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Abstract

Globally, cardiemetabolic diseases and their associated complications are the leading cause
of mortality andmorbidity, and also the single largesintributor to health care expenditure

(World Health Organisation 2017) Hitherto, much effort has been placed on attempting to

cure rather than prevent these diseases; hence rates are projected to increase over the next 25
years(Cho et al, 2018) Consequentlya change in approach towards prevention would be

more effective aminimising the burden ofthese diseases. Hence, this thesis focussed on
implementinglifestyle interventions, Montmorency tart cheg(MTC) (Prunus cerasus.)

and FATMAX exerciseto improvebiomarkersassociated with Metabolic Syndrome (MetS),

the precursotto developingcardiovascular diseasadtype Il diabetegWilson et al, 2005)

Tart cherries are a dietary source rich in many polyphenolic compounds, particularly
anthocyanins, which have been increasingly investigated for their ability to optimise health
over the past 20 yeaf$/ang, 1998; Seerast al, 2001; Bellet al, 2014; Kelley, Adkins and
Laugero, 2018)In vitro (Wang, 1998; Seeramt al, 2001; Keanest al, 201&) and animal
(Seymoueet al, 2008 2009)models have provided strong evidence for the axitiative, anti
inflammatory, antidiabetic and cardiprotective properties of tart cherries. Inconsistent
findings from human trials limit the conclusions that can be drawn, however positive results
relaing to improved cardianetabolic function( At a i eet all, 2008 Martinet al, 2010;
Keaneet al, 201@; Keaneet al, 201&; Chaiet al, 2018)and recovery from exercise
(Howatsonet al, 2010; Bellet al, 2014l) have been reported. These casndietabolic
responses were observed in various human populations, but never in a MetS cohort, and
mechanisms of observed effects have not been delineated. Consequently, the overarching aim
of this thesis wado establish whether MTGupplementation with and witholRATMAX
exercisecould improve biomarkers associated wittardiometabolic healthand delineate

potential mechanisms of action.



The results from this thesis have corroborated previtarature but also identified novel and
clinically relevant findings.The first study(Chapter 4), examined health responses to a
combination of MTC juice supplementation with exercise for the first time. However, no
significant improvements on cardimetabolic biomarkers with MTC consumptioneve
observed in healthy humans. Additionally, based on hornwspter 4 also suggested shert

term MTC supplementation may be most effective. The mastigation(Chapter 5) was

the first to assess cardimetabolic responseg® MTC consumptionin humans with MetS.
Results indicated acute supplementation of MTC capsules and juice reduced insulin
concentrations; demonstrating a health benefit of MTC capsules for the firgt tsmg human
population. However, responses between MTC juice and capsules were not different.
Corroborating previous research, MTC juice reduced systolic blood pressure acutely, by a
clinically relevant margin. Similarly, and arguably the most clinicatigortant finding of this

thesis was reported thapter 6, as 7 days MTC juice consumption significantly reduced 24
hourambulatoryblood pressure ingopulation of individuals witiVetS. Hence, these findings
indicate MTC juice may be usekan antihypertensive interventiorMoreover,chapter 6
revealedfor the first time an MTC intervention improved fasting glucdséal cholesterol,
TC:HDL ratio andowered resting RER any human population, after 6 days of Mjuie
supplementatiorcompared to aontrol group.The last experimentadtudy attempted to
elucidatethe mechanistic pathways for observed responses with KOr@pter 7). Findings
demonstrated dilutions of MTC concentrate extended lifesp&a@morhabditis elegansnd

identified MTC may act as @alorie restrictiormimeticvia the PPAR signalling pathway.

Together these observations promote the integration of MTCsafe,pragmatic, naturally
occurring dietary intervention, into habitual consumption for the prevention and amelioration
of cardiometabolic dysfunction. Substantiation of these results from future;desiyned

clinical trials is necessitated to suppdr implementation of MTC in practice.
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Chapter 1. Introduction

Prevention is better than cure, especialhen there is no cur@oundedn thisideology, the
research conducted as parttiois thesis set out to udigestyle interventions to prevent the

development of cardimetabolic diseases.

Cardiometabolic disease encompasses cardiovascular diseases (CVD), type Il diabetes
mellitus (T2D) and chronic kidney disease which are associated with modifiable rigls facto
including excess adiposity, hypertension, hgpetesterademia and hyperglycaemiBanaei

et al, 2014) Cardiometabolic disease has becomenajor, global public health concern
(Kraushaar andramer, 20093s its constituent diseases are the leading cause of mortality and
morbidity worldwide, and is also the single largest contributor to health care expenditure
(World Health Organisation 2017) Globally in 2015, there was an estimated 422.7 million
prevalent cases @VD and 17.92 million deathd@othet al, 2017) representing 31% of all
deaths(World Hedth Organisation 2017) Moreover, global prevalence of diabetes amongst
individuals aged 189 years was 8.4% (451 million) as of 2017 and is expected to increase to
9.9% (693 million) by 2045suggesting a concomitant increase in CVD related deaths an
placing evermore pressure on healthcare sys{€&he et al, 2018) These figures starkly

highlight the magnitudandurgent need to reverse timardemic

Metabolic Syndrome (MetSgncompassea cluster of different cardimetabolic criteria
(abdominal obesitypre-hyperglycaemiapre-hypertension and atherogenic dyslipidaeinia)

andhas become of increased interest in clinical and academic séttdgs Neennd |O6 Dr i s c o |
2015) MetS is consided to be the precursor to CVD and T2D and confersan@ 5fold

greaterisk of developing these diseases, respecti(@llyerti et al, 2009) Approximately, a

quarter of theglobal population are thought to have MetS, equating to biliion people

(Saklayen, 2018)rhis thesis targetlindividuals with MetS, yeto be diagnosed with a cardio

metabolic diseasdp provokea meaningful contributionowardslessening the burden of

cardiometabolic dysfunction on a global and individual scale. Was primarily achieved
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through focussing onreducing incidence rategf cardiecmetabolic disease and therefore

curbing the physical and financial resources spent on treating disease.

Cardiometabolic disease ommonlycaused by an unhealthy lifestydbaracterised by high
levels of sedentary behaviowand disproportionately higher caloric intake relative to
expenditure (Kaur, 2014) Strikingly, 80% of diagnosed cardmetabolic diseases ar
preventablehrough improving lifestyléPiepoliet al, 2017) Since CVD and T2D are closely
interrelated, a multifactorial approach to prevent complications is recommended ttretigh
exercise, aggressive blood pressure control and treatment of dyslipid&snaiesonet al,

2018)

The efficacy ofexercise andmproving habitualdietary practiceon therisk of developing
cardiometabolic disease iemarkable such that medical associations recommtreseas
primary tookfor the prevention of CVD and T2(3igalet al, 2004; Rosenzweigt al., 2008)
Yamaoka and Tango (2018ported either idtary intervetion or a combination of dieary

and exercise interventions resolved MetS in twice as many people compared to aoaunirol
Subsequently, this provides rationale for the use of dietary and exercise interventions, in the

present thesis, as a typoonged approach to elicit careioetabolic health improvements.

