DHA was added to referred wells and
pre-incubator for 2.5 h. Followed by 0.5 h incubation with 10 uM flavonoid
metabolites alone or to the wells with DHA. On each plate one well was left
untreated (basal), one with 10 uM SB 203580 as positive control, one with
0.2% DMSO as vehicle control (VC), and one with LPS alone. After total
pre-incubation of 3h, then 1ng/mL LPS was added and further incubated for
another 3h at 37°C. Supernatants were collected and stored at -80 °C until

further analysis.
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BV2: Two days after passaging, BV2 cells were counted and the cell density
was adjusted to 1 x 10° cells/mL. Then, 2 mL cells/well were seeded in a 6-
well plate (2 x 10° cells/well). The plates were incubated overnight at 37°C,
5% CO:2 and under a humidified atmosphere. Next day, 1 mL media from
each well was removed. Then, 10 uM of treatment solutions of selected
common flavonoid metabolites and their esters were added into referred
wells. For each experiment three wells were left untreated: one with only
cells to provide basal control; one with DMSO (0.1%) to provide a vehicle
control (VC) and one well with 1 pM BAY 11-7082 (an NF-e B i nhi bi t or )
provide a positive control for reducing cytokine secretion. The treated plates
were returned to the incubator for 30 min. After pre-incubation each well
(except basal control) was stimulation with 10 ng/mL LPS for 4 h. Following
incubation, supernatants were collected and transferred into eppendorf
tubes and used immediately for ELISA assay or stored at 80°C and

proceeded as described here above.

2522TNF -A ELI SA Assay Procedure

The human TNF-U EL laSsAy was carried out according to the
manuf act ur er &3 Brieflysuntithumart TNl sc apt ure ant il
was diluted 1:250 in coating buffer (recipe in Appendix I) and 100 uL per
well was added to a F96 Maxisorp Nunc-Immuno 96-well plate. The coated
plate was sealed and stored at 4°C overnight. Next day the wells were
aspirated and washed three times with 275 uL washing buffer (Appendix
). The plates were then blocked in assay diluent (Appendix 1) and
incubated at RT for 1 h. Meanwhile, standards were created by diluting
known concentrations of TNF-U ¢ BD0 pg/mL) in assay diluent. Likewise,
samples (except basal control) were diluted in assay diluent at 2-10X. For
each assay two aliquots of internal standard controls were used to assess
the inter- and intra-assay variability and the reproducibility of the assays.
Following blocking, the washing step was repeated and 100 pL of each

known standard, sample or internal control in technical duplicates were
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added to wells. The plate was sealed and incubated for 2 h at RT. Then,
the washing step was repeated for five times before adding 100 pL working
detector (1:500 detection antibody and 1:250 enzyme reagent in assay
diluent) and incubated at RT for 1 h. Next, the plate was washed seven
times with washing buffer to remove any unbound detection antibodies and
enzyme reagent. Finally, 100 uL substrate solution (recipe in Appendix 1)
was added to each well and the plate was incubated at RT for a maximal
10 min in the dark to allow the colour change to light blue. Finally, 50 pL
stop solution (Appendix I) was added to each well to denature the enzyme
and stop the reaction. The optical density (OD) of each well was determined
at 450 nm and a correction wavelength of 570 nm using a POLARstar
Optima microplate reader (BMG Labtech, Aylesbury, UK). Absorbance

values were corrected by extracting 570 nm values from 450 nm values.

The quantificationof TNF-U secr eti on was calcul ated

the standard curve plotted between 0-500 pg/mL recombinant TNF-U

standard, using a linear or polynomial regression.

The Mouse TNF-U ELWSA carried out accordi

ng

protocol [Invitrogen 2018]. Briefly, anti-mouse TNF-U capt ur e ant i

diluted 1:250 in coating buffer (1X PBS, provided by manufacturer) and 100
uL per well was added to a F96 Maxisorp Nunc-Immuno 96-well plate and
stored at 4°C overnight. Next day the wells were aspirated and washed
three times with 275 pL washing buffer (Appendix I). The plates were then
blocked in ELISA Diluent (1X) and incubated at RT for 1 h. Meanwhile,

t
b oc

recombinant mouse TNF-U st andards were reconstitut

to a 1000 pg/mL and left for 10-30 min at RT to dissolve completely. Then
a seven-point standard curve was created using 2-fold serial dilutions in 1X
assay diluent (15.6 - 1000 pg/mL). Likewise, samples (except basal control)
were diluted in assay diluent at 2-fold. Following blocking, the washing step
was repeated and 100 pL of each known standard, sample or internal
control in technical duplicates were added to wells. The plate was sealed
and incubated for 2 h at RT. Then, the washing step was repeated for five
times before adding 100 pL detection antibody (1:250 in ELISA/ Diluent)
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and incubated at RT for 1 h. Next, the washing step was repeated and 100
pL Streptavidin-HRP (1:100 in ELISA/ Diluent) was added to plate,
incubated 30 min at RT. Then the plate was washed seven times and 100
puL TMB solution was added to each well and the plate was incubated at RT
for 5 min. Finally, 50 pL stop solution (Appendix 1) was added to each well
and the OD was measured and analysed as described above for human
TNF-U .

253IL -6 ELISA

2.5.3.1 Cell Stimulation and Sample Preparation

THP-1 Cell stimulation and sample preparation were as per human TNF-U
method, with the following exceptions: cells were stimulated with 1 pg/mL
LPS for 24 h; 10 uM Bay 11-7082 was used as a positive control to reduce
IL-6 secretion and only the effect of 20 uM FA, FA-Hex-Es and FA-Pro-Es

were investigated.

BV2 cells stimulation for IL-6 and sample preparation were carried out

exactly as per BV2 cell stimulation and sample preparation for TNF-U ( per

description above) with the following exceptions: cells were stimulated with
1 pg/mL LPS for 24 h; the treatment with PCA-Hex-E was at 0.1 uM and the
dose response effect of FA-Hex-Es and IFA-Et-Es were investigated at 0.1,
1, 10 pM.

2.5.3.2IL -6 ELISA Assay Procedure

The Mouse IL-6 ELISA wa s carried out accordi

protocol [R & D Systems 2019]. Briefly, rat anti-mouse IL-6 capture antibody
was diluted in PBS without carrier protein (2 pg/mL) and 100 pL per well
was added to a F96 Maxisorp Nunc-Immuno 96-well plate. The coated plate
was sealed and incubated overnight at RT to allow the capture antibody to
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bind to the coating. Next day the wells were aspirated and washed with 250
HL ELISA assay washing buffer (recipe in Appendix I) three times and the
plate was blocked with 250 uL Reagent Diluent (RD) (Appendix I), sealed
and left for 1 h at RT. For each assay, a seven-point standard curve using
2-fold serial dilutions was prepared from recombinant mouse IL-6 standards
(15.6 - 1000 pg/mL) in RD and likewise, samples were prepared by diluting
(1:1) in RD (except basal control). After blocking, the washing step was
repeated before adding 100 pL/well of each known standard or sample. The
plate was sealed and incubated at RT for 2 h to allow binding of IL-6 protein
to the capture antibodies. Next, the washing step was repeated and 100 pL
of biotinylated goat anti-mouse IL-6 detection antibody (75 ng/mL) diluted
in RD was added to each well. The plate was sealed and incubated for
another 2 h at RT. After incubation, the aspiration and washing step was
repeated to remove any unbound detection antibody. Then, 100 pL of
working dilution of streptavidin-HRP (1:40) in RD was added to each well
and the plate was covered, incubated for 20 min at RT, avoiding direct light.
The aspiration/wash step repeated before adding 100 pL Substrate Solution
(1:1 A&B) (Appendix 1) to each well and the plate was covered and
incubated for another 20 min at RT, avoiding direct light. Finally, 50 uL/well
stop solution (Appendix |) was added and the optical density of each well
was immediately measured at 450 nm and 570 nm by using a POLARSstar
Optima microplate reader (BMG Labtech, Aylesbury, UK). Absorbance
values were corrected by extracting 570 nm values from 450 nm values.
The quantification of IL-6 secretion was calculated by extrapolating from the
standard curve plotted between 0-1000 pg/mL recombinant IL-6 standard,

using a linear regression.

The Human IL-6 ELISAwas carri ed out according

protocol [R & D Systems 2019] and exactly as per the mouse IL-6 method
(per description above), with the following exceptions: mouse anti-human
IL-6 capture antibody (2 pg/mL), biotinylated goat anti-human IL-6 detection
antibody (50 pg/mL), and recombinant human IL-6 standards (9.4-600

pg/mL) were used.
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2.5.4MCP -1ELISA

2.5.4.1 Cell Stimulation and Sample Preparation

HL-60 cells were differentiated into neutrophil like cells (HL60-differentiated
neutrophils) with 1.3% DMSO for three days. For differentiation: 10°
cells/mL in 10 mL differentiation media (RPMI complete medium + DMSO),
in a T25 flask were incubated at 37°C. As control a flask of 10 mL cells (10°
cells/mL) in non-differentiation media was incubated alongside. After 3
days, the colour change of the control flask was compared to the
differentiated flask, and the morphology of the cells were examined under
microscopy. Then, differentiated cells were centrifuged at 1200 rpm for 5
min. The cell pellet was washed with 10 mL warm DPBS followed by
resuspending in equal volume of RPMI complete media. 1 mL cells/well
were seeded in a 24-well plate and pre-treated for 30 min with 10 pM of
each flavonoid metabolite or related phenolic acids. On each plate eight
wells were with controls: two wells for fMLP treatment, two wells pre-treated
with 10 uM PD 098059 as positive control to reduce MCP-1 secretion, two
wells with 0.1% DMSO as vehicle control (VC), two wells left for fMLP
treatment, and two wells for basal (untreated cells). After pre-incubation
cells were stimulated with 1 pM fMLP and returned to the incubator for
another 30 min. Cells were spun at 2000 rpm for 2 min, and supernatant

were immediately used for MCP-1 ELISA assay.

2.5.4.2 MCP -1ELISA Assay Pro  cedure

Human MCP-1 ELISA was carried out as per human TNF-U EL | SA
procedure with the following exceptions: anti-human MCP-1 capture
antibody (1:250), biotinylated goat anti-human MCP-1 detection antibody
(1:500), streptavidin-horseradish peroxidase conjugate (Sav-HRP) enzyme
reagent (1:250), and recombinant human MCP-1 standards (7.8-1000

pg/mL) were used.
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255H0O -1ELISA

2.5.5.1 Cell Stimulation and Sample Preparation

Two days after passaging, THP-1 cells were seeded in a T25 flask at 5 x
106 cells in an approximate 10 mL volume and incubated for 20 h at 37°C,
5% CO2 under a humidified atmosphere to settle the cells. Next day, 20 uM
treatments of ferulic acid and its esters, 20 uM quercetin, 30 pM DMF
(positive control) or 0.1% DMSO (vehicle control) were added into the
referred flasks. The flasks were returned to the incubator for another 20 h.
Following incubation, the cells were harvested by centrifugation at 2000 x g
for 5 min and washed twice with 1.5 mL PBS. The pellet was resuspended
in 1 mL HO-1 cell lysis buffer (recipe in Appendix I) and incubated on ice
for 15 min, then transferred into -80 °C and assessed within one week.
Before the HO-1 ELISA assay, cell lysates were defrosted and centrifuged
at 2000 x g for 5 min and the clear supernatant with protein fraction was

transferred into a new clean test tube.

2.5.5.2 Protein Quantification

Total protein concentration and quality in supernatant was measured using
the NanoDrop® ND-1000 (Labtech, Uckfield, UK). The quantification is
based on the light absorption property of proteins at 280nm. The estimation
is based on using the Beer-Lambert Law, whereby:

For proteins: Optical Density at 280 mm = extinction coefficient x

concentration x path length
(extinction coefficient of protein = 1 mg/mL; path length = 1 mm)

Furthermore, the quality of total protein in supernatants was assessed
based on the ratio between 260/280. Nucleic acids having an absorbance
(at 260 nm) close to protein absorbance (280 nm). The ration was taken to

assess the presence of co-purified nucleic acids in protein supernatants. A
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ratio of ~ 1.8 was considered as pure, and a ratio lower than ~1.5 was
handled with caution.

2.5.5.3 HO -1 Sandwich ELISA Assay Procedure

The HO-1 ELI SA was carried out accordi

instructions [R & D Systems 2015]. Briefly, rat anti-human HO-1 capture
antibody (Part 842355) was diluted to 8 ug/mL in PBS and 100 pL per well
was added to a F96 Maxisorp Nunc-Immuno 96-well plate. The coated plate
was sealed and stored at RT overnight. Next day the wells were aspirated
and washed three times with 250 pyL washing buffer (Appendix I). The plate
was then blocked with 250 uL blocking buffer (Appendix I) and incubated
for 2 h at RT. For each assay, a seven-point standard curve using 2-fold
serial dilutions and a high standard of 10ng/mL was created from
recombinant human HO-1 (Part 842357) in IC Diluent#4 (Appendix I). The
blocked plate was washed three times in washing buffer and 100 uL of each
known standard, sample (x 1-3 mg/mL) or blank were added to the ELISA
plate. The plate was sealed and incubated for 2 h at RT. Following this, the
unbound proteins were washed three times with washing buffer. Then, 200
ng/mL biotinylated goat anti-human HO-1 detection antibody in a volume of
100 pL IC Diluent#1 (Appendix I) was added to each well and the plate
was incubated for a further 2 h at RT. After incubation, the plate was
aspirated and washed three times with washing buffer, then 1:200 diluted
Streptavidin-HRP in 100 uyL IC Diluent#4 was added to each well and
incubated for 20 min at RT, avoiding placing the plate in direct light. Then,
the aspiration/washing step was repeated and 100 pL substrate solution
(A:B) (Appendix I) was added to each well and incubated for 20 min at RT.
Finally, the reaction was stopped by adding 50 pL/well stop solution
(Appendix 1) and the plate was gently tapped to ensure mixing thoroughly.
The optical density of each well was determined at 450 nm and 570 nm by
a POLARstar Optima microplate reader (BMG Labtech, Aylesbury, UK) and

n ¢

further assessed as described for the TNF-U ELI SA. Briefly
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quantification of HO-1 protein was calculated by extrapolating from the
standard curve plotted between 0-10 ng/mL recombinant human HO-
1/HMOX1 standard, using a linear regression. The HO-1 protein levels were
used to calculate fold change compared to basal control. The data obtained
from three independent experiments was analysed as described for TNF-U

protein expression.
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2.6 NQO1 Enzyme Activity Assay

2.6.1 Reagents

Flavin adenine dinucleotide (FAD) (Cat# F6625), glucose-6-phosphate
sodium salt (G-6-P) (Cat# G7879), recombinant glucose-6-phosphate
dehydrogenase from Leuconostoc mesenteroides, expressed in E.coli (G-
6-P-DH), in lyophilized form (Cat# G8529), b-nicotinamide adenine
dinucleotide phosphate hydrate (NADP+) (Cat# N5755), thiazolyl blue
tetrazolium bromide (MTT) (Cat# M2128), menadione (Cat# M5625) and
recombinant human DT diaphorase (NQO1) (in E.coli) (Cat# D1315),
digitonin (Cat# D141) and EDTA were obtained from Sigma-Aldrich.

2.6.2 Cell Stimulation and Sample Preparation

Two days after passaging, THP-1 cells were seeded at 1 x 10° cells/well in
200 pl in a 96-well plate and incubated for 20 h at 37 °C, 5% CO:
atmosphere to allow the cells to settle. Next day, treatment solutions of 20
UM ferulic acid and its esters and quercetin or 30 uM DMF (positive control)
or 0.1% DMSO (vehicle control) were added into the referred wells and the
plate was returned to the incubator for another 20 h of incubation. Following
this, treated cells were immediately carried forward for measuring NQO1

enzymatic activity.

2.6.3 NQO1 Assay Procedure

NQO1 enzymatic activity assay was carried out according to Prochaska and
Santamaria (1988) 4?4, Briefly, at the end of the incubation time point, the
cells were collected into a 1.5 mL Eppendorf tube and centrifuged at 2000
x g for 5 min. The media was discarded, and the pellet was resuspended in
50 pL cell lysis buffer (recipe in Appendix 1). To allow cell lysis, the tubes

were incubated for 10 min at 37 °C, then agitated on an orbital shaker at
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100 rpm for another 10 min at RT. For each assay, a seven-point standard
curve using 2-fold serial dilutions and a high standard of 300 mU/mL (60
pug/mL) was created from recombinant NQOL1 in cell lysis buffer. 50 pL of
samples or standards were added to each referred well. For each assay,
two wells were reserved for a blank and a negative control both having 50
pL cell lysis buffer. Then, 200 uL complete reaction buffer (Appendix I) was
added to all standards, samples, and the blank wells by means of a
multichannel pipette. A negative control (200 pL reaction buffer without
menadione) was also added. The plate was incubated in the dark for 3-10
min and absorbance was read immediately at 610 nm on a ClarioStar multi-
plate reader (BMG Labtech, Aylesbury, UK). The quantification of NQO1
enzymatic activity was calculated by extrapolating from the standard curve
plotted between 300-5 mU/mL recombinant human NQO1 standard, using
a linear regression. The levels of NQO1 enzymatic activity were used to
calculate fold change compared to the vehicle control and the data analysis

was performed as described for TNF-U pr ot ein expression.
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2.7 Real Time -QPCR

2.7.1 Reagents

TRI Reagent® (Cat#: AM9738) was purchased from Invitrogen (Fisher
Scientific). 1-bromo-3-chloro-propane, 2-propanol, ethanol (all Molecular
Biology Grade) and SYBR Green Jumpstart Taq Ready Mix for Quantitative
PCR were purchased from Sigma-Aldrich. High Capacity cDNA Reverse
Transcription kit (Cat#: 4368814) and RNase Inhibitor (Cat#: N8080119)
were obtained from Applied Bi osyst emseE
Custom primers for all target genes and the housekeeping gene (Table 2.
2) were purchased from Life Technologies (Paisley, UK). Sterile filter pipette

tips and 0.1 mL and 0.2 mL tubes were from Fisher Scientific.

Table 2. 2 Primer sequences for RT-gPCR.