Modest daily improvements in health from food consumed throughoifiéteme is more
noteworthyand safethan6é h i g h gharmadolsgica drugs consumed in the shenrn to
treat specific conditiongChivaBlanch and Visioli, 2012)Diets rich infruits, vegetables,
legumes and whole graimsovide protectiorfrom cardiemetabolic dysregulatiotypical of
MetS (Pitsavoset al, 2006; Kastoriniet al, 2011) These foodsiffs contain @lyphenols
which are ubiquitous, naturdly-occurring phytochemicals derived fronplantbasedfoods
(Manachet al, 2004) Polyphenolshave been heavily researcheder the past 25 yeate
exploit their myriad of healtpromoting propgies including antioxidant, antinflammatory,

antihypertensive, antyperglycaemic and lipgbwering (Manachet d., 2004) thus may
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defend against CVIanddiabetes developmeliBcalbertet al, 2002; Stevenson and Hurst,
2007; Bahadoran, Mirmiran and Azizi, 2018plyphenols are divided into malfferent
subclasses, of which anthocyanins are (df&nachet al, 2004) Recently, anthocyanins have
gainedplentiful attention for their healthromding properties, particulgr due to theipotent
antrinflammatory and antioxidant propertiesHe and Giusti, 2010)There is growing
evidence that anthocyaniméd anthocyaninich foodsconfer significant improvements to
cardiometabolic healti{Pojeret al, 2013; Wallace, Slavin and Frankenfeld, 2016; Fairlie

Joneset al, 2017; Yanget al, 2017)

A food source which has received substaraiténtion in clinical and exercise science fields
over the pastO yearsare tart cherriefPrunus cerasuk.). Tart cherries have been shown to
possess a high phytochemical contartluding phenolic acidsgatechinsproanthocyanidins,
melatonin, quercetirkaempferol and particularly anthocyanif@eymouret al, 2009; Ouet
al., 2012) These phytocheroals are thought to contribuiethe potent ardbxidative and arti
inflammatory properties of tart cherries, whiekceed that of common nateroidal anti
inflammatory drugs such as ibuprof@WVanget al, 1999) Human studies havenewn tart
cherriesto effectively combabxidative stess(Traustadottiret al, 2009; Bellet al, 2014£;
Bell et al,, 2016) inflammation(Howatsoret al,, 2010; Martiret al, 2011; Bellet al, 2014c¢)
andpromote posexercise recoverfHowatsonet al, 2010; Bowtellet al, 2011; Bellet al,
2015; Leverst al, 2016) The antiinflammatory and arvoxidative properties of tart cherries
conveniently target the underlying chronic lgnade inflammation and praxidant statushat

is central toMetS pathophysiology. Indeediart cherriesvere demonstrated to improbedy
composition and cardimetabolic markers in rodentSeymoutet al, 2008 2009)and humans

( At ai etall 2008aMartinet al, 2010; Bellet al, 2014; Keaneet al, 2016; Chakt al,
2018) suggesting this fruit may ameliorate symptoms associated with. Met&ver, human

trials withtart cherry interventions imdividualswith MetShave yet to be conducted.
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Despite prolonged interest in polyphenols, researchers have been unable to diiameate
mechanisms of thiehealthpromoting effect{Watson, Preedy and Zibadi, 2018nproved
cardiometabolic health makes the expectation tenable that lifespan may also heedxte
(Heilbronn and Ravussin, 2003jence, this thesidtamptedto delineate the mechanisrof
action of observed effects wiMontmorency tart cheies (MTC) anddetermine whether they
act asacalorie restricton mimetic to extend lifespan in@aenorhabditis elegan(€. elegank

model.

Lastly, ©me of the issues with current interventions include the lack of individualisation of
interventions and limited knowledge of the cause and effect relatidnstween interventions
and their overalimpacton diseas€Kraushaar and Kramer, 200Qurrently, reversal of the
cardiometabolic disease epidemic will not beheeved without more effective preventative
interventions (Kraushaar and Kramer, 2009Yhus, identification of more efficacious
interventions is requiredhis programme of research adto contribute to resolving this issue
by examiningMTC and individualised FATMAX exercise (the intensity ofmaximal fat
oxidation conveyed as ¥O;max) as potential interventionsvith simple and feasible
application to daily lifePresently no research has been condudtegarticipants withvietS
nor hadMTC supplementation been combined with exercise in any population. Thethfsre,
thesisaddressethese gaps andraedto present daevaluatinghe use of thes@aterventions
as preventative measum@gainst cardionetabolic dseases, in the view to coradfuturelarge

scale clinical triad.
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This literature review is partitionddto 3 parts.Part 2.1 will review literature pertaining to
functional foods and their healfromoting properties. Particular focus will be attributed to
polyphenols, mainly anthocyanins as they are the most abundant polyphenol in tart cherries,
and their metabolism in humabgfore reviewing literature on their effects on health. This
section will end with a comprehensive review of research examining metabolism of cherry
products and their effects in both exercise science and clinical nutrition doPain2.2 will

review the epidemiology, pathophysiology and interventions used to combat MetS. As both
areas encompass a wide range ofteytics in relation to health, a detailed analysis of each is
beyond the remit of this review. Subsequently, focus will be placed oneaghbolic health.

Part 2.3 will review literature relating to the use of the model organi€aenorhabditis
elegans,for human health, particularly cardinetabolic. The literature explores potential
mechanisms through whicholyphenolic dietary interventions mayextend lifespan and

improvehealthspanthus propose mechanistic pathways for the action of MTC.

Part 2.1. Polyphenols and Health

2.1.1. Functional Foods and Nutraceuticals

ALet food be thy medici ne awasfiratendbraced 2560 be t
years ago by Hippocrat@dasler, 2002)Since the development of modern drugs, this concept

has been marginalised until relatively recently; and the rothedfin disease prevention and
amelioration has now become tremendously toggldatler, 2002; Bultosa, 2015) 6 Funct i on.
foodsd is a term that was mar kaithbengfitsmfffood he f o
and therefore a universal definition has not been formul@iedler, Bloch and Thomson,

2004) However, théBritish Nutrition Foundation (201&)efine functonal foods as foodstuffs

that deliver enhanced benefits over and above their basic nutritional value. Herein lies the
benefit of functional foods, since all foods

added physiological and psycholodidgenefits that prevent or ameliorate chronic disease
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renders them extremely desiralgi¢asler, 2002; Hasler, Bloch and Thomson, 2004; Bultosa,
2015) The health promoting effects of functionflods pertain mainly to growth and
development, cardimetabolic and gastrointestinal physiology, defence against oxidative

stress, improved cognition and physical performance and fiffiassnd Bibiloni, 2016)

Functional foods are whole foods occurring in their natural form or fortified/enhanced with
bioactive components such as fish oils, vitamins and ming@taisler Bloch and Thomson,

2004) In contrast, nutraceuticals refer to rmonventional foods with health promoting
properties but occurring as an isolated or purified product, commonly consumed in capsule,
tablet or liquid form(Hasler, Bloch and Thomap 2004) The advantage of functional foods

over nutraceuticals lie in the greater safety of consuming conventional whole foods, since
nutraceuticals provide bioactive agents in dosages that far exceed those attainable from

conventional whole food@asler, 2002)

Research has reported positive results on the effect of both functional foods and nutraceuticals
against chronic diseases including C\&kand, KrisEtherton and Boulos, 201%iabetes
mellitus (Sikand, KrisEtherton and Boulos, 2015rancer(Aghajanpouret al, 2017)
respiratory (Hwang and Ho, 2018)gastrointestinalSalminenet al, 1998; Cencic and

Chingwaru, 2010and cognitive diseaséksanget al, 2013)

Examples of functional foods which have demonstrated health benefits include beetroot
(Clifford et al, 2015) green tedCabrera, Artacho and Giménez, 2Q0&)ocolatg Ackar et

al., 2013) red wine (graped)Yoo, Saliba and Preter, 2010) berries(Pareded 6pezet al,

2010; Vendrara et al, 2016)and cherriegBell et al, 2014a; Kelley, Adkins and Laugero
2018) A commonality between these foods is their abundance of polyph&uabyghenols

are a group of phytochemical compounds ubiquitously found in varioush#aat dietary
sources and the most abundant-astdants in the human di€scalbertet al, 2002) In the

UK, average consumption of polyphenols (1521 mg®iay surprisingly higher than other
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European regions such as the Mediterranean (1011 m{.d@smoraRos et al, 2016)
Polyphenols are divided into many classes including hydroxybenzoic acids, hydroxycinnamic
acids, flavonoids, stilbenes, and lignans, of which flavonoids havelasfes including
anthocyanidins, proanthocyanidins, flavonols, flavones, flavanolgrftmesandisoflavones
(Manachet al, 2005)(Figure 2.1) Although not considered a polyphenol, phenolic acids are
increasingly being recognised for their health promoting attributes. Phenolic acids are
secondary metabolites of parent polyphenols after they undergo metafediatbertet al,

2002) They are significantly more bioavailable thus responsible for a greater contribution of

the antioxidant potential than parent polyphen@$anachet al, 2005)

Polyphenols have traditionally been targeted for their powerfulcxidiative properties,
however the mechanism through which thegretheir health effects extends beyond just their
free radical scavenging abilif€ChivaBlanch and Visioli, 2012)Alternative mechanisms that
polyphenols may operate via include activation of endogs antioxidant and phase Il
detoxification enzymes, modulation of gut microbiota and activation of molecular and cellular
signalling cascades regulating inflammation and camtitabolic functior{Chiva-Blanch and

Visioli, 2012).
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Fhytochemicals
Canotenads Polyphencis FY Mitrogen-containing Organosulfur
e compounds compounds.
: |
a-carobens
pcarotene
p-cryptoxanthin
Lutein Flavonoids Lignans Stilbenes Phenolic acids
Lycopens
Zeaxanthin } 3 : |
Secasolanaresinol Resveratol Caffeic acid
Chlorogenic acid
Ferulic acd
Gallic acid
Flavenols Flavones Isoflavones Flavanones Anthocyanidins Flavanols
4 } 1 ! 1 12
Quercetin Luteohin Genislein Naringenin Cyanidin Catechins
Rutin Apigenin Curcumin Hesperetin Malvidin Gallocatechin
Haﬂfnpfﬂltﬂ Chrisin Daidzein Enodictyol Epicatechin
Myncetin EGCG
Proanthocyanidins

Figure 21. Classification of phytochemicals and the main natural compounds in each(Beoups, Lima and Perei&ilson, 2011)
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2.1.2. Polyphenol Structure

The chemical structure of phenolics is characterised by attachment of one or more hydroxyl
groups to at least one aromatic r{@nong, 2011)Over 8000 phenolic compounds have been
discovered, with many occurring naturally plants (Strack, 2007) These compounds are
concentrated in the skin and flesh of fruits and vegetables and are occasionally found in other

plant parenchyma such as bark, leaves, seeds andZbotsy, 2011)

Flavonoids are a large group ofsgolyphenolic compounds arranged as two aromaigs
(A and B) linked ly a threecarbon bridge (6Cs-Cs) that forms an oxygenated heterocycle (C
ring) (Zhong, 2011)Flavonoid sukclasses are thus determined by the variation of the type of

heterocycle (C ringjFigure 2.2).

o 0 O
Flavonol \ /Isoflavone
2/ X 4'
1
- 8 902 5
x
C 6
6 x4"3
574

o @Q ax

Anthocyanidin 0 Flavan-3-ol

Flavanone

Figure 22. Generic chemical structure of major flavonoids.

Structural differences in relation to anthocyanidins, are responsible for determining variants of
anthocyanidins (cyanidin, delphinidin, petunidin, peonidin, pelargonidinnaedsiidin) and
consequently anttyanins (Pojer et al, 2013) (Figure 2.3). Sugar moieties attached to
anthocyanidins include glucose, galactose, rhamnose, arabinose and (Wérsa and

Miniati, 2018) Amongst aglycones, hydroxyl groups attached to the@display blue/purple

11
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pigments and while attachment of methoxyl groups present red pigmerftdti@nd Giusti,

2010)
R4
OH
+
HO 0 @
C Ra
7 OH
OH
R4 R2 Anthocyanidin
H H Pelargonidin
OH H Cyanidin
OCH3; H Peonidin
OH OH Delphinidin
OCH3; OH Petunidin

OCH3; OCH3; Malvidin

Figure 23. Generic anthocyanidin chemical structure.

2.1.3. Polyphenol Absorption, Distributiodletabolism and Excretion

Polyphenol absorption is affected by molecular weight and the degree of glycosylation and
esterification with heavier moleculéScalbet et al, 2002) Flavonoids, apart from catechins

and proanthocyanidins, in whole foods are present in glycosylated forms, which the body is
unable to absor{Scalbertet al, 2002) Thus, metabolism of flavonoids is initiated in the oral
cavity by sal i-gluaosidasealerizey fmoen oral @pitheklialbcéFernandest

al., 2014) Furthermore, oral microbiota has been shown to enact phase Il metabolism on
anthocyanins, indicating the oral cavity as an important region of polyphenol metabolism

(Larsenet al, 2011)

I ntestinal enzymes, | a-glucasdase, fadilitate thbydrolysis hy dr o
process in the gut to produce a polyphenolic aglgcand a glycoside (sugar) moiety;
considered phase | metabolignD 6 A r ethali, 2010§{Figure 2.4). Howevermnthocyanins

are an exception in that the glycosylated moieties attached to the anthocyanidin can be absorbed

and detected i n systaeaahj2@¢0).Absorptian bfarthoayaminsth&6 Ar ¢ h

12
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been shown to occur fromdhstomach, small intestine and colon via active transporters,
sodiumglucose cotransportdr (SGLT-1) and glucose transporter 2 (GLt2) (Fariaet al,

2009) In contrast to other flavonoids, anthocyanin absorption from the stomach via
bilitranslocase is common and likely responsible for their rapid appearance in systemic
circulation, between-20 minutes postonsumption (Pojegt al.,2013). The acidic conditions

in the stomach facilitates anthocyanin stability and thus augments bioavailability, however

during intestinal transit, stability decreases since pH incréikeShie and Walton, 2007)

After deglycosylationthe aglycones and glycoside moieties are absorbed across the gut lumen
into epithelial cells via passive diffusion or epithelial transpor{@assidy and Minihane,
2017) Once absorbed, metalies undergo some phase Il metabolism (conjugation reactions
including, glucuronidation, methylation, sulphation and to a lesser extent acetylation) in the
gut epithelium and are then transported to the liver via the portal vein where further phase I
metadolism may occur; after which metabolites enter into systemic circulation for distribution
to other tissuegMarin et al, 2015)(Figure 2.4).Phenolics not absorbed in the stomach or
small intestine, travel downstream to theotolvhere they undergo hydrolysis or deconjugation

by colonic microbiota to further promote absorpt{btarin et al, 2015)

Efflux of aglycones, phenolic acids and conjugated metabdiies the body occurs eithe
through the kidneys in urine, or biliary excretion from the liver intarkestine (Cassidy and
Minihane, 2017). Intestinaénzymes hydrolyse metabolites while microbial enzynfes (
gl ucosigdasa r ofhannasidasedecthjugate metabolitesitdo deconjugated
compounds and aglycones in the calbndaChodaket al, 2015)(Figure 2.4) Deconjugated
compounds and aglycones undedgmnethylation to phenolic acids and aldehydes by colonic
microbiota, then secondary reabsorption in an enterohepatic cycle to further promote
absorption(Corona et al, 2013) Any unabsorbed metabolites after colonic microbiota

metabolism are excreted in fae¢btarin et al, 2015)

13
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2.1.4. Anthocyanin Bioavailability

Porrini and Riso (2008dlefined bioavailability as the portion of an inggs compound or
nutrient, relative to the total amount consumed, that reaches the site where it can exert its

biological action.