Gene Direction Primer Sequence

hGAPDH Forward 5-3dCAACGACCACTTTG TCAAGC TCA-3 6
Reverse 5-&CT GGT GGT CCA GGG GTCTTACT-3 6

hTNF-U Forward 5-&CC CAG GCAGTCAGATCATC-3 6
Reverse 5-&€GGTTC AGC CACTGG AGCT-30

hHO-1 Forward 5-8\TG GCC TCC CTG TAC CAC ATC-3 6
Reverse 5-0GT TGC GCT CAATCT CCT CCT-3 6

hNQO1 Forward 5-RIGC AGA CCT TGT GAT ATT CCA G-3 Nj
Reverse  5-BjGT TTC TTC CAT CCT TCC AGG-3 Nj

MGAPDH Forward 58AT GGATTT GGA CGC ATT GGT-3 6
Reverse 54TT GCA CTG GTA CGT GTT GAT-3 6

mIL-6 Forward  5-GAC AAA GCC AGA GTC CTT CAG AGA G-3'
Reverse  5-CTAGGT TTG CCG AGT AGATCT C -3'
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2.7.2 Cell stimulation and Sample collection

a) THP -1cellsfor TNF  -A, HNQO1

Two days after splitting, cells were counted and seeded in 24-well plates,
at a density of 1x108 cells/well in a volume of 2 mL (5x10° cells/mL) for
mRNA expression of TNF-U, NQO1 dnRlateHwre incubated
overnight at 37°C, 5% (v/v) CO2 under a humidified atmosphere. Next day,
without disturbing the cells, 1 mL of medium was removed from the top of
each well and cells were treated with 20 pM FA, FA-Pro-Es, FA-Hex-Es (for
TNF-U)  o-Hex-EsAand quercetin (for HO-1 and NQOL). In the case of
TNF-U, on e v e ewellwaklaftustreated to provide a basal control;
one to provide an LPS control; one with both DMSO (0.1%) and LPS to
provide vehicle control (VC) and one well had 20 uM Bay 11-7082 (BAY) to

provide a positive control for reducing TNF-U mRNA e x pThenshe i

plate was returned to the incubator for 30 min before adding 1 ng/mL LPS
for 2 h. In the case of NQO1 and HO-1, on every plate one well was treated
with DMSO (0.1%) to provide a basal control and one well had 30 pM
Dimethyl fumarate (DMF) to provide a positive control for induction of HO-
1 and NQO1 mRNA expression. Then the plates were returned to the
incubator for 4 h for HO-1 and NQO1 activation. After the stated incubation
time, cells were re-suspended by pipetting up and down and transferred to
a 1.5 mL Eppendorf tube. The cells were harvested by centrifugation at
5,000 rpm for 5 min. The supernatant was discarded, and the cell pellet was
re-suspended in 1 mL TRI Reagent® and incubated at RT for 5 min prior to

overnight storage at -80 °C.

b) BV2 cells for IL -6

Two days after passaging, BV2 cells were counted and the cell density was
adjusted to 5 x 10# cells/mL. From this cell suspension, 1 x 10° cells/well
were seeded in a 6-well plate and incubated overnight at 37°C, 5% COx.

Next day, from each well 1 mL media was removed, and cells treated with
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10 uM selected phenolic metabolites and their esters with exception of

PCA-Hex-E (0.1 uM). For each experiment, three wells were left untreated:

one with only cells to provide basal control; one with DMSO (0.1%) to

provide a vehicle control (VC) and one with 0.1 uM BAY 11-7082 (an NF-

9B inhibitor) to provide -éprquton Theve con
treated plates were returned to the incubator for 30 min, prior to stimulation

with 10 ng/mL LPS for 4 h. At the end of the incubation period, media was

removed and 1 mL TRI Reagent® was added to each well and incubated

for 10 min to allow cell lysis. The lysate was then collected into Eppendorfs

and stored at -80°C for overnight incubation or up to one week.

2.7.3 RNA Extraction

Samples were thawed at RT and 100 pL 1-bromo-3-chloro- propane was
added to each sample. The tubes were shaken by hand, vigorously for 10
sec and left at RT for 10 min prior to centrifugation at 12,000 x g, 4°C for 20
min. Following centrifugation, 400 pL of the top, clear aqueous layer was
transferred to a new tube and the remnant was discarded. To each tube,
500 uL 2-propanol was added prior to hard vortexing for 10 sec. The tubes
were incubated at RT for 10 min, followed by centrifugation for 15 min at
12,000 x g, 4°C. The supernatant was thoroughly removed, and 1 mL 70%
ethanol was added to each tube to wash the pellet. The tubes were gently
vortexed, using 6 x 1 sec pulses prior to centrifugation at 12,000 x g, 4°C
for 10 min. Without disturbing the pellet, the ethanol was carefully removed
by pipetting out and the remaining ethanol was left evaporation at RT for a
maximum of 30 min. Next, the pellet was re-suspended in 20 pL nuclease-
free H20 by pipetting up and down and gently vortexing. Samples were

stored at -80 until further processing.
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2.7.4 RNA Quantification & Reverse Transcription

The total RNA concentration and quality was measured using the
NanoDrop® ND-1000 spectrophotometer (Labtech, Uckfield, UK). The
quantification based on light absorption property of nucleic acids at 260nm
on the UV spectrum. The estimation is based on using the Beer-Lambert

Law, whereby:

Optical Density at 260 mm = extinction coefficient x concentration x path
length

(extinction coefficient of RNA = 40 pg/pL; path length =1 mm)

Whereas, the purity of sample was evaluated by two ratios, A260/280 and
A260/230. Lower ratios indication impurity of nucleic acids (absorbance at
260 nm) with proteins (having an absorbance at 280 nm), and polyphenols
(TRIzol traces) (absorbance at 230 nm, and at 270). A value between ~ 1.8
- 2.0 was considered as pure RNA for both ratios. Samples having lower

ratio than ~1.5 were handled with caution.

In the case of THP-1, for each sample 240 ng RNA was prepared in 5 pL
nuclease free water. For BV2, for each sample 250 ng RNA was prepared
in 5 pL water. Samples were mixed with 5 pL Reverse Transcription
mastermix (Appendix 1). Reverse transcription of RNA to cDNA was
performed by incubation of the samples at 25°C for 10 min, 37°C for 2 h,
85°C for 5 min and hold on 4°C using a MJ Research PTC-100 Peltier
Thermal Cycler (Biorad, Herts, UK). Following transcription, the samples
were diluted 1:2 by adding 10 pL nuclease free H20 prior to RT-qPCR with
exception of samples from BV2 cells, which were used directly without

dilution.

128



2.7.5 RT -gPCR Procedure

Real-time quantitative PCR (RT-qPCR) was carried out using 2 pL cDNA
template with the addition of 18 pL RT-gPCR mastermix (Appendix 1)
containing 250 nM forward and 250 nM reverse target gene primers (Table
2. 2) to afinal reaction volume of 20 pL with the exception of BV2 cells. For
gene expression in BV2 cells, the same volume of cDNA template and
SYBR Green Jumpstart Taq Ready Mix was used. However, the primer
concentration was modified to prevent primer dimer formation due to lower
gene expression concentrations (primer concentration optimisation can be
found in (Appendix Ill). For this purpose, 0.5 uL 10 uM mouse GAPDH
primers (250 nM) and 0.3 pL 10 uM mouse IL-6 primers (150 nM) were used
and the volume of water adjusted to a final volume of 20 pL. For each assay,
2 UL nuclease free H20 was used to provide a non-template control (NTC)
for each gene to confirm no DNA contamination and no primer dimer
formation. RT-gPCR was carried out using the rotor-Gene Q real-time PCR
cycler (Qiagen, Manchester, UK), wherein the reaction was activated at
95°C for 2 min prior to 40 cycles of denaturation and amplification: 15 sec
at 95°C and 40 sec at 60°C per cycle, respectively. A melt analysis was
performed by incrementally increasing the temperature from 60°C - 94°C to
assess contamination and primer dimer formation. The recorded C: values
for the target genes TNF-U, -H ®IQO1, IL-6, and the reference gene
GAPDH (housekeeping gene) were used to calculate fold change. The delta
Ct values was calculated using 2-@rget, - referencec] determination, which
implies the expression level of each gene as fold change relative to GAPDH.
In the case of HO-1 and NQO1, the fold change was normalised to basal
control. In the case of TNF-U a n-6 inVedtigation, the fold change was
normalised to LPS control and to vehicle control respectively. Differences

for all genes were compared to the vehicle control.
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2.8 Western Blotting

2.8.1 Reagents

Western blotting was carried out as previously described in the laboratory
[Steel et al. 2012]. p38 MAPK control cell extract (cat#: 9213) and NF-
kappa-B control cell extract (cat#: 9243) were from Cell Signaling
Technology® (Hitchin, UK). N o v e x E-Gjciné SDS Sample Buffer (2X)
(Cat#: LC2676), NUPAGE® MOPS SDS Running Buffer (20X) (Cat#:
NP000), NUPAGE™ 4-12% Bis-Tris protein gels (cat#: NP0322BOX),
SeeBlue™ Pre-stained protein standard (cat#: LC5625), NUPAGE™
Sample Reducing Agent (10X) (cat#: NP0004), NUPAGE™ Antioxidant
(cat#: NPO0O005), SimplyBlue™ SafeStain and Novex® ECL HRP
Chemiluminescent Substrate Reagent Kit (cat#: WP20005) were obtained
from Invitrogen (Fisher Scientific). Immun-Blot ® PVDF Membrane was
purchased from Bio-Rad (Hemel Hempstead, UK). Marvel Original dried
skimmed milk was from Premier International Foods (Lincolnshire, UK).
Pierce™ Western Blotting Filter Papers were from Thermo Fischer
Scientific. ReBlot Plus Mild Antibody Stripping Solution (10X) (cat#: 2502)
was obtained from Millipore (Darmstadt, Germany).

2.8.2 Cell Stimulation and Sample Preparation

2.8.2.1 Nrf2 and p38 MAP kinase in THP -1 cells

Two days after splitting, 1x10° cells/well in a volume of 2 mL were seeded
in 24-well plates and incubated overnight at 37°C, 5% CO2 and under a
humidified atmosphere. In the case of Nrf2: next day, 20 uM of selected
common flavonoid metabolites and their esters or 30 uM DMF (positive
control) or 0.1% DMSO (vehicle control) were added into the referred wells
and one well left untreated to provide a basal control. The plate was
returned to incubator for 3h. In the case of p38 MAP kinase: next day, 1

mL medium was removed and 20 uM FA, FA-Hex-Es, FA-Pro-Es, quercetin
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or 10 uM SB203580 (positive control) or 0.1%DMSO were added to the
referred wells. The plate was returned to the incubator for 30 min prior to
stimulation with 1 pg/mL LPS for 1h.

2.8.2.2NF -1 B, -Jun/c -Fos and JNK, in BV2 cells

Two days after passaging, BV2 cells were counted and the cell density was
adjusted to 10° cells/mL. Then 2 x 10° cells/well were seeded in a 6-well
plate and incubated overnight at 37°C. Next day, 1 mL media was removed
and 20 uM FA, 10 uM F-Hex-Es and 10 puM IFA-Et-Es were added and pre-
incubated for 30 minutes at 37°C. For each experiment three wells were
treated as control: one with only cells to provide basal control; one with
DMSO (0.1%) to provide a vehicle control and one well with positive control.
For those, 10 pyM BAY 11-7082 was used to inhibitNF-ae B phosphoryl at
10 uM SP600125 was used for JNK and c-Jun, and 10 uM PD 098059 for
c-fos. Following pre-incubation, cells were further treated with LPS and
returned to the incubator. For NF-e B a nJdin & @Fos 1 pg/mL LPS
stimulation for 2 h, and for INK phosphorylation 10 ng/mL LPS for 30 min
at 37°C.

2.8.3 Cell Lysate Preparation

After the prescribed period of incubation time, for suspension cells (THP-1)
the cells were homogenized and transferred into 1.5 eppendorf tubes and
pelleted by centrifugation at 5000 rpm for 5 min. The supernatant was
removed, and the pellet was washed with 1 mL ice-cold PBS by
centrifugation at 5000 rpm for 5 min at 4° C. The PBS was removed, and
the cell pellet was resuspended in 100 pL ice-cold cell lysis buffer (recipe in
Appendix I). This suspension was then sonicated for 10 pulses and returned
to the ice. For adherent cells (BV2) the media was removed, and cells were
lysed with 200 pL/well cell lysis buffer on ice, then the lysates were
transferred into pre-chilled eppendorf tubes on ice. Finally, cell lysates were

boiled for 5 min and stored at -80°C for further use. Protein concentrations
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of cells lysates were measured using the NanoDrop® ND-1000 (Labtech,
Uckfield, UK) as described in Section 2.5.5.2. Based on the total protein
concentrations, sample loading volumes were calculated to ensure that

each sample had an equal protein loading on electrophoresis gel.

2.8.4 Gel Electrophoresis

In preparation for gel electrophoresis, a pre-cast NUPAGE® Novex 4 - 12%
Bis-Tris gel was clamped into the XCell SureLock® Mini-Cell gel rig
(Invitrogen) and the central chamber was filled with 1X Running Buffer
(Appendix I). 500 yL NuPAGE® antioxidant was added to the central
chamber and the gel wells were flushed out. The outer chamber was then
filled with running buffer up to a level specified by the chamber case. In
preparation for loading samples, 20-69 ug total protein lysates were
reduced with NUPAGE™ Sample Reducing Agent (1:10) by short vortexing
and boiling for 5 min. Then, protein lysates (15 uL for small gel (9-well); 20
uL for big gel (12-well) or 5 pL SeeBlue™ pre-stained protein standard
(containing comparative molecular weight markers of 3-198 kDa) were
loaded on the gel and run at 150 V until the leading bands had passed
through the stacking gel. The voltage was then increased to 200 V and the

samples run until the leading bands reached the foot of the gel.

2.8.5 Transfer

Immun-Blot PVYDF membrane was activated in methanol for 30 sec prior to
equilibration in 1X complete transfer buffer (Appendix I) for at least 15 min
on a shaker. Six blotting pads were equilibrated, and two filter papers were
soaked in transfer buffer. Then the gel was sandwiched with pre-soaked
filter paper and further placed between six blotting pads prior to placing in
transfer chamber. The XCell Il Blotting module was secured in the XCell rig
and filled with 1X complete transfer buffer. The outer chamber was filled
with 600 mL of deionized water. Finally, the transfer was run at 30 V for 1
h.
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2.8.6 Immunoblotting

The membranes were briefly stained with Ponceau S solution (0.1% (w/v)
in 5% (v/v) acetic acid) for 3 min to visually assess protein transfer. The
membrane was then rinsed off with 1X Tris Buffered Saline with 0.1%
Tween-20 (TBS-T) (Appendix I). The membrane was blocked with blocking
buffer (5% milk in 1X TBS-T) (Appendix 1) at RT for 1 h on an orbital shaker
(MaxQ 2000, Thermo Scientific). Primary antibodies were diluted to the
optimised concentration (Table 2. 3) in BSA (5% BSA (w/v) in 1X TBS-T)
except for Nrf2, which was diluted in blocking buffer. The membranes were
incubated at RT on a roller (Bottle/Tube Roller, Thermo Fisher Scientific) at
45 rpm for 2 h at RT. Then the membranes were washed three times in
blocking buffer and three times in TBS-T (5 min each). The membrane was
then incubated with HRP- conjugated secondary antibody in blocking buffer
on aroller at 45 rpm for 1 h at RT. The wash steps were repeated to remove

non-bound antibodies from the membrane prior to detection of proteins.

Novex® ECL HRP Chemiluminescent Substrate Reagent Kit was removed
from 4°C and allowed to reach RT for 30 min prior to imaging. The
membrane was placed onto a clear plastic acetate and excess liquid was
removed by blotting with filter paper. The Novex® ECL solution A and B
were mixed at 1:1 ratio and pipetted onto the membrane and left to develop
for 60 sec. Then the ECL solution was removed by blotting and the
membrane was covered with another piece of clear plastic acetate to
prevent drying. The membrane was imaged using an ImageQuant LAS
4000 series (GE Healthcare Life Sciences).
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Table 2. 3 Primary and Secondary antibodies used in Western blotting assays.

Target Host Suppliers Product code Dilution
Nrf2 antibody- ChIP Grade Rabbit mAb [EP1808Y] Abcam ab62352 1:500
P-p38 MAPK (Thr180/Tyr182) Rabbit mAb (D3F9) XP® CTS! #4511 1:500
p38 MAPK Rabbit mAb (D13E1 XP®) CTS!t #8690 1:500
P-SAPK/JNK (Thr183/Tyr185) Mouse (G9) CTS! #9255 1:500
SAPK/INK Rabbit mAb (56G8) CTS!t #9258 1:500
P-NF-aB p65 (Ser536) Rabbit mAb (93H1) CTS!t #3033 1:500
NFeB p65 Rabbit mAb (D14E12) XP® CTS!t #8242 1:500
P-c-Jun (Ser63) Rabbit mAb (54B3) CTS! #2361 1:500
c-Jun Rabbit mAb (60A8) CTS!t #9165 1:500
P-c-Fos (Ser32) Rabbit mAb (D82C12) CTSt #5348 1:500
c-Fos Rabbit mAb (9F6) CTS!t #2250 1:500
b-Tubulin Rabbit mAb (9F3) CTSt #2128 1:500
Rabbit IgG, HRP-Linked Goat CTst #7074 1:1000
Mouse 1gGi1, HPR-Linked Goat SCB? Sc-2060 1:1000

ICell Signaling Technology® (Hitchin, UK).

2Santa Cruz Biotechnology.
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2.8.7 Re -Probing

After imaging, the membranes were stripped for a second protein re-probing
if needed. Briefly the membrane was stripped with 1X ReBlot Plus Mild
Antibody Stripping Solution for 30 min on a shaker at RT, then washed twice
for 5 min with TBS-T before probing with another primary antibody as per

the afore mentioned immunoblotting procedure.