As mentioned previously, glycosylated anthocyanins are able to be absorbed into systemic
circulation intact and pass into urims such without undergoing hydrolysis or phase Il
conjugation, unl i ke oet & g010).f Howeveo, similardte otherD 6 Ar ¢
flavonoids, glycosylated and acylated forms of anthocyanins are less bioavailable and thus
undergo hydrolysis inttheir aglycone (anthocyanidin) and the sugar mdétgllace, 2011)

This process increases the bioefficacy of dietary anthocyanins but at the expense of stability,
hence previous literature consistently reporting low bioavailability of anthocyanins (~0.4%)
(Wallace, 2011). More recently howev&y et al. (2017)found anthocyanins may be more
bioavailablethan first thought when considering their secondary metabolites and phenolic
catabolites. These are suggested to be the main bioactive components responsible for the
healthpromoting properties of anthocyani(Sspin, GonzaleSarrias and Tomé&Barberan,

2017; Kayet al, 2017) Czanket al.(2013)found similar anthocyanin recovery rates (12.3%)

to flavan3-ols and flavones (2:%8.5%). Specifically, when a major anthocyanin of tart
cherries, 500 mg cyatin-3-glucoside, was provided to humans, 0.18% was recovered from
blood, 5.37% from urine, 6.91% from breath and 32.13% from faeces, with the remaining
56.1% unaccounted for (Czaekal.,2013). This is likely due to methodological procedures
which exammed anthocyanin bioavailability being setup to detect disappearance of the main
flavylium cation only and not other smaller phenolic compounds after biotransformation,
which are more abundaint vivo (McGhie and Walton, 2007)Consequently, this is a major
reason for the poor understanding of anthocyanin bioavailability (McGhie and Walton, 2007).

After phase | metabolism of 500 mg cyani@iglucoside, secondary metabolites,
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protocatechuic acid (PCA) and phloroglucinaldehyde, were detected in serum 6 hours post
bolus at concentrations of 0.72 pumot.l(Czanket al., 2013); indicating rapidmetabolic
transformation. However, PGéerived metabolites were observed in serum up to 48 hours

after cyanidinr3-glucoside consumption, prolonging bioavailability (Czatkl.,2013).

In human pharmacokinetic studies, anthocyanin plasma concentratakedpsetween 1-4

592 nmol.* and occurred at 0-8 hours postonsumption of dosages ranging from 80

mg (Kay, 2006) Peak concentrations (~100 nmotaf t er dosages O500 mg
secondary metabolites occurred betweer30®urs in systemic circulation and remained in

urine up to 24 hours after consumption (Czagikal., 2013). Approximately32% of the
compounds found in serum and urine were parent anthocyanins with secondary metabolites

accounting for the remaining 68%6ay, Mazza and Holub, 2005)

Phytochemical bioavailability is affected by a variety of factors as showhabie 2.1.
Anthocyanin bioavailability is particularly low due to poor intestinal absorption, high
metabolism rates and rapid eliminatiManachet al, 2004) Bioavailability of polyphenols

in humans is notoriously podPorrini and Riso, 2008)s highlighted by the literature above.
Therefore, it has been posited that augmenting bioavailability of a polyphenol would enhance

its effectiveness on heal{Bohn, 2014)
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Table 21. Factors affecting bioavailability of polyphenols in humans. Adapted from
D6 Ar c & aly2010).

PreHarvestFactors Cultivation procedures; harvesting timings; climate conditi
(temperature, light, water, altitude, UV radiatigohysical (soil);
use of fertilisers and pesticides; attack by pathogens and pe:

PostHarvestFactors Thermal treatments; homogenisation; lyophilisation; methoc
cooking; storage and shipping conditions.

PolyphenoRelatedFactors Chemical structure and size; concentration in food; dos
administered.

FoodRelatedFactors Food matrix; ceingestion of positive (e.g. dietary fat) or negat
(e.g. dietary fibre, protein) effectors of absorptian vivo
structural interaction with othecompounds (bindingwith
proteins e.g. albumin) or with polyphenols possessing sir
mechanism of absorption.

HostPhysiologicalFactors Host characteristics (genetics, illness history, sex, age, tra
status, habitual polyphenol intake); enteric antestinal pH
concentration; enzyme activity; intestinal transit time; colc
microbiota.

2.1.4.1. Effect of Food Matrix on Anthocyanin Bioavailability

Consideration of the vehicle by which anthocyanins are delivered into the body must be made
when assessing their bioavailability. Anthocyanins can be provided in a variety of
matrices/forms including whole fruit, dried fruit, juice concentrate, juice demnkract with

water) and capsules. Greater absorption of anthocyanins occurs in supplements provided in
liquid form, however at the expense of bioavailabiiMcGhie and Walton, 2007This is due

to the exposure of anthocyanins to external factors that affect their stability such as pH,
temperature, light, oxygen, enzymes, oral microbiota aigars(Robert and Fredes, 2015)
Capsules are a medium by which the influence of these factors may be mitigated due to

protection of the anthocyanins by the exterior capsule shell (Robert and Fredes, 2015).

Oidtmannet al.(2012)compared encaplated (pectin or whey protein isolate shells) and non

encapsulated bilberry anthocyanin concentrations iafigtro incubation with gastric and fed
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state intestinal fluids. During and after incubation, total anthocyanin concentrations were 23%
higher wth the encapsulated bilberry extract compared to-emaapsulated, suggesting
encapsulation protected anthocyanins from enteric degradation. An obvious limitation is that
in vitro incubation of anthocyanins with gastric and intestinal fluids does not mimic the
complexity ofin vivo anthocyanin metabolism in humans. The role of salivary amylase and
colonic microbiota as part of the metabolism of anthocyanins (McGhie and Walton h2807)

been overlooked in this study, limiting the application of the findings.

Kamonpatanat al. (2012)found oral microbiotaignificantly degraded cyanidin glycosides
from chokeberry extracts by 50%, one hour after intabawvith human saliva. This finding
suggests that a glycoside of the main anthocyanidin found in tart cherries is considerably
affected by salivary degradation, indicating that consideration of the method of delivering tart
cherry anthocyanins to ensureximal bioavailability is necessary. Capsules, which bypass
the salivary degradation of anthocyanins, may therefore be a suitable option of achieving this.
However, the bioavailability of anthocyaniith cherry capsules has not been assessed nor

have thai health effects.

2.1.5. Effects of Anthocyanins on Cardvietabolic Health

Anthocyanins are predominantly responsible for the dark red, blue, black and purple pigments
found in various fruits and vegetab(®%u et al, 2006) Anthocyanins are abundant in a variety

of comma dietary sources (e.g. berries, cherries, red/black grapes, pomegranates, purple corn,
purple cabbage) which are available all year round, particularly indee#loped regiongie

and Giusti, 2010)Thus, of all the polyphenols, anthocyanins are thought to be consumed in
the greatest amounts from food sources present in habitual diet (He and Giusti, 2010).
Considering this gpater intake, it has been postulated that anthocyanins may exert a greater

effect on health compared to other polyphenols (Landete, 2013). However, the abundance of
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anthocyanins in the diet does not necessarily correlate with high bioavailability imeyste

circulation or t a&tag2010).ti ssues (DO6Archivio

The average estimated anthocyanin intake from habitual diet in the United States is 12.5
mg.day* (Wu et al, 2006) whereas in Europe consumption differs significantly from 19.8
(Netherlands) to 64.9 mg.dayltaly) for men, and for women, from 18.4 (Spain) to 44.1
mg.day* (Italy) (ZamoraRosetal., 2011) Incidentally, UK average anthocyanin consumption
for men (22 mg.day) and women (24 mg.ddy tends to fall near the lower range amongst