2.8.8 Densitometry

To assess the changes in protein expression observed by western blot

analysis, a semiguantitative method, the densitometry was used quantify

the protein band density of each immunoblotting image. For this purpose,

the bands on each single gel image were measured using gel analysis

software in Fiji is Just Image J (1.52n, Wayne Rasband National Institute of

Health, USA). Band density of pr ot ei ns wer e -tululinmal i z e«
then the ratio of phospho/non-phospho protein expressions were calculated

using Excel, with the exception of Nrf2. The latter protein expression was

relative to b-tubulin.
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2.9 Trans endothelial Migration Assay

2.9.1 Reagents

The polycarbonate trans-well inserts (3 pm pore) of a 96-well plate were
from Corning. Stock solution aliquots of N-formyl-methionyl-leucyl-
phenylalanine (fMLP) (Sigma-Aldrich) provided at 1 mM in absolute ethanol
and monocyte chemoattractant protein 1 (MCP-1) (CCL2) and CX3CL1
(fractalkine) were both provided at 100 pg/mL in sterile water, stored at -
80°C. Gelatine (2% in water) was from Sigma-Aldrich, stored in 4 °C.
Paraformaldehyde (4% (w/v)) was from Molecular Probes (Life
Technology). Antibodies against human leukocytes cell surface markers
were from BioLegend and purchased from ITK Diagnostics BV, Uithoorn,
Netherlands (detailed in Table 2. 3). 96-well round-bottom polystyrene
plates were purchased from Fisher Scientific. Whole human blood or buffy
coats (ABO/Rh A+/A-/B-) were obtained commercially from Sanquin Blood
supply (Rotterdam, Netherlands) in accordance with Dutch regulations and

following approval from the Dutch Medical Committee (NVT0034.01).

2.9.2 Seeding HMEC -1

To provide a better attachment of HMEC-1 to the trans-well, the inserts
(apical compartment) of a 96-well plate were coated with 50 puL 0.01%
gelatine (Appendix 1) for 2 h at 37 °C, 5% COa. After incubation, the excess
gelatine was discarded, and HMEC-1 were seeded on the inserts at 25 x
10* cells/insert (in 75 pL volume) in HMEC-1 medium. The lower
compartment (reservoir) of the 96-well plate was filled with 225 yL HMEC-
1 medium and the cells were allowed to grow for 48 h at 37 °C, 5% CO:
atmosphere to form a monolayer on the filter. Twelve hours prior to the
assay, the cells were starved by replacing the HMEC-1 medium with serum

and antibiotic free DMEM media at both compartments.
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2.9.3 PBMC Isolation from Whole blood

Peripheral blood mononuclear cells (PBMCs) were isolated from whole
blood by adding an 11x volume of red blood cell (RBC) lysis buffer
(Appendix 1), followed by incubation at RT for approximately 10 min until
the solution became clear and dark red. Then the solution was transferred
into a 50 ml falcon tube and centrifuged at 300 x g for 3 min to separate the
PBMCs from lysed RBC debris. The cell pellet containing PBMC was further
resuspended and washed twice with 50 mL DPBS (without Caz* and Mg2*),
containing 1 g/L glucose (to prevent osmotic shock) and remove remaining
debris. Then, the isolated PBMCs were resuspended in 10 mL HMEC-1
medium, and the cell concentration was determined with an automated cell
counter, the Nexcelom cellometer T4 (Nexcelom Bioscience LLC,
Lawrence, MA, USA). Finally, the cell concentration was adjusted to 8 x 106
cells/mL in HMEC-1 medium and used immediately for transendothelial

migration assay.

2.9.4 Seeding PBMCs & Adding Treatment and

Fixing Migrated Cells

After 12 h starvation, the media was removed from the inserts apical
compartment and replaced with 6 x 10° cells/insert of total PBMCs (in 75 pL
volume/insert). Then, the PBMCs were stimulated with 1 pM of each
phenolic acid or 0.01% DMSO. The basal compartment of the reservoirs
was filled with 215 pL/well of HMEC-1 medium with 10 nM fMLP, freshly
prepared in warm HMEC-1 medium as described in Figure 2. 1. The trans-
well plate was then incubated for 3 h at 37 °C, 5% CO2 atmosphere to allow
transmigration of the PBMCs. Two equal volumes of isolated PBMCs were
also incubated under the same conditions to provide pre- transendothelial
migration controls for further flow cytometry analysis. After the stated
incubation time, the migrated cells were then harvested from the basal

compartments by re-suspending the cells with a pipette and transferred to

137



a new (v-shaped) plate followed by centrifugation at 400 g for 3.3 min. The
pellet was washed with 230 uL DPBS (washing buffer) and fixed with 50 pL
4% para-formaldehyde for 15 min at RT. Fixed cells were washed with 200
uL DPBS to remove remaining formaldehyde. Finally, fixed samples were
resuspended in 150 uL DPBS and stored at 4°C for flow cytometry analysis

up to one week.
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Coat membrane (3 ym) Seed HMEC-1 cells (75 pL, seed leukocytes add 225 L of chemoattractant
with 0,01% gelatine 25x10¢ cells/insert), (75 pL, 6x105 cellsfinsert) to reservoir,
50 pL (insert) add 225 pL medium to onto HMEC-1 monolayer allow leukocytes to migration

reservoir, into reservoir over 3h,
allow monolayer to form over harvest migrated cells
48h

Figure 2. 1 Schematic overview of the transendothelial migration assay.

2.9.5 Flow Cytometry

Prior to flow cytometry, the fixed PBMCs from the transendothelial migration
assay were removed from the fridge, 50 pL FACS buffer added (Appendix
[) and centrifuged at 450 x g for 3.3 min. The cell pellet of the pre-
transendothelial migration sample (un-stained) was resuspended in 200 pL
FACS buffer and analysed to determine the background noise and to adjust
threshold (voltage) for forward scatter (FSC), side scatter (SSC) and auto-
fluorescence of un-stained cells. To phenotype and quantify transmigrated
PBMCs, all samples were labelled with an antibody cocktail containing
conjugated-antibodies for the total number of CD14, CD66b and CD45
positive cells, to differentiate between migrated monocytes, neutrophils,

and all hematopoietic cells, respectively (Table 2. 4). The antibody labelling
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was performed by incubating the cell pellet in 25 pL Antibody cocktail
(Appendix I) for 20-30 min in the dark at RT. To remove unbound antibody
labels the cell content was washed with 200 uL FACS buffer at 450 x g for
3.3 min. The stained cells were then resuspended in 150 pL FACS buffer
and transferred to a 96-well round-bottom polystyrene plate to analyse with
the BD FACSVerseE fl ow cyt orakersrwere
measured with a medium flow rate (60 pL/min) and the positive events of
each CD marker were gated (the gating strategy can be found in Appendix
[ll: Method optimisation) and then counted as the number of
transmigrated cells/uL sample by using BD FACSuite (v.1.0.6) software.
The technical workflow of flow cytometry is stated in the scheme below

(Figure 2. 2 Schematic Workflow of Flow Cytometr).
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Table 2. 4 Cell surface markers for flow cytometry analysis.

Characteristic(s) Analyte/ Analyte Detector/ Supplier/ Clone  Caté Volume for
. : . . 5

being measured CD marker Antibody conjugate Manufacturer staining of 10°cells
Brilliant Vic

All WBCs CD45 HI30 304032 1.5puL
anti-human CD45

Granulocytes, Alexa Fluor® 647 ITK Diagnostics

CD66b G10F5 305110 1.25 pL

Neutrophils BV

anti-human CD66b

Alexa Fluor® 488
Monocytes CD14 M5E2 301811 1.25 L

anti-human CD14
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2.1 0 Chemotaxis and Calcium Flux

2.1 0.1 Reagents

The ChemoTx® Disposable Chemotaxis system (ChemoTx #: 101-5) with
5 um pore size, a 96-well cell migration system, was purchased from Neuro
Probe, Inc (MD 20877 USA). Black, opaque 96-well plates were from
Thermo Fisher Scientific. Fura-2 AM calcium indicator was provided from
Invitrogen. N-Formyl-Met-Leu-Phe (fMLP) (F3506) was from Sigma-Aldrich.
Recombinant human MCP-1 (CCL2) was purchased from PeproTech EC,
Ltd (London, UK) and recombinant human CCL3 was generously donated
by Dr Lloyd Czaplewski of British Biotech and provided by Dr. Anja Mueller

(from School of Pharmacy, University of East Anglia).

2.1 0.2 Chemotaxis Assay

THP-1: The chemotaxis assay was carried out using a ChemoTx® 5 ym
pore transwell chemotaxis plate as previously described 425, Briefly the wells
to be used of a 96-well cell migration system were blocked with 30 pL
blocking buffer (recipe in Appendix 1) for 30 min at RT. Meanwhile,
chemokine working solutions (0.3 nM MCP-1 or 1 nM CCL3) and phenolic
acid working solutions (10 uM) were prepared in working buffer (Appendix
[). THP-1 cells were harvested and spun down at 1200 rpm for 5 min,
washed once with working buffer and then re-suspended to give an
approximate concentration of 1.25 x 10° cells/mL. THP-1 cells were then
pre-treated with 1 uM phenolic acid working solutions or vehicle control
(0.001% DMSO) or working buffer (basal control) and incubated for 30 min
at 37°C with 5% CO:. Following blocking, the blocking buffer was removed
from each well and replaced with either 31 pL of the relevant chemokine
solution or 31 pL working buffer (basal control) with duplicates of each
condition being conducted. Then the membrane (a polyvinylpyrollidone-free
pol ycarbonat e f i lwasearefullyisdciredbdntreetopgtha e s )

96-well plate and pre-treated cells in a volume of 20 pL 125 x 104 cells/mL
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(25 x 10* cells/well) were pipetted on the top of the filter. Finally, the plate
was covered and placed inside a humidified chamber and left to incubate at
100% humidity for 4 h at 37°C with 5% (v/v) CO2. After incubation, the
remaining cells on the top of membrane were wiped off and the filter was
carefully removed. Then, the content of each well was mixed by a pipette to
re-suspend the cells before taking 10 pL for counting the migrated cells into
the bottom of the compartment by using a Malassez haemocytometer and

light microscopy.

HL-60: HL-60 cells were differentiated into neutrophil like cells (HL60-
differentiated neutrophils) with 1 uM ATRA or 1.3 % DMSO for 3 days as
per description above (in section 8.3.3.3 of Appendix Ill). HL60-
differentiated neutrophils and HL-60 cells (non-differentiated control) were
centrifuged at 1200 rpm for 5 min and cell pellet was resuspended in
working buffer to a cell density of 2.5X10° cells/mL. From this suspension,
20 pL was used as per description here above for THP-1 chemotaxis with
the following exceptions: 10 nM fMLP and 5 nM CXCL12 were used in
comparison to working buffer and the cells were allowed to migrate for 3h
at 37°C.

2.1 0.3 Calcium Release Assay

The calcium flux assay was conducted as described previously (Mills et al.,
2018). Briefly THP-1 cells were collected and centrifugation at 1200 rpm for
5 min and washed once with 4 mL PBS (see recipe in Appendix I). The cell
pellet was further washed twice with 1 mL calcium flux (CFX) buffer
(Appendix 1) at 1000 rpm for 11 sec before being re-suspended to give an
approximate concentration of 2 x 10° cells/mL. Cells were then probed with
acetoxymethyl ester form of Fura-2 (Fura-2 AM; 4 uM) in 1 mL CFX buffer
and incubated for 30 min at 37°C with 5% CO: in the dark to protect the dye
from photobleaching. Fura-2 is a UV light-excitable, ratiometric Ca?*

indicator. And acetoxymethyl ester form of Fura-2 (Fura-2 AM) is a
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membrane permeant derivative of Fura-2. When added to cells, Fura-2 AM
rapidly penetrated through the membrane to the cytosol where the AM-
groups are hydrolysed by cellular esterases, generating Fura-2 which bind
to intracellular free Ca?* ions. (Oakes et al., 1988). Upon binding to Ca?*,
Fura-2 exhibits an absorption shift that can be observed by measuring the
excitation spectrum between 300 and 400 nm, while monitoring the
emission at ~510 nm (Spencer & Johnson, 2010). Following this, the cells
were centrifuged at 1200 rpm and washed twice with CFX buffer to remove
extra-cellular unbound Fura-2 AM and resuspended in 1 mL CFX buffer.
Finally, 100 pL cells were pipetted into a black, opaque 96-well plate and
loaded into a BMG LabTech FLUOstar Optima Fluorometer (BMG Labtech,
Germany). The Fluorometer microinjector pump was primed and back
flushed twice with ice cold H20 and the Gain set at 30% before running
assay. Then, 20 pL 1 pM (200 uM) chemokine was injected after 15 sec of
assay running time and then monitored for a further 60 sec. Fura-2
fluorescence was measured at 340nm (bound to Ca?*)/ 380nm (unbound to
Ca?*) via a ratiometric analysis where a fixed emission frequency was set
at 510 nm. The data was recorded and expressed as a change in
fluorescence ratio (340nm/380nm) where the basal fluorescence prior to the
addition of chemokine (15 sec) is subtracted from peak fluorescence (after
30-40 sec) following addition of chemokine. A ratio >0.2 was considered a
good response of receptor activation and vice versa.
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2.1 1 Cytospin

2.1 1.1 Reagents

Reastain Quick-Diff kit staining solution and Reagena (Cat# 102164) were
obtained from Invitech, (Huntingdon, UK). Thermo Scientific™ Polysine
adhesion slides (Cat# 10219R80domBdTHFXe
Single Sample Chamber, Caps, and Filter Cards (Cat# 11922355), and

DPX mounting media were from Fisher Scientific.

2.1 1.2 Cytospinning and staining

Cells were counted and density was adjusted to 108 cells/mL in RPMI
complete media and 100 pL (10° cells) was pipetted on a polysine coated
slide. Prior to sample pipetting, slides were prepared as followed: each slide
was inserted in a cytoclip, then a filter card and a cytofunnel placed on the
top of slide. The cytoclip was fastened and placed in a balanced position in
cytospin (Thermo Scientific, Cytospin 4). Then, the sample was pipetted by
gentle spinning motions into a cytofunnel followed by gently spinning at 450
rpm for 5 min. The slides were checked for even distribution of cells and left
to air dry on a wet tissue overnight at RT. Air dried slides were stained with
Reastain quick-d i f f Kit staining solution acco
instructions (Reastain quick-diff Instructions for use Ver 2.0 ENG). Briefly,
slides were fixed in ice-cold methanol for 5 min, then stained for 2 min in
Quick-Diff red solution and 2 min in Quick-Diff blue solution. The excess
stain was washed gently under running tap water. The slides were checked
under the microscope and air dried overnight at RT. Slides were sealed with
a droplet of DPX mounting media and a coverslip glass and left to dry at RT
for up to 1 h. Finally, cell morphology was examined and imaged by using
the Leica Microsystems CMS GmbH Fluorescence Microscope and Leica

Application Suite software (Leica, Mannheim, Germany).
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2.1 2 General Flow Cytometry

2.1 2.1 Reagents

CD11b mouse anti-human antibody (Clone: ICRF44) was from
eBioscienceE and obtained from Fisher S
anti-mouse (Cat# A11001) was from Life Technologies™ (Thermo Fisher
Scientific) and Hu man BD Fc Bl ockE (C
Biosciences (Oxford, UK). Mouse anti-human TNF-U me mbr ane -f or m F
conjugated monoclonal antibody (Clone# 6401, Cat# FAB210F), and FITC-

conjugated mouse IgGi1 control (Clone# 11711, Cat# IC002F) were

obtained from R & D Systems (Biotechne, Abingdon, UK). DAPI (Cat#

D9542) was from Sigma-Aldrich.

2.1 2.2 Differentiated HL -60 Flow Cytometry

HL-60 were differentiated for 3 days with 1uM ATRA or 1.3% DMSO
(section 2.11.2). Then, cell density was determined and 3x 108 cells per
sample were spun at 300xg for 5 min. The cell pellet was washed with 1.5
mL PBS. Cells were then resuspended in 300 uL staining buffer (0.5% BSA
in DPBS) with FC blocker (1:200) and divided into three pre-labelled tubes
for unstained, isotype (goat anti mouse IgG) and CD11b stained. Tubes
were incubated 10 min at RT. Then, the primary antibody CD11 (1:100) was
added to the referred tubes and incubated on ice for 30 min. The unstained
samples were kept on ice until the last washing step. After incubation,
stained samples were washed with 1.5 mL staining buffer and resuspended
in 100 pL secondary antibody mouse IgG Alexa Fluor® 488 (1:200) (to both
isotype and CD11b stained samples) and incubated for 30 min on ice in the
dark. Following incubation, all sample were washed with 1.5 mL staining
buffer. Finally, the cells were resuspended in 300 pL staining buffer and
markers were measured by CytoFLEX Flow Cytometry and acquisition and
analysis carried out using CytExpert (V2.10) (Beckman Coulter Life

Sciences). For each sample, 10,000 events were recorded with a slow flow
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rate (10 pL/min). Gate (P1 [X-axis, forward scattered area; Y-axis side
scattered area]) was drawn around dots representing viable cells to exclude
cell debris, doublets, and other particles. Data collected in P1 was then
plotted for FITC intensity (x-axis) against cell count (y-axis) to assess the
fluorescence intensity of differentiated cells in comparison to no-
differentiated cells, and isotype control.

2123mTNF -A Fl ow Cytometry

In the case of mTNF-U, T1HElls were seeded at a density of 5X10°

cells/mL in 1 mL in 24-well plate and pre-treated for 30 min with SB 203580

(10, 20 puM) or Celastrol (10 pM). Pre-treatment was followed by 4 h

stimulation with 1 pg/mL LPS. Afterwards, cells were collected in an

eppendorf and spun at 300xg for 5 min, then washed with 1 mL PBS. Cells

were then resuspended in 100 pL staining buffer (0.5% BSA in DPBS) with

FC blocker (1:200) and divided into three pre-labelled tubes for unstained,
isotype,and mTNF-U. Tubes were incubaentpeidaryl 0 mi n
antibodymTNF-U (speci fic to meonjigatedn(El5fandr m, FI
isotype (mouse IgG:1 FITC -conjugated) (1:15) was added to the referred

tubes and incubated on ice for 30 min in the dark. The unstained samples

were kept on ice until last washing step. After incubation, all samples were

washed with 1 mL staining buffer and resuspended in 300 pL staining

buffer. Markers were measured by CytoFLEX Flow Cytometry and

acquisition and analysis were carried out using CytExpert (V2.10)

(Beckman Coulter Life Sciences). 10,000 events per sample was recorded

with a medium flow rate (30 pL/min. Gating strategy was exactly as above

for the differentiated HL-60 flow cytometry.
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2.1 3 Fluorescent Microscopy

mMINF-U stained for flow cytometry (previc
fluorescence microscopy to assess antibody binding efficiency to
membrane form of TNF-U. For this purpose, following flow cytometry
analysis, the samples were kept at 4°C overnight. Next day, cells were spun
at 300xg for 5 min and the cell pellet was resuspended in 100 uL DAPI stain
(1:2000 in PBS) and incubated on ice for 5 min in the dark to allow the
nuclear staining. The cells were washed with 1 mL PBS and resuspended
in 30 puL PBS. 10 pL was pipetted on a clean slide and covered with a cover
slip. The edges of the cover slip were sealed with nail polish and stored in
a cupboard in the dark. Next day, cell images were taken by using the Leica
Microsystems CMS GmbH Fluorescence Microscope and Leica Application

Suite software (Leica, Mannheim, Germany).
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Table 2.5. Antibodies and controls used in General Flow Cytometry & Fluorescent Microscopy.

Target Host/ clone Suppliers Product code Dilution
Human CD11b Mouse [ICRF44] eBi osci enc¢«12-0118-42 1:100
Human BD Fc Blocker n.a. BD 564219 1:200
Mouse IgG (Alexa Fluor® 488) goat Life Technologies A11001 1:200
Human TNF-U Me mbr ane F o Mouse [6401] R & D Systems FAB210F 1:15
IgG1 control (FITC) Mouse [11711] R & D Systems ICO02F 1:15
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2.1 4 Statistical Analysis

For LPS experiments, the data obtained from each independent experiment
was normalized to LPS control unless otherwise stated. Effects of the
phenolic acids were assessed compared to 0.1% DMSO (vehicle control
(VC)) unless otherwise stated. In the case of more than two comparisons,
the treatment effects were established by One-way analysis of variance
(ANOVA), PostHoc Dunnett 6s test by wusing SPSS
USA), unless otherwise stated. In the case of two comparisons (comparing
a control to VC), data was assessed by a two-tailed independent sample t-
test using Excel (version 2016, (Microsoft Corporation, WA, USA). The
statistical significance was set at p<0.05. Error bars, where shown,
indicates the standard error of means between three biological replicates.
*p <0.05, **p<0.01, ***p<0.001, ****p<0.0001. For the transendothelial
migration assay, samples were tested for normality with the D'Agostino &
Pearson omnibus normality test. Pear so

determined with Microsoft Excel and a normal distribution was assumed.
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3.1 Introduction

Flavonoid consumption is inversely correlated with a reduced risk of
developing CVD 3448180426  High consumption is associated with an
improvement in vascular and endothelial function 4?7, lower blood pressure
182212 and a reduction in other CVD-associated biomarkers (incl.
endothelin-1, pulse wave velocity 21, LDL, ox-LDL, CRP, TNF-U, -6] IlL-
10, MCP-1, ICAM, VCAM 198.229 34,179 | ow grade chronic inflammation and
oxidative stress are two key underlying factors in the pathogenesis of CVD
and the beneficial health effects of flavonoids has been attributed to their
anti-inflammatory and anti-oxidative properties. More recent evidence
suggests that their observed health effects are likely to occur through
crosstalk between multiple pathways ° including inhibition of NF-a B a n
MAPK pathways as well as through activation of Nrf2.

Until recently, in vitro studies predominantly focused on the anti-
inflammatory effects of flavonoids in their native form and at
supraphysiological concentrations. However, following ingestion, flavonoids
are extensively metabolised in the body via bacterial catabolism in the gut
or conjugation by phase Il drug metabolizing enzymes in the liver and
kidney. Physiological concentrations of flavonoid metabolites identified in
the serum have been reported to be between 0.1- 40 uM 42, The most
common microbial catabolites found in the serum are the benzoic acid
derivatives including protocatechuic acid (PCA), vanillic acid (VA) and 4-
hydroxy benzoic acid (4HBA), and the cinnamic acid derivatives including
caffeic acid (CA) and ferulic acid (FA) 2%8%147 |t is worth mentioning that
these phenolic acids are also naturally found in food stuffs and hence
bioavailability is possibly even higher 7°. Furthermore, evidence from the
literature indicates that in addition to metabolites derived from bacterial
catabolism, their conjugation with glucuronide, sulfate, methyl and glycine
are possible, resulting from phase Il drug metabolizing enzymes 4.
Previous research has focused on the presence and the effect of sulfate

and glucuronide conjugates %4647 However, glycine conjugation has in
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general been regarded as a detoxification mechanism of xenobiotics 42842°
and a plausible route for flavonoid metabolism and excretion, the research

on the presence and effect glycine conjugated metabolites is lacking.

Flavonoids and their metabolites are diverse, and studies of their structure
activity relationships (SAR) are lacking despite the availability of numerous
unnatural synthetic analogues and such approaches may reveal the
mechanism of the interaction between functional groups and the target
molecules. It is promising to study the SAR of common phenolic acids with
a low molecular weight, with one benzene ring that bear one or two hydroxyl
groups (seen in Table 3. 1, e.g. 4HBA, PCA) or one hydroxy and one
methoxy group (e.g. VA, FA) to understand which group(s) at which position
are important for greater bioactivity by comparing their bioactivity to non-
natural simple phenolic acids (hydroxy or methoxy group replaced with a

chloro, bromo, amino or nitro group).

Moreover, in addition to sulfates and glucuronides, metabolism of
flavonoids with other small chemical group conjugation by phase Il enzymes
are in theory possible. For instance, glycination of xenobiotics is possible
4281430 As previously reported by our group and others, flavonoid
metabolites as conjugated phenolic acids (e.g. sulfate- and glucuronide
conjugates) of PCA, VA, IVA, 4HBA have been synthesised and screened
18,19.46,47.431 for their effects on pro-inflammatory biomarkers (e.g. TNF-U , -
1b,-6 dantl sVCAM-1) in THP-1 cells and HUVEC 194647  Furthermore,
those studies also investigated the combined effect of flavonoid metabolites
on inflammatory biomarkers for their additive or synergistic effects. On the
other hand, studies of additive or synergistic effects of flavonoid metabolites
with anti-inflammatory food bioactives such as omega-3 fatty acids 43 are
lacking despite well documented cardio protective effects of omega-3 fatty
acids, cis-5,8,11,14,17-eicosapentaenoic acid (EPA) and cis-
4,7,10,13,16,19-docosahexaenoic acid (DHA) 4331437,

Furthermore, in in vivo and in vitro studies, flavonoids and their metabolites

display a moderate non-linear U-shaped concentration response curve

153



19.426 Our group have previously found that at physiological concentrations,
specific flavonoids and metabolites modestly inhibit secretion of the pro-
inflammatory biomarker TNF-U and i nduce exp+oedanti on of
biomarker HO-1, a downstream target of Nrf2 in THP-1 monocytes. The
observed effects are not dose-dependent, possibly due to colloidal
formation in culture 15343843 |t is unclear if the effect of flavonoid
metabolites at physiological concentrations can be enhanced by altering the

structure without changing the functional groups.
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3.2

Aims and objectives

Screen and compare 7 naturally occurring phenolic acids with 14
non-natural analogues for their effects on LPS-induced TNF-U
secretion in THP-1 cells (Table 3. 1) and establish SAR

Investigate the additive (sum of their separate effect) or synergistic

(greater than their sum) effects of naturally occurring phenolic acids

with omega-3 fatty acids on LPS-induced TNF-U s ecr et i-lon

cells

Synthesise and screen glycinated forms of these 7 naturally
occurring phenolic acids (Table 3. 1) for their effects on LPS-induced
TNF-U secretilocelsi n THP

To understand the absorption and solubility of metabolites in in vitro
assays, synthesise and screen esterified forms of these 7 phenolic
acids (Table 3. 1) and establish SAR to study mechanisms of action
(MOA)

Understand the mechanisms of action (MOA) of the most active
metabolites on inflammatory and antioxidant pathways
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Table 3. 1 List of common parental flavonoid metabolites and analogues used in this study.

No Metabolites Acronym
Common parental/ flavonoid metabolites

1 4-Hydroxybenzoic acid 4HBA

2 3,4-Dihydroxybenzoic acid (Protocatechuic acid) PCA

3  3,4-Dihydroxycinnamic acid (Caffeic acid) CA

4  3-Hydroxy-4-methoxybenzoic acid (Isovanillic acid) VA

5 4-Hydroxy-3-methoxybenzoic acid (Vanillic acid) VA

6 3-Hydroxy-4-methoxycinnamic acid (Isoferulic acid) IFA

7  4-Hydroxy-3-methoxycinnamic acid (Ferulic acid) FA

Synthetic analogues
8 Benzoic acid BA
2-lodobenzoic acid 2IBA

10 3-lodobenzoic acid 3IBA

11 3-Chlorobenzoic acid 3CBA

12 3-Aminobenzoic acid 3ABA

13 3-Hydroxybenzoic acid 3HBA

14 4-Aminobenzoic acid (para-aminobenzoic acid) 4ABA

15 4-Nitrobenzoic acid ANBA

16 4-Bromobenzoic acid 4BBA

17 2,4-Dihydroxybenzoic acid 24DHBA
18 2,4-Dimethoxybenzoic acid 24DMBA
19 3,5-Diaminobenzoic acid 35DABA
20 3-Chloro-4-methoxybenzoic acid 3C4AMBA
21 5-Chloro-2-methoxybenzoic acid 5C2MBA

Novel synthetic analogues, Glycinated

22 4HBA-glycine 4HBA-Gly
23 PCA-glycine PCA-Gly
24 CA-glycine CA-Gly
25 IVA-glycine IVA-Gly
26 VA-glycine VA-Gly
27 IFA-glycine IFA-Gly
28 FA-glycine FA-Gly

Novel synthetic analogues, Esters
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29
30
31
32
33
34
35
36
37
38
39
40

PCA-methyl ester
PCA-ethyl ester
PCA-isopropy! ester
PCA-hexyl ester
VA-hexyl ester
IFA-methyl ester
IFA-ethyl ester
IFA-hexyl ester
FA-methyl ester
FA-ethyl ester
FA-propyl ester
FA-hexyl ester

PCA-Met-Es
PCA-Et-Es
PCA-Prop-Es
PCA-Hex-Es
VA-Hex-Es
IFA-Met-Es
IFA-Et-Es
IFA-Hex-Es
FA-Met-Es
FA-Et-Es
FA-Prop-Es
FA-Hex-Es
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3.3 Results

3.3.1 Effect of flavonoid metabolites, related
phenolic acids, and synthetic analogues on LPS -

induced TNF -A secretionlcéllsn THP

3.3.1.1 Optimisation of TNF A measurement -1i
cells

The assay for measuring LPS-induced TNF-U secr et i -t oellsi
previously established in the laboratory was first further optimised to enable
higher throughput screening of selected compounds. The cell seeding
density (5 X 10° cells/well) and incubation time point for metabolites (30
min) and LPS (3 h) were previously established and TNF-U esretion
measured by ELISA (di Gesso, 2015). Note to mention that, the pre-
incubation time point of flavonoids was established by using only PCA. Cells

were pre-incubated with 0.1, 1, 10, 100 uM PCA prior to stimulation with

LPS for 0.5, 4, 18 and 24 h. The TNF-U protein secretion

maximally at 0.5 h for all tested concentrations and therefore chosen as
optimal pre-incubation time. The rationale to choose the 30 min pre-
incubation time point for all metabolites in the present study was based on
the previous work from our lab %47, and the assumption that the tested
compound, PCA was a representative compound for all selected
metabolites 440, In the present study, three experiments were conducted to
(1) determine optimal LPS concentration (1 ng/mL), (2) provide the assay
with a positive control (10 uM SB 203580) and (3) use an optimal plate for
a high-throughput screening (24-well) as illustrated in Figure 3. 1 (details
in Appendix Ill).
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1a. 3h stimulation 1b. Cell (108 cell/mL) 1c. Positive control

with LPS seeding volume assessments of
concentration 200 pL in 96-well plate, SB203580 >
0.1, 1, 5 ng/mL 500 pL in 24-well 48-well

plate for TNFa secretion

1 ng/mL 24-well plate with 10 uM SB203580
5 x 10° cell/well

Figure 3. 1 Flow chart of method optimisation for measuring LPS-induced TNF-U
secretion in THP-1 cells.

In order to evaluate the optimal concentration of LPSfor TNF-U secr et i on
THP-1 cells, the following concentrations were assessed: 0.1, 1 and 5
ng/mL. Figure 3. 2 (A) indicates a concentration-dependent response in
THP-1 cells. 1 ng/mL LPS was selected as a suitable concentration for
further experiments. Previous studies have used various positive controls
for LPS-induced TNF-U secr et i ol celi assayd, HrRluding
bardoxolone, PD 98059 and SB203580. For this study SB203580, a p38
MAPK inhibitor was validated as a positive control for reducing LPS-induced
TNF-U s e c r Rgulie 8n2 (B) demonstrates that 10 pM SB203580
significantly decreased LPS-induced TNF-U s aienmeasured by ELISA.

This control was used in all subsequent experiments.
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Figure 3. 2 Optimisation of LPS concentration and positive control for TNF-U secr et i on i |
THP-1 cells. 5x105 cells/well were incubated with LPS (0.1, 1 and 5 ng/mL) for 3 h (A) or

pre-incubated with 0.1% DMSO (vehicle control) and 10 pM SB203580 (positive control)

for 30 min, prior to treatment with LPS (1 ng/mL)for3h(B). TNF-U secreti on was mea
by ELISA assay. (A) Mean = SEM, n=2, expressed as pg/ml secreted TNF-U and ( B)
protein concentration expressed as percentage of LPS control, mean + SEM, n=4.

Significant reduction by postive control compared to VC analysed by T-t e st . * * * * p Q0. 0 (

3.3.1.2 Effects of flavonoid metabolites and related
phenolic acid analogues on LPS -induced TNF -A
secretion in THP -1 cells

The most common flavonoid metabolites found in serum are the phenolic
acids ferulic acid (FA), isoferulic acid (IFA), vanillic acid (VA), isovanillic acid
(IVA), caffeic acid (CA), protocatechuic acid (PCA) and 4-hydroxybenzoic
acid (4HBA). Prior to screening, the effects of these and related compounds
were assessed for their effects on cell viability to ensure any observed
effects were not due to cell death or senescence. Compounds of interest
were tested at 1 uM and 10 puM concentrations. THP-1 cells were incubated
with each compound for 24 h prior to the addition of MTS assay reagent for

3 h. None of the compounds affected cell viability (in Appendix II),
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suggesting they could be used in cell assays at these concentrations. The

effects of these metabolites on LPS-induced TNF-U secreti on wer e
assessed in THP-1 cells. For this purpose, 1 uM and 10 uM concentrations

were chosen to represent physiologically achievable levels found in the

serum 2942 |n addition to naturally occurring phenolic acid metabolites,
phenolic acid analogues with chloro, bromo, amino and nitro-benzoic acid

were included to determine any SAR of phenolic acid metabolites.
SB203580 was included to ensure the assay was working. Figure 3. 3
demonstrates that SB consistently reduced TNF-U secretion
approximately 65%. Although the selected phenolic acids slightly reduced
LPS-induced TNF-U s e c r e t18% relatie 1to4 VC), there was no

significant reductions at either of the tested concentrations.
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Figure 3. 3 Flavonoid metabolites and related phenolic acids do not reduce LPS-induced

TNF-U secr et i-lo@ellsi(5x105) wePe treated with 1 and 10 pM phenolic acids or

0.1% DMSO (vehicle control, VC) and 10 uM SB 203580 (positive control) for 30 min prior

to stimulation with LPS (L1 ng/ml)for3h. TNF-U secr eti on measured by ELI
concentrations expressed as a percentage of LPS control (not shown). Data mean + SEM,

n = 3. No significant difference between phenolic acids and VC by one-way ANOVA with

post hoc Dunnettés test. Significant difference
test. ****pQO0.0001.
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3.3.2 Combined effect of flavonoid metabolites with
N-3 fatty acids on LPS Induced TNF -A secr et

THP -1 monocytes and macrophages

Omega-3 polyunsaturated fatty acids (PUFASs) such as EPA and DHA are
essential fatty acids with reported benefits in various diseases including
mental health 441, CVD 435442 and atherosclerosis 43¢ and they improve
endothelial function 443, Although omega-3 fatty acids effectively incorporate
into the cellular membrane of virtually all immune cells, their specific
mechanisms of action on immune cell function is cell type specific (e.qg.
activation, infiltration and migration) 444, The anti-inflammatory effect of EPA
and DHA is partly due to competing with formation of pro-inflammatory
prostaglandins 432 but mainly due to their bioactive lipid metabolites such as
resolvins D(RvD) and E (RVE) series, maresins (MaR) and protectins (PD),
which are collectively termed specialised pro-resolving mediators (SPMs)
432,434 The SPMs are generated in the body by aspirin and Cox2 enzymatic
conversion 4%2 and involved in resolution of inflammation and tissue
homeostasis 44°. The anti-inflammatory effect of EPA and DHA is widely
studied in macrophages 444446 as they are the key player in lipid metabolism
and widely used model for fatty acid work 44’. Moreover, in response to
omega-3 fatty acids, macrophages are the only immune cell types that
polarise towards M2 phenotype (anti-inflammatory type) with reduced pro-
inflammatory cytokine production and secretion 444, Therefore, they are a
valid model to study anti-inflammatory effects. Treatment of THP-1-derived,
LPS-activated macrophages with EPA and DHA induces changes in gene
expression involved in the immune response, cell cycle, apoptosis and
oxidative stress 44 and combination treatment of EPA and DHA shows
greater inhibitory effect on pro-inflammatory gene expression including
MCP-1, IL-6 and TNF-U 44 than either alone.