European countrig€amoraRoset al, 2011)

Many reviews and metanalyses have reported largely beneficial candetabolic health
responses from anthocyanin consump{dfallace, 2011; Reist al, 2016; Wallace, Slavin

and Frankenfeld, 2016; Yangt al, 2017; Daneshzadt al, 2018; Kimbleet al, 2018)
Epidemiological evidence suggested anthocyanin consumption reduced risk of coronary heart
disease and CVD mortality by 9% and 8%, respecti(&lynble et al, 2018) Dietary
anthocyanin consumption was associated with a 15% T2D risk reduction, and berry
consumption with an 18% risk reductiffanet al, 2016) Recently an epidemiological study
monitoring 124,086 individuals for up to 24 years, provided encouraging evidence that

anthocyanins may aid weight managen(8ertoiaet al, 2016)

Randomised control trials (RCT) investigating the impact of anthocyanins on-caethbolic
biomarkers in humans, have reported some equivocal findfi¢mllace, Slavin and
Frankenfeld, 2016yanget al, 2017; Daneshzaat al, 2018) Overall, anthocyanins improved
biomarkers that weneot optimalat baselindWallace, 2011; Wallace, Slavin and Frankenfeld,
2016; Yanget al, 2017; Daneshzaet al, 2018) However, the RCTs included in these reviews
displayedmuch variation in the supplements administered (purified/whole food/exfiaan),

(matrix), supplementation length, anthocyanin dose administered, composition of the
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anthocyanirrich extracts, dietary control measures, control comparators, baselineoftagis
biomarkers, and differences in the reporting of outcome measures. Subsequently, it is difficult
to reach a consensus on optimal anthocyanin supplementation strategies to improve particular
aspects of cardimetabolic health. Hence, further welksgned trials are required to explore

the optimal dosage, duration, matrix and anthocyanin formula for improving -casedabolic

health through specific manipulation of individual parameters in various populations.

2.1.5.1. Acute andShortterm Anthocyanin Feeding Studies on Cardlietabolic Health

The low feasibility and high economic cost of consuming anthocyanins for extended periods
has led to interest iassessing the benefits afute (24 hours)andshortt er m ( O7 day
supplementationShortterm supplementation of anthocyasmioh dietary interventions (mean

244 mg.day, range from 6.8724 mg.day) has led to improved insulin sensitivifwillems

et al, 2017; Solversoet al, 2018) lowered brachial systolic blood pressure (SB&aneet

al., 2016b; Stoteet al, 2017) central SBP(Jenningset al, 2012) increased 24hour fat
oxidation ratgSolversoret al, 2018)and flowmediated dilatation (FMD)RodriguezMateos

et al, 2013, 2016)Anthocyanins were able to modulateerial stiffness, measured by pulse
wave velocity (PWV) and analysis (PWAFairlie-Joneset al, 2017) and improve cardiac
haemodynamic parameters including strok&umne (SV), total peripheral resistance (TPR)
cardiac output (CO)Willems et al, 2015)and mean arterial pressure (MABgnningst al,

2012; Cooket al, 2017a)

The main advantage of acute anthocyanin supplementation is maximising its bioavailability
and coinciding parent anthocyanin and metabolite pharmacokinetics with observed health
effects. However, a limitation of these studies is the lack of fellpwafterdiscontinuing

supplementation. Therefore, the biological significance of these anthoayaninterventions
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in relation to longterm cardiemetabolic health remains unknowkurther research would be

required to provide greater biological significanamglegical validity and clinical benefit.

2.1.5.2. Mechanisms of Anthocyanins on Health

2.1.5.2.1. Antbxidant Theorem and Hormesis

Oxidative stress has been considered an important characteristic of ageing and chronic disease
due to the free radical thgoof ageing(Harman 1956) The theory posits that organisms age
because cells accumulate oxidative damage induced by free rg@ioal and Weindruch,
1996) Free radicals can inflict damage in variougys: destructingleoxyribonucleic acid
(DNA) and cellular structures, activating signalling pathways that increase reactive oxygen
species (ROS) production, altering gene and enzyme function and disrupting normal repair
processegPoulseret al, 2000) Age-related chronic diseases including CVD, T2D and MetS
(section 2.2.% have oxidative stress ascribed as a core component of their underlying
patlophysiology(Liguori et al, 2018) based on many studies reporting a low-artdant
status/preoxidant balance being associated with agé8ahal and Weindruch, 1996@}his led

to thexiddartti t he or e mirdiateg anorficadisdasesay be pravented g e
with provision of antioxidants to return the oxidant balance to homeos{&&nneret al,

2004)

The concept of hormesis, emerged from toxicology, and describes the biphasiespasese
where a chemical can induce bigically opposite effects at different dog€alabreset al,

2007) Commonly, at low doses the chemical has stimulatory/beneficial effects and at high
dosesinhibitory/toxic effects(Calabreseet al, 2007) giving rise to an invertetd curve
(Figure 2.5). In relation to oxidative stress, evoking a slight stregsomee from low
concentrations of ROS prompts seronger, more potent ardkidative response against
subsequent deleterious bouts of oxidative s@esisthus protects against free radical damage
(Masoro, 200Q)
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Figure 25. Hormeticcurve indicating optimum dose of polyphenols for beneficial effges
Roos, ArbonedMainar and Gutiérrez, 2010)

Dietaryply t ochemi cal s operate via hormetic mechan
(Rattan, 2008)The action of polyphenols and specifically anthocyanins against chronic disease
is thought to operate via direct and indirecti-®xidant mechanismgStevenson and Hurst,
2007) Direct antioxidant action against oxidative ess was initially purported to be the
mechanism of action of anthocyanins,imsitro studies have demonstrated their ability to
guench free radical damage, particularly lipid peroxida{itevenson and Hurst, 2007)
However,in vivo studies have suggested anthocyanins are unlikely to significantly contribute
to the overall total antbxidant capacity given the relatively low bioavailability and plasma
concentrations in which they appéhandete, 2013)Anthocyanins in plasma only reach nM

and bw uM concentrations, thus it has been reported that anthocyanins would only contribute
a transient 2% increase in plasma total ankidant capacityStevenson and Hurst, 200%)

further discouragement of the direct amtidant mechanism, anthocyanins in plasma typically

occur in their phase Il metabolite form, which have significantly lessoaitant potential
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than their parent compounisiu, 2003) Consequently, this would explain the lack of effect

in studies supplementing single aakidant nutrients to improve chronic diseades, 2003)

An indirect antioxidant mechanism may therefore beplay. The concept of hormesis
inducing slight oxidative stress and upregulating endogenous»dént enzyme production

has been proposed as an indirect mecha(favenson and Hurst, 200 Tyaustadottiret al.