Previously studies have shown that combination treatment of flavonoid
metabolites have an additive effect for preventing expression of VCAM-1
and IL-6 in HUVECs 2° and TNF-U i n -1 TmbnBcytes 1°. Aspirin is the
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acetylated form of salicylic acid, which is a common phenolic acid. We
hypothesised that structurally related, common simple phenolic acids might
have an additive or synergistic effect with EPA or DHA. Therefore, we
investigated the combined effects of common phenolic acids with EPA and
DHAonTNF-U s ecr et i-lomonocytes afidtiacrophages.

Optimisation of THP-1 differentiated into macrophage and pre-incubation of EPA & DHA treatment

2c. EPA / DHA incubation:

2a. Differentiation in 2b. LPS stimulation:
6-wells (108 cells/well) 1 ng/mL, 100 ng/mL, 10 UM, 25 M, 50 UM
Vs e 1pg/mL for I simultaneous with LPS |[—*
g 5 Vs
12-wells (5x10° cells/well) plate 1h, 3h, 6h, 12h, 18h Pre-LPS incubation: 0.5h,
3h, 6h, 24h
12-wells 1 ng/mL, 3h 50 pM DHA,

3h pre-incubation

Figure 3. 4 Flow chart of method optimisation for effects of combined omega-3 fatty acids
and flavonoid metabolites in THP-1 macrophages.

3.3.2.1 THP -1 differentiation into macrophages

THP-1 cells can be differentiated into macrophage-like phenotypes by using
phorbol-12-myristate-13-a c et at e ( P M25)dihydvoxyvitaimin , D3

(vD3) and macrophage colony-stimulating factor (M-CSF) 40, PMA-

induced THP-1-derived macrophages secrete similar levels of IL-1 b  and

TNF-U t o human P B-elivedmmacropbagds.eTHP-1 cells were
differentiated with 200 nM PMA for 3 days (Figure 3. 4) to investigate the

combination effects of flavonoid metabolites with EPA and DHA on LPS-

induced TNF-U secretion. Var i ddPsl diffezentlatiord e n s i t i
and LPS stimulation for TNF-U secreti on have been pre
446,448,449.451 " Cel| differentiation experiments were optimised using various

parameters including optimal size of wells and concentrations and kinetics
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of LPS, EPA and DHA used (Appendix Ill). THP-1 monocytes without PMA
were also seeded as a control. Figure 3. 5 shows that PMA-treated cells
were attached to the wells and demonstrated elongated or expanding
morphologies, indicating that cells were differentiated into macrophage-like
cells. No major difference was observed between cells differentiated in 6-
well and 12-well plates. In contrast, non-differentiated cells looked crowded
in the wells, indicating cell division and growth. Similarly, to previous
experiments, LPS (1 ng/mL for 3 h) was suitable for further experiments.

THAR monocyt THR mac

unstimul ated

(1x’teliltyel

5géDildsave |

Figure 3. 5 PMA differentiation of THP-1 monocytes. THP-1 cells (1x10%/mL) were treated
with 200 nM PMA in 6-well-plates and 12-well-plates for 72 h at 37°C. Microscopy images
taken with 10X magnification (scale bar=50 um).
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3.3.2.2 Optimisation of addition of EPA, DHA or a mixture
of both on LPS -induced TNF -A Secretion-1in TH
monocytes and macrophages

Prior to the screening of combination effects of flavonoid metabolites with

¥ -3 fatty acids, optimisation experiments were conducted to test the pre-

incubation effect of fatty acids on LPS-induced TNF-U secr et i-bn i n
monocytes and macrophages. THP-1 macrophages were differentiated as

described above. Then, treatments of 10 pM, 25 puM or 50 uM EPA, DHA or

a mixture of EPA+DHA were co-incubated with 1 ng/mL LPS for 3 h. A

vehicle control (VC) (0.1% DMSO) and a positive control, 10 uM SB

203580, were also included. None of these showed any significant effect on
LPS-induced TNF-U secreti on, me appemdxdll). Next, EL1 S A
undifferentiated, or differentiated THP-1 cells were pre-incubated with 10,

25, 50 uM EPA, DHA or EPA+DHA or 0.1% DMSO (VC) for 0.5, 3or 6 h
prior to addition of LPSfor 3hand TNF-U secreti on measur ed
Figure 3. 6 (A,B,C) indicates that in THP-1 monocytes, pre-treatment up to

6 h with DHA or EPA (50 uM) reduced TNF-U secretion with th
treatment demonstrating the most reduction. In THP-1 macrophages

(Figure 3. 6 D, E, F), 50 uM DHA alone inhibited LPS-induced TNF-U

secretion with 0.5-6 h pre-treatment and 10 uM DHA inhibited with 6 h pre-

treatment. 50 pM DHA showed the most reduction with 3 h pre-incubation

and the combination of EPA+DHA showed similar effects as DHA alone in

both monocytes and macrophages. 50 uM DHA with 3 h pre-incubation time

was therefore used in further experiments in both cell types.
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monocytes (5x105 cells/well) (A, B, C) or differentiated macrophages (D, E, F) were pre-incubated with 10, 25, 50 uyM EPA, DHA and EPA+DHA or
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3.3.2.3 Combined effects of flavonoid metabolites with
DHA on LPS -induced TNF -A secretion -1lin TH
monocytes and macrophages

THP-1 monocytes or macrophages were pre-treated with 50 uM DHA for

2.5 h before addition of PCA, VA, IVA, CA, FA, or IFA (10 uM) for 30 min.

Finally, LPS was added for 3 h. As before, none of the tested flavonoid

metabolites alone showed any effect on LPS-induced TNF-U secr et i on
monocytes but 50 uM DHA alone significantly reduced it (Figure 3. 7).

Similar to monocytes, single treatments of tested flavonoid metabolites

showed no significant reduction in macrophages (Figure 3. 8) but 50 uM

DHA alone significantly reduced LPS-induced TNF-U secretion.
Combination treatments of 50 uM DHA with 10 pM selected metabolites

showed similar significant effects on TNF-U secr et i on as DHA
suggesting no additive or synergistic effects of the selected flavonoid

metabolites with DHA.
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Figure 3. 7 Combined effects of 10 uM phenolic acids with 50 uyM DHA on LPS-induced
TNF-U s ecr et i-lomonocytes. TeHsR5x105/well) were pre-incubated for 2.5 h with
50 uM DHA prior to treatment with 10 UM phenolic acids (alone or in combination with
DHA) or 0.2% DMSO (vehicle control, VC), and 10 uM SB 203580 (positive control) for 30

min. After this, cells were stimulated with LPS (1ng/mL) for 3 h. TNF-U

measured by ELISA. Data is expressed as a percentage of LPS-control. Mean = SEM,
n=3. Significant (p < 0.05) difference between treatment and VC analysed by one-way
t e s ttesta*tip<b et ween

ANOVA with
0.00001.

post

hoc

Dunnett
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Figure 3.8 Combined effects of 10 pM phenolic acids with 50 uM DHA on LP S-induced
TNF-U s ecr et i-bmacrophages. i€&ls (5x105/well) were differentiated with PMA
(200nM) for 3 days. They were then pre-incubated for 2.5 h with 50 uM DHA prior to
treatment with 10 uM phenolic acids (alone or in combination with DHA) or 0.2% DMSO
(vehicle control, VC), and 10 pM SB 203580 (positive control) for 30 min. After this, cells
were stimulated with LPS (1ng/mL)for3h. TNF-U secreti on was measur ed
is expressed as a percentage of LPS-control. Mean + SEM, n=3. Significant (p < 0.05)
difference between treatment and VC analysed by one-way ANOVA with post hoc
Dunnettds test and bet wednp<£0.0800d SB203580 by
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3.3.3 Effects of glycine -conjugated phenolic acids
on LPS -induced TNF -A secretion -l

monocytes

Previous studies by our group and others have concluded that specific
flavonoid metabolites are more active than their parent compounds. Our
previous studies have focused on sulphate or glucuronide metabolites
18,19.47.431  Although conjugation of flavonoids with glycine in theory is
possible 4%2, their presence and extent in the circulation is unclear and to
our knowledge, there are no previous studies of their effects on pro-

inflammatory biomarkers.

The lack of research on glycine conjugation as flavonoid metabolites is
partly due to the lack of reference compounds as analytical standards to
investigate their presence and excretion as glycine conjugates, with the
exception of hippuric acid 8. In addition, the fact that glycination is a
common deportation system of drugs and other xenobiotic molecules from
the body 42°4%2 it could be difficult to differentiate whether glycinated
metabolites are originating from flavonoids or other dietary precursors. For
instance, as a detoxification mechanism, glycine conjugation of aromatic
acids, especially benzoates (a commonly used food preservative) have
generally been assumed to increase water solubility to facilitate urinary
excretion 452, Consequently, it poses a challenge to differentiate between
hippuric acid derived from dietary flavonoid metabolites or from food

preservative benzoates.

For this study, we synthesized glycine conjugates to investigate their effect
on pro-inflammatory biomarkers as well as to provide reference compounds
to be used as analytical standards to enable specific metabolites to be

identified in future studies.

The novel glycine conjugates of protocatechuic acid (PCA-Gly), caffeic acid
(CA-Gly), ferulic acid (FA-Gly), isoferulic acid (IFA-Gly), vanillic acid (VA-
Gly), isovanillic acid (IVA-Gly) and 4-hydroxy benzoic acid (4HBA-Gly) were
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studied for their effectson TNF-U s e ¢ r e t i-locells. Their effddt® on
cell viability at 1 pM and 10 pM were first examined using the MTS assay.
The compounds had no effect on cell viability at the tested concentrations
(Appendix Il). These compounds were then investigated for their effects on
LPS-induced TNF-U s e cr et i-locells.iindicaiesitRat there was no
significant effect with any metabolite. CA-Gly (10 nM) reduced TNF-U
secretion by 20%, but this was not statistically significant. However, there
were some possible concentration-dependent effects with CA-Gly and FA-

Gly, therefore further dose response experiments were carried out.

Table 3. 2 Effects of 1 and 10 uM glycine-conjugated phenolic acids on LPS-induced TNF-
U secretilocals.i n THP

Average change from VC (% 1 SD)

Treatment Effect on TNF-a Level
1pumM P value 10 uM P value

Protocatechuic acid glycine (PCA-Gly) T™9.2+13.2 0574 |, 49+51 0837
4-hydroxy benzoic acid-glycine (4HBA-Gly) J43+42 0559 | 341+31 0682
Vanillic acid-glycine (VA-Gly) J04+60 099 | 44+x74 0690
Isovanillic acid-glycine (IVA-Gly) ™~16+35 0945 |, 20+x84 0912
Ferulic acid-glycine (FA-Gly) 4 40+85 0957 | 88+32.7 0.812
Isoferulic acid-glycine (IFA-Gly) 763+09 0914 | 52+373 0.939
Caffeic acid-glycine (CA-Gly) J 106+99 0527 | 207+19.1 0.157

THP-1 (5x1050ells/well) were pre-treated with 1 or 10 uM of phenolic acid-glycine or 0.1%

DMSO (VC) for 30 min prior stimulation with LPS (1 ng/mL) for 3h. TNF-U secr et i on

measured by ELISA. Protein concentration was normalised to LPS control (data not
shown) and expressed as percentage. Data mean change from VC #SD, n=3. No
significant (p < 0.05) difference between glycinated metabolites and VC by one-way
ANOVA with post hoc Dunnettés test.
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Glycinated conjugates were further tested at 0.1, 1, 10 and 20 uM
concentrations. However, although CA-Gly and FA-Gly again demonstrated
an apparent trend in reducing secretion in a concentration-dependent
manner, there was no significant effect on LPS-induced TNF-U secretion at
any concentration (Figure 3. 9), suggesting these compounds were not

anti-inflammatory at these concentrations.
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Figure 3. 9 Concentration-dependent effects of glycine-conjugated phenolic acids on LPS-
induced TNF-U s ecr et i-b @ellsi (5x10%Twel} were pre-treated with 0.1, 1, 10 or
20 uM CA-Gly (A), FA-Gly (B), IFA-Gly (C), 4HBA-Gly (D), VA-Gly (E), IVA-Gly (F), or 0.1%
DMSO (vehicle control, VC) and 10 uM SB203580 (positive control) for 30 min prior to
stimulation with LPS (1 ng/mL) for 3h. TNF-U secreti on was measured b
expressed as a percentage of LPS control (not shown). Mean + SEM, n=4. No significant
(p < 0.05) difference between treatment and VC by one-way ANOVA with post hoc
Dunnettds test. Compari somhodst $@B2O0B6E80t vs VC do
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3.3.4 Effect of esterified phenolic acids on LPS -

induced TNF -A secretionlcéllsn THP

Esterification of natural products, for example ginsenoside 4°3, quercetin 454
and rosmarinic acid 4°° can enhance their cellular uptake and bioactivity.
Novel ester analogues of common dietary flavonoid metabolites were
synthesised. They included -methyl, -ethyl, -propyl and -hexyl esters of the
benzoic acid derivatives PCA and VA, and the cinnamic acid derivatives FA
and IFA.

Following synthesis, twelve synthetic analogues were first tested for their
effects on the viability of THP-1 cells. None of the analogues at the
concentrations used in any experiments had any significant effect on cell
viability (Appendix Il). Then all twelve analogues were investigated at 1
and 10 pM concentrations for their effects on LPS-induced TNF-U s ecr et i on
in THP-1 cells. Table 3.3 indicates that 10 uM FA-hexyl ester (FA-Hex-Es)
and the FA-propyl ester (FA-Pro-Es) significantly reduced TNF-U s ecr et i on
compared to the VC. In each experiment PCA, VA, IVA, FA, and IFA were
included to compare the effect of ester analogues with their parent
compound (data not shown). Moreover, a concentration-dependent
response was apparent for some analogues. To examine if these
compounds at higher concentrations would be more potent, dose response

experiments were performed for those compounds with a hexyl ester.
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Table 3. 3 Effect of phenolic acid esters on LPS-induced TNF-U secr eti on.

Average change from VC (% + SD)

Treatment Effect on TNF-a Level 1M P value 10 uM P value
Protocatechuic acid-methyl ester (PCA-Met-Es) J 841175 0791 | 49+17.9 0.936
Protocatechuic acid-ethyl ester (PCA-Et-Es) J11.1+82 0619 | 7.8+20.1 0.778
Protocatechuic acid-isopropyl ester (PCA-Pro-Es) J,22.3+26.3 0517 (. 83+33.3 0.898
Protocatechuic acid-hexyl ester (PCA-Hex-Es) M™23+122 0857 J7.7+51 0.420
Vanillic acid hexyl-ester (VA-Hex-Es) T04+68 0993 T 15148 0.905
Ferulic acid methyl-ester (FA-Met-Es) J14.6+226 0725 1T 4+348 0974
Ferulic acid ethyl-ester (FA-Et-Es) T3.0+£55 0760 J.9.3+82 0.163
Ferulic acid propyl-ester (FA-Pro-Es) J,25+10 0054 J66%+1.5 0.001
Ferulic acid hexyl-ester (FA-Hex-Es) J-87+84 0371 | 248+10.6 0.016
Isoferulic acid-methyl ester (IFA-Met-Es) M™3.7+43 0787 (| 061127 0994
Isoferulic acid-ethyl ester (IFA-Et-Es) J21.2+10.7 0.086 . 13.7+124 0.270
Isoferulic acid-hexyl ester (IFA-Hex-Es) T™13+£104 0977 1011114 1.000

THP-1 (5x1050ells/well) were pre-treated with phenolic acid esters or 0.1% DMSO (vehicle

control, VC) for 30 min prior to incubation with LPS (1 ng/mL) for3h. TNF-U s ecreti on wa:
measured by ELISA and data was expressed as mean percentage change from VC + SD,

n=3. Significant (p < 0.05) difference between treatment and VC by one-way ANOVA with

post hoc Dunnettds test.

The parent compounds FA and CA as well as ester analogues with the
longest alkyl chains (PCA-Hex-Es, IFA-Hex-Es and FA-Hex-Es) were
included to investigate effects at higher concentrations and potential SAR.
Figure 3. 10 demonstrates that FA-Pro-Es (D) and FA-Hex-Es (F)
significantly reduced LPS-induced TNF-U secretion in- a cor

dependent manner.
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Figure 3. 10 FA-Hex-Es and FA-Pro-Es significantly and dose-dependently reduce LPS-

stimulated TNF-U s e c r e t i-I @ellsi (5x10°Twiell were pre-treated with 0.1, 1, 10,

20 uM of caffeic acid (A), ferulic acid (B), PCA-Hex-Es (C), FA-Pro-Es (D), IFA-Hex-Es (E),

FA-Hex-Es (F), or 0.1% DMSO (VC) and 10 uM SB 203580 (positive control) for 30 min

prior stimulation with LPS (1 ng/mL) for3h.TNF-U secreti on was measured I
results normalised to LPS control. Mean + SEM, n=3. Significant difference (p < 0.05)

between treatment and VC by one-way ANOVA wi t h post hoc Dunnettds
of positive control -vesVC Hp©Oe. b§; StudpOOOBO1L *
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3.3.5 FA-Hex -Es and FA -Pro -Es do not affect LPS -

induced TNF -A mRNA expressi-heellsin THP

Since FA-Hex-Es and FA-Pro-Es at 20 pM significantly reduced LPS-

induced TNF-U secretion, their intracel l ul ar
studied. Firstly, we determined whether the effect was upstream of mMRNA

translation by examining mRNA expression. THP-1 cells were seeded at

1x1068 cells/well and pre-treated for 30 min with of 20 uM FA, FA-Pro-Es,

FA-Hex-Es, or 0.1 % DMSO (VC). In addition, 20 uM BAY 11-7082 (BAY)

was included as a positive control. Thi
has previously been reported to decrease LPS-induced TNF-U mRNA
expression 4%, SB203580 was not suitable as it inhibits p38 mediated post-

translational repression of TNF-U m R R$AAfter pre-treatment, cells were

stimulated with 1 ng/mL LPS for 2 h as previously described 44°. Figure 3.