(2009) proposed three mechanisms by which tart cherries act against oxidative Btess
include scavenging free radicals directly, formation of cyandMA complexes resistive to
oxidative damage and activation of protective xenobiotic responses via the upregulation of
endogenous antixidants andNuclear factor (erythrotdlerived 2)jlike 2 (Nrf2) activation
(Traustadottiret al, 2009) Nrf2 also transactivates artkidant response elements, under
oxidative stress conditions encountered in cand@abolic diseasefReis et al, 2016)
Therefore, Nrf2 is a key regulator of endoges antioxidant enzymes including but not
limited to glutathioneS-transferase, glutathione peroxidase aadrhoxygenasel (Sykiotis

et al, 2011) G a ret 4l. (2009)found upregulation of the endogenous enzymes superoxide
dismutase (SOD) and glutathione peroxidase (GPx) in mice after consumption of tart cherry
juice. In addition to the amtbxidant activity, Nrf2 also contributes to aimflammatory
processes througirosstalk with thauclear factor kapphlght-chainenhancer of activated B
cells(NF-ae B) s i gnal (Ahmedet ah 20tL7H) how-grade, chronic inflammation is
inherent in vascular and metabolic pathologies; thus the ability of anthocyanins to influence
the NFe B s i g n al landrreglucethetinflamnangtory response plays an important role

in improving vascular and metabolic functi#allace, 2011)

Overall, hormeticpathways that polyphenols, including anthocyanins, function through
include: Nrf2/antioxidant response element pathway,-88- pathway and sirtudrOXO
pathway (Son, Camandola and Mattson, 2008his provides evidence that polyphenols

including anthocyanins exert their heattftomoting effects via a myriad of hormetic signalling
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pathwayslmportantly, the antoxidant doseequired to elicit the positive effects are small, so

as not to induce the toxic effects of amtidants and thus comply with the hormetic curve.

2.1.5.2.2. Modulation of Gut Microbiota

Lastly, modulation of gut microbiota is increasingly recognised patential mechanism of
the cardiemetabolic protective effects of polyphen@@ardonaet al, 2013; Espin, Gonzalez
Sarras and ToméaBarberan, 2017)including anthocyanin@~ariaet al, 2014; Igweet al,
2018) A systematic review bygwe et al. (2018) examining the effects of anthocyanins on
gut microbiota showed upregulation of beneficial microbiota inom@ifidobacteriumand

Lactobacillusandsimultaneous reductions of pathogenic microbiota inclu@ilogtridium

2.1.6. Cherries

Cherries belong to the Rosaceae family and the gerwsus they are commonly found in
temperate climates in northern regioiMcCune et al, 2011) There are osr a hundred
cultivars of cherries, but the main types are sweeir{us aviuni.) and tart (or sour)Rrunus
cerasud..) (McCuneet al, 2011) The sweet cherry is commonly grown from the Bing cultivar

and the tart cherry from the Montmorency culti)&elley, Adkins and Laugero, 2018)

2.1.6.1. Phytochemical Content of Cherries

Tart, sweet and CorneliarfCérnus maslL.) cherries have been assessed for their health
promoting abilitiegMcCuneet al, 2011; Kelley Adkins and Laugero, 2018Fherries possess

a high variety of bioactive compounds including vitamin C, fibre, carotenoids,
hydroxycinnamates, melatonin, anthocyanins, flavonols and fazx@s such as catechin,
epicatechin, quercetig-glucoside, quesrtin-3-rutinoside and kaempferqFerretti et al,

2010) Of these, anthocyanins were found to be the most aburfeimettiet al.,2010). The
anthocyanin content of Montmorency tart cherries (MTC) compares favourably to other

anthocyanirrich dietary sotces (Table 2.2).
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Table 22. Anthocyanin content of various whole foods and beverages [adaptefiftond
(2000J. Units for whole foods in mg.kband for juices/wine in mg:L

Anthocyanin Content

Food Source (mgL* or mg.kgY)

Montmorency Tart Cherry (juice 9117
Blackberry 1150
Blueberry 8254200

Blackcurrant 13064000
Cabbage (purple) 250
Chokeberry 506010000
Elderberry 200010000
Grape (red) 3007500
Blood Orange (juice) 2000
Raspberryblack) 17004277
Raspberry (red, whole fruit) 100-600
Raspberry (red, juice) 4-1101
Strawberry 150-350
Sweet Cherry 20-4500
Wine (red) 240-350

In whole tart cherries the parent anthocyanidin, cyanidin, accounts for 93% of anthoayanins
the Montmorency cultiva¢Kirakosyanet al, 2009) In MTC concentrate the most abundant
anthocyanins include, cyanidBiglucosylrutinoside, cyanidi3-rutinoside and peonidi8-

rutinoside(Bell et al,, 2014b)

MTC possess less anthocyanins than other tart cherry varieties but contain more total phenolics
(Kirakosyanet al.,2009; McCunest al.,2011). It has been postulated that this greater quantity

of total phenolics may increase bioavailability and thus improve MTC bioeffitaeywvo
(Seymouret al, 2008) Kirakosyanet al. (2009) assessed the quantity of total anthocyanins
and phenolics in dried (with and without added sugar), frozen, concentrate and individually
quick-frozen powdered Montmorency cherries. Frozen whole tart cherries contained the most
total anthocyanins and phenolics, followed by individually qtfidzen powder, concentrate,

dried without sugar and dried with sugar (Kirakosgtal.,2009); suggesting increased acidity

provides more phenolics and anthocyanins.
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In another study, analysi$ MITC in dried, frozen and diluted juice (30 mL, equivalent te 90

110 whole tart cherries, and 60 mL concentrate) $showedthe greatest concentrations of

total anthocyanins, phenolics, anttidant capacity (Trolox), PCA, vanillic acid (VA) and
chlorogenic acidwere in juice form, with values linearly increasing in a daspendent
mannerKeaneet al, 2016a) Total anthocyanin and (phenolic) content of 30 mL concentrate,
60 mL concentrate, dried and frozen MTC were 312.7 rhgylanidin3-glucoside equivalents
(713.7 GAE.LY), 624.7 mg.t* (1427.3 GAE.LY), 0.08 mg.¢ (0.05 GAE.g) and 0.3mg.g*

(0.06 GAE.¢, respectively (Keanet al., 2016a). Moreover, tart cherry concentrate was
shown to have the highest oxygen radical absorbance capacity (ORAC) capacity of any other
tart cherry product (frozen, canned, dried) and other anthocyihifioods (plums, grapes,
strawberries and bluebersleat common habitual intake portion siZ€3u et al, 2012)
Therefore, MTC concentrate may be the most suitable form of supplementation to induce

beneficial health responses.

2.1.6.2. Cherry Pharmacokinetics

Plasma concentrations of the anthocyanins cyaf#djlucosylrutinoside and cyain-3-
rutinoside, were found to be greatest in healthy human participants after consuming whole tart
cherries(Seymouret al, 2014) After consuming 45 (total anthocyanins 12.96 mg) whole
cherries, concentrations peaked at 2 hoursipgsistion, cyanidifB-rutinoside also peaked 2
hours after consuming 90 (total anthocyanins 25.83 mg) whole cherries, however eganidin
glucosylrutingide peaked at 4 hours with 90 cherries (Seyrabtat.,2014). Consumption of

45 whole cherries was not significantly different compared to 90 cherries in terms of plasma
anthocyanin concentrations over aldur time period, although 90 cherries tenaebld more
bioavailable (Seymouet al., 2014). The authors also noticed a delayed yet statistically
significant elevation in plasma aftkidant capacity between® hours posingestion of 45

and 90 cherries compared to baseline. Time of appearancdaijaties in urine peaked®
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hours posingestion with 90 cherries. These findings align with the general pharmacokinetics

of anthocyanins in humans (Kay, Mazza and Holub, 2005).

Keaneet al. (2016a) studied plasma concentrations of secondary metabafligzshuman
consumption of Montmorency tart cherry juice (MTCJ) made with 30 or 60 mL concentrate in

a randomised, counterbalanced design. Plasma concentrations of PCA, VA and chlorogenic
acid in twelve, healthy, males were measured at baseline, 1, 2, &d58hours post
consumption. PCA was significantly elevated from baselinehaug postconsumption in

both conditiongFigure 2.6) however peak concentrations and total AUC between conditions
were not significantly different. A significant time effagis observed for VA after 60 mL
consumption(Figure 2.6).A similar response was observed with 30 mL as demonstrated by
nonsignificant differences between AUC responses, however peak concentration oceurred 2
hours postonsumption, suggesting the lowetal anthocyanin and phenolic content may have
been a limiting step for the slower production of VA after metabolism by gut microbiota. The
pharmacokinetics of these secondary metabolites are in accordance with Setyath¢2014).

Two limitations of Kea e étsl. (2016a) study include the lack afstandardised washout
between conditions (minimum 10 days). This may have affected baseline values of the second
trial, particularly given the high inténdividual variance of anthocyanin metabolig@rzank

et al., 2013) Secondly, blood sampling time points limited complete examination of
metabolites as enterohepatic anthocyanin metabolism occurs up to 48 hoamngastption

(Czanket al.,2013).
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Figure 26. (A) PCA responses to 30 and 60 mL Montmorency cherry concentrate (MC).
Absolute baseline values were 1.16 N 0.326
respectively. Asterisk indicates a significant time efféc&(0.05) (30 and 60 mL dose); data
presented as mean = SE(8) VA responses to 30 and 60 mL Montmorency cherry concentrate
(MC). Absolute baseline values were 0.158 N
mL, respectively. Asterisk indicates a sifigant time effectP < 0.05) (60 mL dose only); data
presented as mean +SHMeaneet al, 2016a)

2.1.6.3. Tissue Bioavailability of Cherries

Understanding the effectiveness of tart cherry anthocyanins requires awareness of the tissue
bioavailability. Kirakosyanet al. (2015)identified tart cherry anthocyanins in several tissues

in healthy rats using liquid chromatograpimass spectrometry, after supplementation of 1%

or 10% wet weight tart cherry powder. The anthocyanins fourgebyet al. (2014b) in MTC

concentrate, wergifferentially distributed in various tissues within the rats (Kirakostaa.,
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2015). Bladder and kidney tissue contained the greatest amounts of total anthocyanins, with
moderate amounts in cardiac, brain and liver tissues and none found in retneaériad.
Currently, it is unknown in which tissues tart cherry anthocyanins would be most bioavailable
in humans.Further research is required in assessing tissue bioavailability of anthocyanins,
phenolics and secondary metabolites after consumption &f iMfealthy and diseased human

populations.

2.1.6.4. Cherries and Exercise

The effects of cherries within the exercise science field have predominantly focused on
treatment of exercisemduced muscle damage (EIMD) and associated complications, including
exerciseinduced oxidative stress, inflammation and delayed onset muscle soreness (DOMS).
The ability of athletes to recover and return to play after strenuous activity is important for
performance(Howatson and van Someren, 2008herry supplementation, especially the
Montmorency cultivar, has been shown to alleviate DOMS, upper respiratory tract infection
(URTI), inflammadion, oxidative stress and recover muscle function quicker after strenuous
exercisgBell et al, 2014a; Connolly, 2015)rable 2.3) However, the mechanisms of action

by which tart cherries exert their beneficial effects to improve functional and performance

parameters are unknown (Betlal.,2014a).
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Table 23. Summary of studiesxamining the effects of tart cherry supplementation on physiological and functional parameters after exe

Study Design, Significant Results

Study Sample Size and gherry Supplementatlon | Study Details with Cltherry , Conclusion
Cohort trategy and Dietary Contro Supplementation
compared to Placebc
Connolly, McHugh Randomised, 355 mL twice daily for 8 days Eccentric elbow flexion Z Strength Loss Improved muscle function and reduced pain
and Rudilla- Crossover, T Juice contractions (2 x 20 ZPain with cherry supplementation.
Zakour, (2006) Placebo maximum contractions)
Controlled No dietary control was performed on the
fourth day of
16 healthy, supplementation
active, males
Howatsoret al. Randomised, 237 mLtwice daily for 8 days Marathon run Faster isometric Cherrysupplementation improved muscle
(2010) Parallé, Placebo - Juice MVIC pre-post exercise muscle strength function in a shorter timeframe and reduced
Controlled recovery inflammation, oxidative stress peskercise
Food diary during coinciding with greater antixidant status.
20 (13 male, supplementation phase to PostExercise:
7 female) monitor compliance ZIL-6
recreational ZCRP
marathon runners ZUric Acid
y TAS
ZTBARS
Bowtell et al. Randomised, 30 mL twice daily for 10 days 10 x 10 singldeg knee  Fast@ isometric Cherry supplementation improved muscle
(2011) Crossover, T Juice concentrate extensions at 80% one muscle strength function in a shorter timeframe with reduced
Placebo repetition maximum on recovery protein oxidative stress.
Controlled, Habitual diet for first 5 days the eighth day of
DoubleBlinded of supplementation period. supplementation Z Protein oxidation

Participants recorded their di
10 welltrained  for 48 h before the first main
males trial and then repeated this

diet before the second trial.
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Bell et al. (2014c)

Bell et al. (2015)

Dimitriou et al.
(2015)

Leverset al.(2015)

Randomised, 30 mL twice daily for 7 days 109 min cycling trial
Parallel, Placebo Juice concentrate completed on days 5, 6
Controlled, and 7 of the

DoubleBlinded supplementation phase
Low-polyphenolic diet during

16 trained male loading phase

cyclists

Randomised, 30 mL twice daily for 8 dayé 109 minutes cycling trial
Parallel, Placebo Juice concentrate on the fifth day of
Controlled, supplementation

DoubleBlinded
Low-polyphenolic diet during

16 trained male loadingphase

cyclists
Randomised, 2 x 236 mL on the day of Marathon run
Parallel, Placebo exercisé Juice
Controlled
No dietary control
20 (13 male,
7 female)

recreational
marathon runners

Randomised, 480 mg.day for 10 days 10 x 10 repetitions at

Parallel, Placebo Powdered tart cherry capsule 70% of a oneaepetition
Controlled, maximum back squat
DoubleBlinded  Monitor dietary intake for 4  exercise
days. No dietary restriction
23 healthy, enforced
resistancdrained

males

ZIL-6

ZhsCRP

ZLipid
Hydroperoxides

Improved muscle
function post
exercise

ZIL-6
ZhsCRP

ZCRP
ZlIncidence and
severity of URTS
postexercise

ZMuscle soreness

Z Total Bilirubin
ZALT
ZAST

§ Serum Creatinine

y Total Protein

Cherry supplementation reduced inflammatio
and lipid oxidation with repeatadetabolically
induced muscle damage.

Cherry supplementation improved muscle
function in a shorter timeframe and reduced
inflammation with metabolically induced
muscle damage.

Systemic inflammation and uppegspiratory
tract symptoms significantly lowgrostexercise
with cherry supplementation.

Powdered tart cherry significantly reduced
muscle catabolism markers and muscle sorer
after resistance exercise.
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Leverset al.(2016) Randomised,

Bell et al. (2016)

McCormicket al.

(2016)

Hillman, Taylor
and Thompkins
(2017)

Parallel, Placebo
Controlled,
DoubleBlinded

27 (18 male,

9 female)
endurance trainei
or triathletes

Randomised,
Parallel, Placebo
Controlled,
DoubleBlinded

16 semi
professional male
soccer players

Randomised,
Crossover,
Placebo
Controlled,
DoubleBlinded

9 highly-trained
Water Polo
players

Randomised,
Parallel, Placebo
Controlled,
SingleBlinded

16 healthy,
recreationally
active
participants

480 mg.day for 10 days Half-marathon run on the Faster haldistance
Powdered tart cherry capsule eighth day of split and final finish
supplementation time

No dietary control reported

ZIL-12p70

ZIL-2

ZIL-5

yIL-6

30 mL twice daily for 7 days 12 x 20m sprints every § Muscle function

T Juice concentrate 60s followed by an postexercise

adapted LIST Protocol ZMuscle soreness
Low-polyphenolic diet 48hr (6 x 15 min sections)
before each trial and during ZIL-6
loading phase

2 boluses of 30 mL and 60 n Battery ofswimming No difference
¢ Juice concentrate based tests: iwater between conditions
vertical jump test, 10 for:
No dietary control reported  sprint test, the repeat IL-6
sprint test and WIST CRP
Uric Acid
F.-Isoprostanes
DOMS
Performance in
Battery Test

2x240 mL twice daily for 10 5x 20 Drop Jumpswith § 67 % ORA«
daysc Tart cherry and whey 60s rest between interva
drink

No dietary restriction enforce

Powdered tart cherry significantly reduced
inflammation after aerobic exercise.