11 indicates that treatment with LPS elevated TNF-U mMRNA expr es s
compared to basal control. The positive control, BAY, completely

suppressed LPS-induced TNF-U mMRNA expressi omer.FA-Howev e
Hex-Es, FA-Pro-Es nor FA affected TNF-U mMRNA expressi on, S L
that the mechanism of action is likely through post-transcription or post-

translational modification of the TNF-U protein rather t har

upstream gene expression.
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Figure 3. 11 FA, FA-Pro-Es and FA-Hex-Es do not affect LPS-induced TNF-U mRNA
expression in THP-1. Cells (1x10%well) were treated with 20 uM FA, FA-Pro-Es and FA-

Hex-Es, or 0.1 % DMSO (vehicle control, VC) and 20 uM BAY 11-7082 (positive control)

for 30 min prior to stimulation with LPS (1 ng/mL) for 2 h. Basal is untreated cells. TNF-U

MRNA expression was measured by RT-qPCR and normalised to GAPDH levels. Data is

expressed as a percentage of LPS control (not shown), mean + SEM, n=3. No significant

( p O)diferénée between VC and FA, FA-Pro-Es, FA-Hex-Es by one-way ANOVA with

posthoc Dunnettés test. Comparisons of basal cont
viastudenttt est . *** pO0.001.

178



3.3.6 Post translational mechanisms of action of FA -

Hex -Es and FA -Pro -Es

TNF-U is a highly potent inflammatory med
controlled by transcription, mMRNA turnover and translation. The post-
transcriptional regulators include micro RNA and MAPK 28 while post-

translation is controlled by TNF-U conver t i ngCEe.ZThume ( TA
MAPK are master regulators controlling protein translation and TACE

controlling protein secretion. Moreover, p38 MAP kinase has been reported

to upregulate TACE activity #8459  Inhibition of p38 by SB 203580

attenuates TNF-U protein secretion and cel astrc
reported to block inhibition of TACE enzymatic activityand TNF-U s ecr et i on,

causing accumulation of membrane-form TNF-U on t he ¢&&1 1 sur f e
3.3.6.1 Optimisation of p38 MAPK phosphorylation in
THP -1 cells

Our group has previously shown that LPS induces p38 MAPK
phosphorylation in response to LPS in THP-1 cells 4¢°. To determine a
suitable timepoint to investigate the effects of FA and its esters on p38
MAPK activation, a time course of its phosphorylation in response to LPS
was established. 1x108 cells/mL were treated with 1 ug/mL LPS for 10, 20,
30, 45 and 60 min following the literature 4617463 and p38 phosphorylation
examined by western blot analysis. Figure 3. 12 demonstrates that p38
MAP kinase is phosphorylated within 20 min in response to LPS and
continues to increase to 1 h. Since the latter timepoint had the highest
phosphorylation levels, this timepoint was chosen for further experiments.
The optimal buffer for the primary antibody (5% BSA in TBST) was also
determined (Appendix IlI).
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Figure 3. 12 Kinetics of LPS induced p38 phosphorylation in THP-1. Cells (1x108 /well)
were treated with LPS (1 pg/mL) for 10, 20, 30, 45 and 60 min. Total protein was extracted
and protein expression analysed by western blot assay, n=1.

3.3.6.2 FA -Hex -Es and FA -Pro-Es do not modulate p38
MAPK phosphorylation in THP -1 cells

Cells were pre-treated with 20 uM FA, FA-Pro-Es, FA-Hex-Es or 10 uM
SB203580 (a p38 MAP kinase inhibitor) for 30 min prior to addition of LPS
(1 pg/mL) for 1 h. Following SDS-PAGE, immunoblotting was carried out for
unphosphorylated and phosphorylated p38 MAP kinase expression Figure
3. 13 demonstrates that LPS-induced p38 phosphorylation expression was
reduced by SB203580. However, it was not significantly affected by FA, FA-
Pro-Es or FA-Hex-Es.

180



i S — (~ 43 kDa) P-p38

W™ " e o (-40kDa) p38

bl S — - (~ 55 kDa) b-tubulin

P-p38 /p38 MAPK ratio

Figure 3. 13 FA and its propyl and hexyl esters do not modulate LPS-induced p38 MAPK
phosphorylation in THP-1. Cells (1x108/well) were pre-treated with 20 uM FA, FA-Pro-Es,
FA-Hex-Es, or with 0.1% DMSO (vehicle control, VC) and 10 uM SB 203580 (positive
control) for 30 min prior to stimulation with LPS (1 pg/mL) for 1 h. Unphosphorylated and
phosphorylated p38 MAP kinase expression was measured by western blot assay. Tubulin
was used as a loading control. A) Immunoblot representative of 3 independent
experiments. B) Densitometry of protein detection levels normalised to tubulin control and
relative fold change to LPS control, expressed as phospho-p38/p38 ratio. Mean = SEM,
n=3. Rel ative change from VC was analysed by On
test. Non-treated cells (basal) and SB203580 vs VC performed by student t-test. Significant
change from VC, ** p<0.01, *** p<0.001.
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3.3.6.3 Membrane -bound TNF -A expression-1in TFH
cells

Since p38 MAP kinase was unlikely to be involved in the mechanism of

action of FA-Hex-Es, effects on membrane-bound TNF-U wer e t hen
examined. Cells were incubated with SB203580 or celastrol (10 uM) or

0.1% DMSO (VC) for 30 min before stimulation with LPS (1 pg/mL) for 4 h

as described earlier in the literature 278, Membrane bound TNF-U  eresgion

was examined by immunofluorescence microscopy. Figure 3. 14 shows

that the membrane foomof TNF-U was expressed in unstin
absent in the 1gG isotype control. LPS and celastrol slightly increased

expression but the staining was weak and results inconclusive.
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Figure 3. 14 LPS-induced membrane-bound TNF-U e x p r e s s il.cCalls (5x105/WeH)P

were pre-treated with celastrol (10 puM) or SB203580 (10, 20 pM) for 30 min prior to

stimulation with LPS (1 pg/mL) for 4 h. Cells were either stained FITC-conjugated anti-
humanmTNF-U anti body ( s p e-baurfdiTNF-Ut) o om eoRjdgdiachmouse

IgG isotype control prior staining nucleus with DAPI. Basal is untreated cells. Membrane-

bound TNF-U (green), analysed by immunofluorescence
n=1. Scale bar = 10 pm.
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3.3.6.4 Flow Cytometry of Membrane Bound TNF -A
expression in LPS  -induced THP -1

Membrane bound TNF-U i n -intluBe8 THP-1 cells was then assessed
by flow cytometry. Cells were incubated for 30 min with FA, FA-Pro-Es, FA-
Hex-Es, celastrol (10 uM) or 0.1% DMSO (VC) prior to stimulation with LPS
(1 pg/mL) for 4 h. Figure 3. 15 shows that membrane-bound TNF-U
expression in the basal control was slightly increased by DMSO but that
there was no change in fluorescence with FA, FA-Pro-Es, FA-Hex-Es or
even the positive control, celastrol, possibly suggesting that the antibody

was weak and therefore the results were inconclusive.
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Figure 3. 15 Membrane-bound TNF-U e x pr e s s ilcells by flow TykbRetry. Cells

(5x105 /well) were incubated with 20 pM FA, FA-Pro-Es, FA-Hex-Es or 0.1% DMSO

(vehicle control, VC) or 10 pM celastrol (positive control) or for 30 min prior to stimulation

with LPS (1 pg/mL) for 4 h. Basal is untreated cells. Membrane-form TNF-U was st ai ned
with FITC-conjugated anti-human mTNF-U ant i b o d yconjugated FbuseClgG

isotype control and analysed by flow Cytometry. Graphs are representative of three

independent experiments.
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3.3.7 FA esters activate HO -1 expression and NQOL1

activity in THP -1 cells

The health effects of flavonoid consumption are attributed to both their anti-
inflammatory and antioxidant effects. We have previously reported that
some flavonoids, including quercetin, activate the Nrf2 pathway and its
downstream targets, HO-1 and NQQ1 387:394,408,440.464 Jpregulation of Nrf2,
HO-1 and NQOL1 all lead to anti-inflammatory effects including TNF-U
inhibition. FA, FA-Hex-Es and FA-Pro-Es were therefore investigated to
determine if this was a potential mechanism of action of these compounds.
Following a time course to determine optimal HO-1 expression (data not
shown), cells were stimulated with 20 pM of FA or its esters for 20 h and
their effects on HO-1 protein expression measured by ELISA. Dimethyl
fumarate (DMF, 30 uM), a previously reported potent activator of Nrf2 465,
was included as a positive control. DMF significantly increased HO-1
protein expression (3.9-fold increase over control) and FA-Hex-Es induced
a similar response (3.7-fold increase) (Figure 3. 16). FA-Pro-Es also
significantly increased HO-1 protein expression to a lesser extent (2.3-fold
increase). FA had no significant effect on HO-1 expression. Following this,
different concentrations of FA-Hex-Es (1, 10 and 20 yuM) were used to
determine if the observed effects could be reached at lower concentrations.
Figure 3. 17 demonstrates that FA-Hex-Es at both 10 uM and 20 uM
significantly increased HO-1 protein expression to a similar extent and

similarly to DMF.
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Figure 3. 16 FA-Hex-Es and FA-Pro-Es significantly increase HO-1 protein expression in

THP-1. Cells (5x106/T25 flask) were treated with 20 uM FA, FA-Pro-E and FA-Hex-Es or

0.1% DMSO (basal control) and 30 uM Dimethyl fumarate (DMF, positive control) for 20 h.

HO-1 protein expression measured by ELISA assay. Data expressed as fold change

relative to basal control. Mean + SEM, n=3 independent biological experiments. Significant

(*p O 0.05) differ enc eHekEstFA®re-Bsahalysedldyore-way FA, FA
ANOVA with post hoc Dunnettds test. Comparisons
test. *pp GO 00..0051,, ******p O 0.0001.
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Figure 3. 17 FA-Hex-Es dose-dependently increases HO-1 protein expression in THP-1.
Cells (5x108/T25 flask) were treated with 1 pM, 10 uM or 20 uM FA-Hex-Es or 0.1% DMSO
(basal) and 30 uM Dimethyl fumarate (DMF, positive control) for 20 h. Data is expressed
as fold change over basal control (VC). Mean
between basal and treatment by one-way ANOVA with post hoc

Comparisons of DMF relative to VC via student t-test. ** p O0. 001, **** pQO.

The effects of FA and its esters on NQOL1 activity in THP-1 cells were then
investigated. NQO1 activity was measured by direct measurement of NQO1
from cells cultured in 96-well plates 4?4, Optimisation of the assay is
described in Figure 3. 18 and Appendix Ill. Cells were untreated or treated
with FA, FA-Pro-Es, FA-Hex-Es, quercetin (Que) (20 uM), DMF (30 uM) or
0.1% DMSO (VC) for 20 h. DMF significantly increased NQO1 enzymatic
activity (2.2-fold over control) (Figure 3. 1 9. FA-Hex-Es and FA-Pro-Es
both showed a mild and comparable significant increase in NQO1 activity

similarly to Que.
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3b. Standard curve of
15.6-1000 pM/mL
- measure immediately -
Vs
0.5-30 uM/mL measure
within broader time point

3a. Cell seeding density,
1x10° cells/mL
Vs
3x10° cells/mL
in 200 pL in 96-well plate

1 x 10° cell/well 0.5-30 pM/mL read
within 3-13 min

Figure 3. 18 Flow chart of method optimisation for NQO1 enzymatic assay in THP-1
monocytes.
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Figure 3. 19 FA-Hex-Es and FA-Pro-Es significantly increase NQO1 enzyme activity in
THP-1. Cells (1x105/well) were treated with 20 uM FA, FA-Pro-Es, FA-Hex-Es and
Quercetin (Que, as positive control) or 0.1% DMSO (basal control) and 30 pM Dimethyl
fumarate (DMF, positive control). NQOL1 protein level measured by direct enzymatic activity
from cell culture in a 96-well plate. Data expressed as fold change relative to basal control.
Mean + SEM, n=3 independent biological experiments. Signifi cant (*p O 0. 05) d
between basal and FA, FA-Hex-Es, FA-Pro-Es and Que analysed by one-way ANOVA with

post hoc Dunnettodos test. Compari sdgrestaf *IpMRE r0el0
**p O 0.01, ****p O 0.0001.
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3.3.8 Effect of FA ester s on HO-1 and NQO1 mRNA

expression in THP -1 cells

We have previously reported that the flavonoids curcumin and quercetin
increase HO-1 mMRNA expression 394440, The kinetics of HO-1 and NQO1
MRNA induction in response to FA-Hex-Es and DMF were examined at 4
and 8 h (Appendix Ill). Both DMF and FA-Hex-Es increased HO-1 and
NQO1 mRNA expression and to a higher extent at 4 h than 8 h and
therefore this time-point was used in further experiments. Figure 3. 20
indicates that DMF significantly increased both HO-1 and NQO1 mRNA
expression by 4.5 and 2.7-fold respectively. FA-Hex-Es and Que
significantly increased HO-1 mRNA expression by nearly 2-fold. The effect
on NQO1 mRNA expression was not significant but a comparable non-
significant increase in expression was observed with both FA-Hex-Es and

Que.
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Figure 3. 20 Treatment effect FA-Hex-Es on HO-1 and NQO1 gene expression in THP-1.
Cells (1x106/well) were treated with 20 uM FA-Hex-Es and Quercetin (Que, as positive
control) or 30 pM Dimethyl fumarate (DMF, positive control) and with 0.1% DMSO (basal
control) for 4h and mRNA expression measured by RT-gPCR. mRNA values were
expressed as fold change (relative to GAPDH) normalised to basal control. Mean + SEM,
n=4 independent biological experiments. Significant difference between basal and
treatmentby oneeway ANOVA with post hoc Dunnettds

test .

to basal via studentt-t est . * pOO0. 05,0 0*1*, p*O0**0 1p, O 0*.*0*0 0p1QO0 .
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3.3.9 Effect of FA and FA esters on Nrf2 protein

expression in THP -1 cells

HO-1 and NQO1 are both regulated by Nrf2 and therefore the effects of the
esters on Nrf2 protein accumulation in THP-1 cells was examined. Cells
were untreated or treated with 20 uM FA, FA-Hex-Es, FA-Pro-Es or Que,
30 uM DMF or 0.1% DMSO for 3 h and Nrf2 protein expression measured
by western blot analysis (Figure 3. ). DMF and Que significantly increased
Nrf2 expression (2.8-fold and 2.1-fold over basal control, respectively). FA
did not affect Nrf2 expression and although not significant, both FA-Hex-Es
and FA-Pro-Es increased Nrf2 by +1.5-fold and 1.6-fold respectively. This
suggests that FA-Hex-Es and FA-Pro-Es may be partly involved in Nrf2

signalling pathway.
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Figure 3. 21 Nrf2 protein expression is not modulated by FA and its esters in THP-1. Cells
(1x106/wells) were treated with 20 uM FA, FA-Pro-Es, FA-Hex-Es and Quercetin or 0.1%
DMSO (vehicle control, VC) and 30 uM Dimethyl fumarate (DMF, positive control) for 3 h.
Nrf2 protein expression was measured by Western blot assay. Tubulin was used as a
loading control. A) Immunoblot representative of 4 independent experiments. B)
Densitometry of protein detection levels, Nrf2 normalised tubulin and expressed relative to
VC. Mean = SEM, n=4. No significant change from VC by One Way Anova with post hoc
Dunnett'sd test. DMF v stesVP<0%® Tg<@0l.med by student
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3. 4 Discussion

Habitual intake of phenolic compounds is associated with reduced
inflammation and prevention of atherosclerosis. Phenolic acids are the
second most abundant class of phenolic compounds in the common diet.
They are derived from the metabolism of flavonoids and as they are low
molecular weight, may be more bioavailable and therefore may be
responsible for these beneficial effects. In this study, seven of the most
common diet-derived simple phenolic acids together with 14 commercially
available, related phenolic acids, 7 related glycinated metabolites and 12
related esterified phenolic acids were investigated for their anti-
inflammatory effects in THP-1 monocytes. FA propyl ester and FA hexyl
ester were the only phenolic acids that inhibited LPS-induced TNF-U
secretion at physiological concentrations. They did not inhibit TNF-U mR N A
expression or p38 MAP kinase expression. However, they increased HO-1
and NQO1 expression, whose activation we have previously shown to

inhibit LPS-induced TNF-U expression in these cell s.

Although not significant, a slight reduction in LPS-induced TNF-U s ecr et i on
was observed, ranging between 10-18%, but this slight effect was not dose-
dependent, suggesting phenolic acids might not be taken up or absorbed

by the cell in in vitro assays. However, the screening results from this study,

in accordance with our previous work 440 further revealed that at
physiological concentrations, flavonoid metabolites show a mild effect and

the effect is rather non-dose dependent. This is an important point and

might be relevant from a nutritional point of view when considering these
compounds are highly bioavailable and very high bioactivity might interfere

with the immune response. A limited number of studies have reported the

effect of phenolicacidson TNF-U expressi on in monocytes
but mainly at supraphysiological concentrations. In LPS-induced THP-1
macrophages, ferulic acid inhibited TNF-U gene expr eXdGHEMon at
466 \while caffeic acid reduced TNF-U s e ¢ r e t-39 M 467 avanillit dcid

also inhibited TNF-U secr et F160nuMarnt LPS-idduced mouse
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peritoneal macrophages 263, PCA inhibited TNF-U s e c r e t5ipublin
LPS-induced murine RAW macrophages 252, Studies with relevant
concentrations are rare and to our knowledge only di Gesso investigated
the anti-inflammatory effect of flavonoid metabolites and phenolic acids in
THP-1 monocytes. In this study several metabolites, including phenolic
acids PCA, VA, IVA and 4HBA, were tested for their effect on LPS induced
TNF-U secr et i otf. Eacept IYA, i of these exerted any

significant effect but a mild reduction of 10-24% in TNF-U secr et i

reduction levels are in the same range as the current study and confirmed
the mild bioactivity. Moreover, PCA together with 4HBA and PCA with 4HBA
and VA (at 1, 10 pM) also inhibited TNF-U s e c r'% ©ur group also
reported bioactivity of a combination of PCA and VA at 10 uM in RASMC

cells 137,

We postulated that phenolic acids with mild effects may have additive or
synergistic effects with other anti-inflammatory food bioactives from the diet
such as peptides 8 or omega-3 fatty acids #*4. For instance, curcumin, a
food bioactive that is also metabolised into FA, is poorly bioavailable 46°, but
when taken in combination with peperin, a naturally occurring food alkaloid
that is bioactive, it increases its absorption and bioavailability 46°. EPA and
DHA inhibit LPS-induced TNF-U expr essi on i n Kopaw
THP-1 macrophages 446449, Macrophages are involved in lipid metabolism
in atherosclerosis and are the logical cell type to study the anti-inflammatory
effects of fatty acids. Anti-inflammatory effects of EPA and DHA have also
been reported in other immune cells 444, In this study, the effects of EPA,
DHA or both in combination with diet-derived phenolic acids were
investigated in THP-1 monocytes and macrophages. Pre-incubation with
EPA inhibited TNF-U i n monocytes but not

inhibited in both cell types. The effect in monocytes was more rapid,
suggesting cellular mechanisms might be different, in line with previous
reports that both EPA and DHA have differential effects on gene expression
at different concentrations in THP-1 macrophages #48. Pre-incubation with

the mixture of EPA+DHA was effective at all concentrations in monocytes,
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while in macrophages only 50 uM was effective. Previous studies have
explored the pre-, post- and co-incubation of EPA and DHA with LPS-
stimulated monocytes and macrophages 44°. In contrast to other studies,
EPAdidnotaffect TNF-U secretion in macrophages in
have been due to shorter incubation times for both EPA and LPS and
previous studies have reported that the anti-inflammatory effect of EPA and
DHA is time and dose-dependent 446449 Furthermore, the varied effect of
EPAand DHAonTNF-U secretion might be due to c
and DHA and the differential molecular mechanisms involved 444, DHA
undergoes rapid conformational changes in the lipid bilayer of membranes
where it causes cholesterol enrichment and membrane fluidity while EPA is
postulated to intercalate into membrane phospholipid hydrocarbon core
regions where it inhibits free radical formation and is involved in antioxidant
defence while maintaining a more homogenous cholesterol distribution 4.
Thus, EPA is involved in quenching lipid and membrane associated ROS
and suppressing inflammatory signalling. In this study, 50 uM DHA showed
the greatest inhibition in both monocytes and macrophages and this
treatment was tested for additive/synergistic effects with phenolic acids.
DHA alone, as well as in combination with phenolic acids, significantly
decreased TNF-U secretion in a similar fashio
macrophages. However, no additive or synergistic effects were observed
when selected phenolic acids at physiological concentrations were
combined with DHA. Due to time limitation, it was not possible to study the
combination effects of phenolic acid with EPA or different concentration
ratios and pre-incubation times with both EPA and DHA. Further studies

could include a mixture of phenolic acids with relevant concentrations.

We also synthesised novel metabolites of phenolic acids with glycine
conjugates as glycine conjugation is widely accepted as the primary
mechanism of detoxification of xenobiotic aromatic acids especially
polyphenolic compounds from the body by increasing the water solubility of
these compounds, facilitating urinary excretion 452, However, none of the

glycine conjugates significantly affected TNF-U secr et i-boellsi n THP
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suggesting no additive effect of glycination of parental phenolic acids. It is
worth mentioning that we observed a wide variation in results which may be

the reason for no significant effects.

Studies investigating the cellular uptake and absorption of phenolic acids
into immune cells are lacking. Previous studies from our lab have
demonstrated a U-shaped (or bell-shaped) curve for inhibition of TNF-U
secretion in THP-1 cells, which could be due to colloid formation by those
molecules that may result in physical exclusion from the cells at relevant
concentrations 38, Moreover, U-shaped curve responses might indicate
more complex biological effects, such as multiple targets or binding sites ,
as exemplified by phytoestrogens which are aromatase inhibitors at lower
concentrations (O 1 OM) while exhibit
concentrations (O1 pM), resulting in a U-shaped dose response 471, We
hypothesised that synthetic analogues with varying lipophilicity might
increase uptake of the phenolic acids and help us to understand their
mechanisms of action. Esterification is a widely applied chemical
modification for drug uptake and absorption and an emerging method to
improve uptake and absorption of food bioactives. Esterification of poorly
bioavailable EGCs with fatty acids such as DHA, stearic-, lauric-, caprylic-
and propionic-acid increased their bioactivity in both hydrophilic and
lipophilic media 472. Moreover, DHA and EPA supplements on the market
are also esterified with ethyl or triglyceride to increase their absorption 473,
Hybrids of CA-FA have also shown greater bioactivity compared to CA and
FA alone in murine microglial cells 33, which may be due to higher
lipophilicity. We synthesised and tested synthetic ester analogues of
phenolic acids with varying chain length corresponding to their increasing
lipophilicity. Phenolic acids with shorter ester chains such as methyl- and
ethyl esters are in theory possible by phase Il conjugation °7474 but longer
ester chains such as propyl- and hexyl-esters are novel and thus non-
natural. Alkyl esters of PCA, VA, FA and CA with methyl-, ethyl-, propyl-,
butyl- and hexyl- groups were previously synthesised and screened for their

anti-bacterial properties 4> but to our knowledge we are the first to
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investigate their anti-inflammatory effects in immune cells. Among all

phenolic acid analogues that we tested, FA-Hex-Es and FA-Pro-Es were

the only compounds to significantly inhibit LPS-induced TNF-U s ecr et i

a concentration-dependent manner. These results suggest that longer alkyl
groups of FA combined with propyl- and hexyl-ester enhance the
lipophilicity, which may contribute to greater cellular absorption and/or the

prevention of colloidal formation.

For future studies it is advisable to further clarify if phenolic acids are
transported into immune cells. For instance, a fluorescent probe specific to
phenolic acids could be developed and used to detect intra-cellular phenolic
acids 476477 Alternatively, an analytical approach with a high throughput
screening property, such as ultra-high performance liquid chromatography
tandem mass spectrometry (UHPLC MS/MS) or RapidFire tandem mass
spectrometry (RapidFire MS/MS) could be used to quantify the selected
phenolic acid concentrations in immune cells following incubation of cells

with test compounds 478.

To understand the cellular MOA of FA-Pro-Es and FA-Hex-Es on TNF-U
secretion, we examined the effects on gene expression. Similar to our
previous studies with other flavonoid metabolites at physiological
concentrations in THP-1 cells and HUVEC 137334440479 " neijther the parent

FA, or the ester analogues FA-Pro-Es and FA-Hex-Es affected mRNA

on

expression. LPS-induced TNF-U secr et i on i-gandlatogallyl at ed

by p38 MAP kinase 283, However, none of the three phenolic acids affected
LPS-induced p38 MAPK phosphorylation suggesting an alternative

mechanism was involved.

TNF-U i s expressed on the membrane -
located enzyme TACE cleaves the ectodomain of membrane-anchored
TNF-U, giving rise to its circulat:i
for releasing soluble VCAM-1 and ICAM-1 %8, Several studies have
reported the effect of flavonoids on TACE activity by looking at gene and

protein expression 232291481482 55 well as by measuring enzymatic activity
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by colorimetric assays 232456482 or by molecular modelling #83. However,
protein and gene expression might not be directly correlated with enzymatic
activity. We used an enzymatic activity assay, the InnoZyme TACE activity
kit 291 which measures TACE activity from cell lysates to study the effect of
FA, FA-Hex-Es and FA-Pro-Es on TNF-U s aianr However, this assay
was problematic and even the controls were not reproducible, and
optimisation of this kit did not improve TACE activity from cell lysates (data

not shown). As an alternative, we studied the effect of our compounds on

retention of membrane-bound TNF-U by fl ow cytometry

activity should result in membrane retention and accumulation. Celastrol, a
wide spectrum anti-inflammatory compound 4, has been reported to inhibit
TACE enzymatic activity and increases membrane-bound TNF-U i n -

induced THP-1 cells 278, However, in our hands neither Celastrol or the

as

LPS

phenolic acids inhibited LPS-induced membrane bound TNF-U, whi c h

have been due to insufficient antibody binding or weakly expressed mTNF-
U combined with the use ¢4 Fuare dudies
should include a TACE specific inhibitor such as Ro 32-7315 278, instead of
any broad spectrum inhibitors such as Celastrol. And for
immunofluorescence experiments, perhaps a brighter or an ultrabright
fluorochrome such as PE or Brilliant Violet™ could be used. Catalan and
co-workers have reported that LPS stimulation alone in THP-1 cells did not
affect TACE activity and basal levels of THP-1 might be sufficient for TNF-
U secretion. Ho wWleorimetric assay “e® ywhich soald hawe
missed detection of the transient inhibitory activity in cell lysates. Further
studies should consider using validated live-cell based assays with FRET-
based biosensors where both inducer (LPS) and inhibitors (positive control
and compounds of interest) are simultaneously present 4°8. Future studies
for TACE activity should also consider use of primary cells or cell lines with
TACE activity similar to primary cells, rather than THP-1 in which TACE
catalytic activity was reported to be different than in primary cells 278,

We have previously shown that activation of HO-1 or NQOL1 can inhibit LPS-

induced TNF-U secretion in THP-1 cells and that flavonoids and flavonoid
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metabolites can induce their expression 1°47:387_ This may be an alternative
cellular mechanism for the esterified ferulic acids. In contrast to FA, both
FA-Hex-Es and FA-Pre-Es significantly increased HO-1 protein expression
and the magnitude of FA-Hex-Es was similar to the positive control DMF. A
moderate but significant effect was also observed with NQO1 enzymatic
activity relative to basal control. Further examination showed that FA-Hex-
Es increased HO-1 gene expression but did not significantly alter NQO1
gene expression. Finally, we studied the effect of these two compounds
together with FA on expression of Nrf2, which regulates these genes. FA-
Hex-Es and FA-Pro-Es slightly induced Nrf2 protein expression by 1.5-fold
but this was statistically non-significant. Various studies have consistently
reported quercetin as a robust Nrf2 activator in different types of cells,
including hepatocytes 379380486 endothelial cells 137, macrophages
416,487,488 ' monocytes 4%, and microglia 382, and so we used thus as a control.
Our results are in line with previous studies showing a robust increase in

Nrf2 protein expression by quercetin.

Nrf2 has been reported to be upregulated by various parent flavonoids at
higher supraphysiological concentrations including: hesperidin (20-80 uM)
in human hepatic LO2 cells 384, naringenin (20-80 uM) in human neuroblast
SH-SY5Y cell line 383, EC (10 pM) in HepG2 cells 38, EGCG (50 pM) in
bovine aortic endothelial cells (BAECs) 38 and EGC (80-100 uM) in THP-1
cells 37, In a rabbit study, 3 weeks of daily oral administration of C3G and
its metabolites FA but not PCA reduced light-exposure induced oxidative
stress in the retina via Nrf2 induced HO-1 upregulation 2. Regarding
phenolic acids, in high-glucose induced primary rat hepatocytes and
cardiomyocytes, FA increased Nrf2 nuclear accumulation in a dose
dependent manner (1-10 pg/kg) 2%4. Also, IFA induced HO-1 expression via
Nrf2 in microglial cells at 100-150 uM 48 and CA induced HO-1 and NQO1
expression via Nrf2 in acetaminophen-induced hepatocytes L-02 and
HepG2 cells at 50 uM 40, Recent studies from our lab focused on bioactivity
at physiological achievable concentrations (1-10 uM) and investigated the

effect of several parent flavonoids, their sulfate and glucuronide conjugates
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as well as benzoic acid derived phenolic acids (PCA, VA, IVA, 4HBA) on
HO-1 and Nrf2 expression. In HUVEC, PCA-4-sulfate (PCA4S), 4HBA and
quercetin at 1 uM upregulated HO-1 expression, but only quercetin and
4HBA upregulated mRNA expression and only quercetin affected Nrf2 137,
In THP-1 cells, quercetin induced Nrf2 and HO-1 expression #4° but similarly
to this study, none of the other parents or metabolites had any significant
effect on Nrf2 expression, even at 50-100 uM. This suggests that alternative
mechanisms are responsible, and that benzoic acid derived phenolic acids
and metabolites most likely involve different regulatory mechanisms for HO-
1 expression that is independent of Nrf2, contrasting with cinnamic acid
derivatives (CA, FA, IFA) and parent flavonoids such as quercetin and
curcumin, which involves Nrf2 regulation via an upstream signalling
pathway 3%. More recently, Croft and co-workers investigated the structural
requirements of flavonoids for HO-1 induction in HAECs %% by comparing
ten flavonoids and two caffeic acid-derived synthetic compounds containing
either an ortho-dihydroxy or ortho-dioxo group. At 10 uM only quercetin,
| ut eol i n -trehydebxyflavore ,addothe two synthetic compounds
induced HO-1 expression. Further comparison of quercetin with these
synthetic compounds revealed that the ortho-dioxo compound was the most
potent, suggesting a high oxidized state of flavonoids is most likely
contributing to HO-1 induction in endothelial cells. This compound induced
both HO-1 and NQO1 gene expression, probably via Nrf2 although other

mechanisms may also be involved.

Furthermore, we and others have shown the anti-inflammatory effect of both
NQO1l and HO-1 might be partly independent of Nrf2 activity. For
instance,our lab (Rushworth et al., 2008) showed that overexpression of
NQO1 alone as well as in combination with HO-1 can inhibit LPS-induced
TNF-U e x p r & JHPrlaells and this inhibition is NF-a Bndependent.
Further evidence indicates that NQO1 has an RNA-binding property, thus a
direct involvement in post-translational modification of proteins 414. Although
in this study we mainly observed a marked effect of FA-Hex-Es and FA-Pro-

Es on HO-1 and TNF-U at protein level, no evidence from the current

200



literature indicates any post-translational involvement of HO-1 or its
enzymatic products on TNF-U p r @t a@yi other proteins, although it is
worth further investigating whether reduced TNF-U pr ot ei n HD=s
1 upregulation at the post-translational level. Further work could include
experiments such as silencing RNA (siRNA) to knock down HO-1 and Nrf2
prior to treatment with FA-Hex-Es and FA-Pro-Es and measuring TNF-U
secretion. Another experiment could be treating cells with HO-1 and Nrf2
inhibitors alone or in combination with FA-Hex-Es and FA-Pro-Es. In
addition to these experiments, more importantly the effect of these two
potent compounds on HO-1 and Nrf2 should be tested in the presence of 1
ng/mL LPS, the same condition as the effect on LPS-induced TNF-U

secretion, to see if these compounds still upregulates anti-oxidant proteins.

A limitation of this study is that we did not investigate the effect of other

phenolic acids and analogues on HO-1 and NQO1 expression. For

instance, CA-Gly showed a trend in suppressing TNF-U secr et i

caffeic acid derivatives, as in the study of Croft et al., 2017, increased HO-
1. Furthermore, although THP-1 are a validated cell line model to study
inflammation and oxidative stress and their LPS-induced Nrf2 and pro-
inflammatory signalling pathways are similar to primary monocytes, they
have some limitations. As a cancer cell line, it may be less responsive to
oxidative and other stress. Use of primary monocytes or macrophages
could have been more responsive to physiological concentrations of the
phenolic acids and future studies should take this into consideration.
Another limitation of this study is the use of LPS. Even though LPS is a well
established inflammatory model for immune cells, alternative models of
inflammation specific to CVD such as oxLDL or CD40L to induce

inflammation rather than LPS should be considered in future studies.

In conclusion, most phenolic acids examined did not exert anti-inflammatory
effects at physiological concentrations in THP-1 cells. However,
esterification of natural phenolic acids enhanced the activity of FA, likely

due to increased lipophilicity combined with presence of a longer alkyl chain
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of FA itself, together mediating a better cellular uptake or absorption. The
mechanism of action of these esterified compounds is post-transcriptional
similar to other flavonoid metabolites previously studied in our laboratory.
The esters induced HO-1 and NQO1 expression independently of Nrf2
suggesting alternative regulatory mechanisms are involved. These results
suggest that synthetic esterified analogues of dietary-derived phenolic acids
have anti-inflammatory properties with potential pharmaceutical application

as anti-inflammatory drugs.
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4.1 Introduction

Consumption of flavonoid rich foods e.g. berries, tea and chocolate, is
associated with a reduced risk of developing various neurological disorders

including stroke 4°2493 depression 185186 and neurodegenerative disorders

e. g. Pas kidnsem&e (PD) and Al 2% mer 0 s
Neuroinflammation is a major contributor to the development of these

diseases 242:243.246,494.495 The cause of neuroinflammation in AD and PD is

mainly unknown but in stroke and ischemia, the signalling is mediated by

several key pro-inflammatory cytokines (TNF-U, -1IbL an4), | L
chemokines (MCP-1, CCL5, CXCL1), reactive oxygen species (ROS) and
secondary messengers (prostaglandins and NO) 240, Accumulating

evidence suggests that neuroinflammation is mediated by microglial cells
241,245,250,496_

Microglial cells are the resident macrophage-like immune cells in the brain,
playing a central role in maintaining homeostasis and repairing brain injury
241 Recent evidence suggests that in diseases such as PD and AD,
neuroinflammation can be initiated by chronic microglial activation (classical
activation) 243245, The activation of microglia is induced by pro-inflammatory
stimuli such as LPS, IFN-0 o r-CSF Mading to activation of transcription
factors such as AP1 and NF-a B, whi ch regul at-e secr
inflammatory cytokines (e.g. IL-6 and TNF-U Y45, IL-6 plays a critical role in
the nervous system. A dramatic increase in IL-6 levels is observed in
various neurological disorders including major depressive disorder 497 PD,

AD and brain ischemia 318,

Emerging evidence suggests that flavonoids exert anti-inflammatory effects
in microglial cells. Various flavonoids such as hesperetin, isorhamnetin and
luteolin inhibit pro-inflammatory cytokines such as TNF-U , -11bL, afim | L
LPS-induced BV2 cells 4987501 More recent studies have postulated that the
anti-inflammatory properties of flavonoids are likely due to their low

molecular weight phenolic metabolites (including FA, CA, PCA and VA)
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5455184 Furthermore, a recent study with raspberry extract enriched in
ellagitannins, their degradation products, and ellagic acid (1 pg/mL)
reduced the pro-inflammatory biomarkers TNF-U, cCbh40, N O an
intracellular superoxide production via NF-a B , NFAT and MAPK pa
in LPS-stimulated N9 murine microglial cells 2. The blood brain barrier
(BBB) is highly selective with limited bioaccessibility and certain low-
molecular metabolites (including PCA, VA, CA, FA, IFA) have been shown
to pass the BBB in murine brain °°3, PCA administration has been shown to
reduce ischemia-induced neuronal cell death by decreasing oxidative
stress, microglial activation and disruption of BBB in rats 504505 |n mice
exposed to chronic unpredictable mild stress, FA administration showed an
anti-depressant effect, inhibiting microglial activation via reduced pro-
inflammatory cytokine expression and NF-a B s i g #f°alFA hasibgen
reported to suppress LPS-inducedNF-a B acti vity via dephos
PI3K/Akt in BV2 cells 8. The use of animal studies indicates that

bioaccessible phenolic acids PCA, FA and IVA are bioactive in the brain.

Since in the previous chapter synthetic esters were shown to be bioactive,
we investigated these esters together with their parent compounds for their

anti-inflammatory effects in murine BV2 microglial cells.
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4.2 Aim

U To compare three common naturally occurring phenolic acids, FA,
IFA and PCA and their synthetic esterified analogues for their effects
on TNF-U a n-@ setrdtion in BV2 microglial cells and investigate

their intracellular mechanisms of action.
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4.3 Results

4.3.1 Effect of phenolic acids and ester analogues

on BV2 microglial cell viability

Cytotoxicity of selected compounds on murine BV2 microglial cells was
assessed by MTS assay to ensure any subsequent observed effects were
not due to cell death. BV2 cells were treated with 10 uM FA, IFA, PCA or
their methyl (Met), ethyl (Et), propyl (Pro) or hexyl (Hex) esters (Es) or
DMSO (vehicle control, VC) for 24h and cell viability measured by MTS
assay. Figure 4. 1 (A) indicates that none of the treatments had any
significant effect on cell viability with the exception of PCA-Hex-Es. To
determine a non-toxic dose for this compound, a further MTS assay was
performed with 1 uM, 5 uM, 10 uM and 20 uM (Figure 4. 1 (B)). PCA-Hex-
Es markedly reduced cell viability at all tested concentrations. Although 1
UM PCA-Hex-Es reduced cell viability by 30%, it was not statistically
significant and therefore 10X lower concentration (0.1 pM) was used in

further experiments.
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Figure 4. 1 Effect of phenolic acids esters on murine BV2 microglial cell viability measured

by MTS assay. Cells (3x10%) were treated with 10 uM of each compound (A), or with 1, 5,

10, or 20 uM PCA-Hex-Es (B) or 0.1 % DMSO (vehicle control, VC) for 24h and cell viability
measured by MTS assay. Cell viability was expressed as percentage of non-treated cells

(cell only, not shown) mean + SEM, n=3. Treatment effects compared with VC were
determined by one-way ANOVA with post-hoc Dunnett é6s. ** p < 0.01;
< 0.0001.
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4.3.2 Kinetics of LPS iinduced TNF -A secretion i
BV2 cells

TNF-U is a key proinflammatolyi oyt dhli cena
nervous system is associated with neurodegenerative disease pathology

and progression 244, To assess the optimal concentration and time for LPS-

induced TNF-U secretion in the microglial cel
1,10 or 100 ng/mL LPSfor2,4or6h. TNF-U secreti on was mea
ELISA. TNF-Usecretion steadily increased with time in response to 10 and

100 ng/ml LPS (Figure 4. 2). A dose response was observed at 4 and 6 h.

10 ng/mL LPS for 4 h was chosen for further experiments.

17504 O 1 ng/mL
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Figure 4. 2 LPS-induced TNF-U secretion in >Illy @ere tr€ated Witk 1, ( 1 x 1 0
10, or 100 ng/mL LPS for 2, 4 or 6h or left untreated (Basal). TNF-U secr eti on wa:
measured by ELISA and expressed as pg/mL, n=1.
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4.3.3 Phenolic acid s and ester analogues do not

significantly inhibit TNF A Secretion in BV2 c

The common phenolic acids PCA, FA, and IFA and their esters were

screened at 10 uM (except PCA-Hex-Es, 0.1 uM) for their effect on LPS-

induced TNF-U secretion iW11-B082 and\E-bBs i nBAbi t o1
has previously been reported to reduce LPS-induced TNF-U secr et i on
BV2 cells®*! was included as a positive control. Figure 4. 3 shows that BAY

11-7082 (1 uM) significantly inhibited LPS-induced TNF-U s ecr et i on. Of
phenolic acids and esters, FA-Hex-Es was the most promising, reducing

LPS-induced TNF-U s e ¢ r e t5% compaled with VC but this did not

reach statistical significance and none of the other phenolic acids or related

esters had any significant effect. A higher concentration of FA-Hex-Es (20

pUM) was not investigated as it reduced cell viability by ~43% (data not

shown).

120+
1004
804
60+

404

Murine TNFa secretion
normalized to LPS control (%)

40 @,\ q;lo Ao @6 @9 @‘9 @@ Aol &@ @@ @Q’ e g/‘ﬂ Q/@ q’@ Q?
Q’g\(‘g Q\& o g o Q«é\é\ L Qox&"} L7
Q,V' QV‘ < (‘v' Q?' \QV' \Q \QV' QoV' Q Qo?‘ Qo?'

Figure 4. 3 Effect of FA, IFA, PCA and their esters on LPS-induced TNF-U secreti on i
BV2. Cells (1x10%well) were pre-treated with 10 uM of each compound (except PCA-Hex-

Es, 0.1 uM) or 0.1% DMSO (vehicle, VC) and 1 uM BAY 11-7082 (positive control) for 30

min prior to stimulation with LPS (10 ng/mL) for 4h and TNF-U secr et i on measur e
ELISA. Data expressed as percentage LPS control, mean = SEM, n=3. Treatment effects

compared with VC were determined by one-way ANOVA withpostthoc Dunnett és t est
p<0.0001.
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4.3.4 LPS -induced IL -6 secretion in BV2 cells

Since IL-6 plays a critical role in neuroinflammation and is secreted by
microglial cells 319318 the effect of the phenolic acids and their esters on
LPS-induced IL-6 secretion was investigated. While LPS induces TNF-U
secretion rapidly, IL-6 secretion is delayed and has been reported to be
highest after 24 h 317, Prior to investigating the effects of the phenolic acids,
the optimum concentration of LPS required for the ELISA was obtained.
BV2 cells were stimulated with 1-1000 ng/ml LPS for 24 h. Figure 4. 4
indicates that LPS increased IL-6 secretion in a concentration-dependent
manner. Since 10 ng/mL LPS induced approximately 500 pg/mL IL-6, this
concentration was considered the most suitable concentration within the

detection range of the IL-6 ELISA assay standard curve (7.5-1000 pg/mL).
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Figure 4. 4 LPS-induced IL-6 secretion in BV2. Cells (1x10%/well) were untreated or
stimulated with 1, 10, 100 or 1000 ng/mL LPS for 24h. IL-6 secretion was measured by
ELISA and expressed as pg/mL, n=1.
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435 FA -Hex -Es suppresses LPS -induced IL -6

secretion in BV2 cells

Prior to LPS stimulation for 24 h, BV2 cells were pre-treated with 0.1%
DMSO (VC) or 10 uM FA, PCA or IFA or their esters, with the exception of
PCA-Hex-Es, which had a concentration of 0.1 uM to avoid cytotoxicity. 1
MM Bay 117082 was included as a positive control. Figure 4. 5 shows that
1 uM BAY 117082 completely suppressed LPS-induced IL-6 secretion.
Among the phenolic acids and esters, FA-Hex-Es significantly inhibited IL-
6 secretion. The FA methyl and ethyl esters slightly reduced IL-6 secretion
(7 and 12% vs VC) and IFA-Et-Es showed a moderate but non-significant
attenuation of IL-6 secretion (16% vs VC). FA, FA-Hex-Es and IFA-Et-Es

were further assessed for a possible dose response effect.
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Figure 4. 5 Effect of 10 uM flavonoid metabolites and their esters on LPS-induced IL-6
protein secretion in BV2. Cells (1x105/well) were pre-treated with 10 pM of each phenolic
acid or their esters (except PCA-Hex-Es, 0.1 uM), or 0.1% DMSO (vehicle control, VC) or
1 UM BAY 11-7082 (positive control) for 30 min prior to treatment with LPS (10 ng/mL) for
24h and IL-6 secretion measured by ELISA. Data is expressed as percentage of LPS
control, mean + SEM, n=3. Treatment effects compared to VC were determined by one-
way ANOVAwithpost-h oc Dunnet t 6 ®rBA¥Ls-T70820%* p¢0.000k s t

212



4.3.6 FA -Hex -Es significantly reduces LPS -induced
IL -6 secretion in a dose -dependent manner in BV2

cells

The effects of different concentrations (0.1 uM, 1 uM and 10 uM) of FA-
Hex-Es and IFA-Et-Es on LPS-induced IL-6 secretion were investigated. FA
was included as a control. Figure 4. 6 indicates that FA-Hex-Es (4.6 B)
significantly inhibited LPS-stimulated IL-6 secretion and the effect was
dose-dependent (16%, 52% and 76% vs VC). In contrast no significant
effect was observed with FA alone (4.6 A) and a non-significant trend with
IFA-Et-Es (4.6 C) was observed.

|L-6 secretion
normalized (%) to LPS control

IL-6 secretion
normalized (%) to LPS control

IL-6 secretion
normalized (%) to LPS control

Figure 4. 6 FA-Hex-Es dose dependently inhibits LPS-induced IL-6 secretion in BV2. Cells

(1x105/well) were pre-treated with 0.1 pM, 1 uM or 10 pM of FA (A), FA-Hex-Es (B) or IFA-

Et-Es (C), 0.1% DMSO (vehicle control, VC) or 1 uyM BAY 11-7082 (positive control) for 30

min prior to treatment with LPS (10 ng/mL) for 24h and IL-6 secretion measured by ELISA.

Data is expressed as percentage of LPS control, mean £ SEM, n=3. Treatment effects

compared to VC were determined by one-way ANOVA with postthoc Dunnettdés t es/
testfor BAY11-7082 vs VC *p<0.05; ****pOO0.0001.
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4.3.7 LPS -induced IL-6 mRNA expression in BV2

cells

To understand whether the observed effect on IL-6 secretion in BV2 cells
was post-translational as in the case of TNF-U, -Habd NQO1 expression
in THP-1 cells or affected gene expression, effects on mRNA expression
were examined. A time-course of LPS-induced mRNA expression for 2, 4,
6 and 8 h was conducted and analysed by qPCR. Figure 4. 7 indicates IL-
6 mMRNA expression in response to LPS was elevated at all time-points,

peaking at 4 h and therefore this time point was used in further experiments.
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Figure 4. 7 Kinetics of LPS-induced IL-6 mMRNA expression in BV2. Cells (1x10° /well) were
untreated or treated with 10 ng/mL LPS for 2h, 4h, 6h, and 8h and mRNA expression
measured by RT-qPCR. IL-6 mRNA expression levels were normalised to GAPDH and
expressed as fold change over basal control, n=1.
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4.3.8 Effect of FA -Hex -Es, FA -Pro-Esand FAonIL -6

MRNA expression in BV2 cells

BV2 cells were pre-treated with FA and esters (10 uM) or 0.1% DMSO (VC)
prior to stimulation with LPS (10 ng/mL) for 4 h. BAY 11-7082 (1 pM) was
included as a positive control. Figure 4. 8 demonstrate that LPS-induced
IL-6 mMRNA expression was significantly inhibited by FA-Hex-Es (90%
inhibition) to a similar level as the positive control (BAY 11-7082). IFA-Et-
Es also significantly inhibited LPS-induced IL-6 mMRNA expression to a

lesser extent. As expected, no significant effect was observed with FA.
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Figure 4. 8 Effects of FA, FA-Hex-Es and IFA-Et-Es on LPS-induced IL-6 mRNA

expression in BV2. Cells (1x105%well) were untreated or treated with 10 uM of FA, FA-Hex-

Es, IFA-Et-Es, 0.1% DMSO (VC) or 1 uM BAY 11-7082 (positive control) for 30 min prior

to adding LPS (10 ng/mL) for 4 h. IL-6 mRNA expression was measured by RT-qPCR.

MRNA values were expressed as fold change (relative to VC) and normalised to GAPDH.

Mean + SEM, n=3. Treatment effects with FA, FA-Hex-Es, and IFA-Et-Es compared to VC

were determined by oneeway ANOVA with post hoc Dunne
between BAY 11-7082 and VC and basal versus VC byt-t est . *p<0. 05
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4.3.9 Effect of FA  -Hex -Es on upstream regulators of

IL -6 gene expression

IL-6 gene expression is regulated by several transcription factors including
NF-a B a n-d. AR-P, a heterodimer of c-Fos and c-Jun is activated by
JNK, which is an essential mediator of the pro-inflammatory response in
microglia 596:5%7, The flavone luteolin (5-50 uM) has been reported to inhibit
IL-6 gene expression via JNK and AP-1 activation in LPS-induced BV2 cells
498 suggesting that this may be a possible mechanism of action also for the
phenolic acid esters. To understand how FA-Hex-Es and IFA-Et-Es
inhibited IL-6 gene expression, we studied JNK, AP-1andNF-e B a ct

in BV2 cells.

4.3.10 Optimisation of LPS -induced JNK protein

phosphorylation in BV2 Cells

The kinetics of JNK phosphorylation in response to 10 ng/mL LPS was first
investigated. Cells were treated with 10 ng/mL LPS for 0O, 5, 15, 30, 45, and
60 min western blot analysis used to measure phosphorylation of JNK.
Unphosphorylated JNK and b-tubulin (a housekeeping gene) were included
as loading controls. Figure 4. 9 indicates that LPS stimulated JNK
phosphorylation by 15 min, remained high at 30 min and decreased by 45
min. This suggested that 30 min stimulation was suitable for further

experiments.
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Figure 4. 9 Kinetics of LPS-induced JNK protein phosphorylation in BV2. Cells (2x105%/well)
were stimulated with 10 ng/mL LPS for 0-60 min. Total protein was extracted and
phosphorylated and unphosphorylated JNK protein expression measured by western blot
analysis. Beta tubulin was used as a loading control. Representative of three independent
experiments.

4.3.11 Effect of FA -Hex -Es, IFA -Et-Es and FA on INK

phosphorylation in BV2 cells

BV2 cells were pre-treated for 30 min with 20 uM FA and 10 pM FA-Hex-
Es, IFA-Et-Es or SP600125, a JNK inhibitor (positive control) or 0.1%
DMSO (VC) prior to treatment with LPS (10 ng/mL) for 30 min. JNK
phosphorylation was assessed by western blot analysis. Figure 4. 10 (A)
shows that although SP600125 inhibited LPS-induced JNK phosphorylation
compared to the VC, neither FA nor the two esters had any effect. This was

confirmed by densitometric analysis (Figure 4. 10 (B)).
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Figure 4. 10 LPS-stimulated JNK phosphorylation is not affected by treatment with FA, FA-

Hex-Es or IFA-Et-Es in BV2. Cells (2x105%well) were treated for 30 min with 20 pM FA or

10 uM FA-Hex-Es, IFA-Et-Es or SP 600125 (positive control) or 0.1% DMSO (VC) prior to

stimulation with LPS (10 ng/mL) for 30 min. A) JNK protein expression and phosphorylation

was measured by western bl ot anaduputniused d&sraom wh ol
loading control. Representative of three independent experiments. B) Image J

densitometric analysis pf unphosphorylated and phosphorylated JNK expression,

nor mal i gubulin ahdoreldtive to VC control. Ratio of P-JNK/INK for FA, FA-Hex-Es

and IFA-Et-Es was analysed byone-way ANOVA with post hoc Dunnett
di fference between basal and VC and SP60800125 ar
test Mean+SEM, n=3. *p O 0.05, ****p O 0.0001.
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4.3.12 Kinetics of LPS -induced ¢ -Jun and c¢ -Fos

phosphorylation in BV2 cells

AP-1 is a heterodimer of c-jun and c-fos 32°. In order to determine an optimal
time-point to study the effects of FA and the esters on LPS-induced c-Jun
and c-Fos phosphorylation, a time course was performed. Cells were
unstimulated or treated with 1 pg/mL LPS for 1, 2, 3, or 4 h phosphorylation
measured by western blot analysis. The concentration of LPS used in this
assay was based on the assay sensitivity as well as on previous work from
our lab and others 460508509 Figure 4. 11 indicates that compared to basal
levels (0 h), c-Jun and c-Fos were phosphorylated following LPS treatment
at all timepoints, peaking at 1 h. Furthermore, protein level of c-jun was
elevated by LPS treatment at all time points. 1h treatment with LPS also
seemed to elevate c-Fos protein level however this may have been due
non-specific signal enhancement and low quality of antibody which could
be seen from the size of bands. Further studies in serumi free media did
not alter the effects of LPS on phosphorylated or non-phosphorylated c-Jun
or c-Fos expression (Figure 8.16, Appendix Ill). 1 pg/mL LPS stimulation
for 2 h in usual media was therefore utilised in further studies.
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Figure 4. 11 Kinetics of c-Jun and c-Fos protein phosphorylation and expression in

response to LPS stimulation in BV2. Cells (2x10%/well) were stimulated with 1 ug/mL LPS

for 0-4 h and total protein extracted. cells were lysed for protein extract. Per sample 50 ug

total proteinwas usedtoexamine pr ot ei n expression b-VJubuvestern L
expression was used to assess equal protein loading for all samples.

4.3.13 Effect of FA -Hex -Es, FA -Pro-Es and FAonc -

Jun and ¢ -Fos phosphorylation in BV2 Cells

FA, FA-Hex-Es and IFA-Et-Es were then tested for their effect on c-Jun and
c-Fos. Cells were pre-treated with 20 uM FA or 10 uM FA-Hex-Es, IFA-Et-
Es, SP 600125 (which inhibits c-Jun and to some extend c-Fos
phosphorylation °19), PD 98059 (which inhibits c-Fos phosphorylation %) or
0.1% DMSO (VC) for 30 min prior to stimulation with LPS (1 pg/mL) for 2 h
except control (non-treated cells). Protein expression and phosphorylation

levels of c-Jun and c-Fos were assessed by western blot analysis. Figure
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