Reducing the postxercise inflammatory
response significantly improved functional
markers of muscle function after damaging
exercise from prolonged intermittent sprinting

6 consecutive days of tart cherry juice
supplementation has no effect on athletic
performance or recovery in hightyained Watet
Polo athletes. Intermittent, nemeight
bearingexercise may not induce a sufficient
inflammatory response or oxidative stress;
thereby negating any potential ben&fieffects
associated with tart cherry supplementation.

No change in markers of muscle damage,

however increased ORAC with a tart cherry a
whey blend. Inttates that addition of whey me
limit the efficacy of tart cherry phytochemicals
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Brown, Stevenson Randomised, 30 mL twice daily for 8 daygs Repeated sprirprotocol § Muscle function In a female only cohort, tart cherry consumpti

and Howatson Parallel, Placebo Juice concentrate 15 x 30m maximal postexercise improves muscle function and tends to lower
(2019) Controlled, sprints with 60s rest muscle soreness after a damaging bout of
DoubleBlinded  No dietary restriction enforce between bouts exercise.
20 physically
active females
Morgan, Barton Randomised, 462.8 mg.day for 7 daysi 10 min steadystate at Faster TT completior 7 consecutive days of Montmorency tart cher
and Bowtell (2019) Crossover, Powdered tart cherry capsule ~65%VO;peak. time capsule consumption increased muscle
Placebo Followed by 15 km Yy Bl ood L ioxygenationand thus improved time trial
Controlled, No dietary restriction enforce cycling TT steadystate perfamance. RER during moderaitgensity
DoubleBlinded y Rest i ng exercisewas not different between conditions
Oxygenation Index however 10 minutes was likely to short a
8 trained male timeframe to observe significant changes.
cyclists No difference
between conditions
for:

RER during steady
state and TT exercis

ALT (Alanine aminotransferase); AST (Aspartate aminotransferase); CRfeafive Protein); hsCRP (higdensitivity Greactive Protein); IL (Interleukin); LIST
(Loughborough Intermittent Shuttle TefJVIC (Maximal Voluntary Isometric ContractionPRAC (Oxygen Radical Antbxidant Capacity); RER (Respiratory Exchange
Ratio); TAS (Total Antioxidant Status); TBARS (Thiobarbituric Acid Reactive Substances); TT (Time Trial); URTS (Upper Respiratory Tract Syipitsmeé)Vater Polo
IntermittentShuttle Test)
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The general design of these studies was rambmincrossoverwith a placebo control
comparatorMost studies incorporated dietary contrel 8lays prior to and during the loading
phase, which consisted of a lgwlyphenolic diet monitoredhtough food diariesTable 2.3),

to isolate the effects of cherry phytochemicals on outcome varidliiescould be deemed a
weakness as the addition of cherry phytochemicals may serve to only replace the polyphenol
intake that would be lost after ceasimgnsumption of other polyphennth sources.
Consequently, any effects between placebo and cherry conditions cannot be differentiated from
being due to an absolute loss of polyphenols or the addition of cherry pheSekosdly,

cherry juice was commdn supplemented twice daily for a short loading phase, varying
between 710 days (able 2.3. Thus, physiological responses to long term supplementation

(>10 days) in an exercise paradigm remain unknown.

In summary,Table 2.3 shows clear trend for attemting inflammation and oxidative stress
with tart cherry supplementation in various forms including juice, juice from concentrate and
encapsulated powder. Due to variations in inflammatory and oxidative stress biomarkers,
supplementation strategy, exergmwetocol and the lack of absolute data reported in studies, it

is not possible to distinguish which form of cherry supplementation wasefiestive The

timing of supplementation preduring and posgxercise likely augmented total phenolic and
anthocyanin concentrations in systemic circulation, regardless of the high metabolism and
rapid elimination rates. A discernible relationship between greater bioavailability of cherry
phytochemicals and effective mitigation of symptoms associated with EIMD veasveld.
Predictably, acute supplementation immediately before exercise was therefore effective at
attenuating DOMS, inflammation and oxidative stress. Future studies are required where
supplementation occurs at points where plasma concentrations of phgtoghemicals are

not maximal as a result of consumption immediately before, during or after exémwise.
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understanding of the pharmacodynamics and pharmacokinetics of cherry anthocyanins and

other phytochemicals is therefore required ireaercise paradigm.

2.1.6.5. Cherries and Health

A recent review analysed 29 (tart 20, sweet 7, unspecified 2) published studies, which assessed
the effects of cherries (juice, powder, concentrate, capsules) on health markers in humans
ranging from young atetes to older individuals with chronic conditiofielley, Adkins and
Laugero, 2018)Nineteen studies employed a randomised, placebtrolled design, with the
remaining 10 only assessing fpest responses to the cherry interventiond$tiesign varied
considerably, with supplementation length commonly lasting <2 weeks (range 5ihdurs
months) and daily equivalent dosages of-2#8 whole cherries (3520 mg.day
anthocyanins) provided in single or split dosglley, Adkins and Laugero, 2018)
Furthermore, other factors including habitual anthocyanin intake and metabolism of various
forms of MTC affect bioavailability and thus bioefficacy of the intervention against health

biomarkers; making comparisons between studiisudt.

Given the potent antixidant and ardinflammatory properties of cherridselley, Adkins and
Laugero (2018)found 8/10 and 11/16 studies reported reductions in oxidatigessand
inflammatory biomarkers, respectively. Moreover, glycated haemoglobinigrivAs reduced

in participants withT2D, VLDL and TG:HDL ratio were reduced in 2/5 studies, blood pressure
in 5/7, arthritic pain and gout in 5/5 and sleep and cognitivetifumimproved in 4/4 studies
(Kelley, Adkins and Laugero, 2018These findings were corroborated MaytaApaza,
Marasini and Carbonero (201and highlighted the impact of cherry interventions at improving

health markers in humans; which is explored in more detail below.
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2.1.6.5.1. Role of Chees on Inflammation and Oxidative Stress

The health effects of cherries were first considerea uitro experiments conducted byang,
(1998) and Wanget al. (1999) who demonstrated their potent aotidative and ami
inflammatory properties. Through vitro analysis, it is thought cyanidiB-glucosylrutinoside
and cyanidir3-rutinoside, exert their antnflammatory and antoxidative effects via
inhibition of the cytooxygenasel (COX-1) and cyclooxygenas2 (COX-2) enzymes
(Seeranmet al, 2001) The antinflammatory power of the cyanidin aglycone in tart cherries
was shown to exceed that of the common-si@moidal antinflammatory drug aspirin (Wang

et al, 1999).

More recently, tese results were corroborated Kiyakosyanet al. (2018) also inin vitro
experiments. The COX, COX-2, lipoxygenase (LOX) and xanthine oxidase (XO) inhibitory
activity of constituent phytochemicals within MTC were compared to MTC extract at
physiologically relevant human dosag@é§rakosyanet al, 2018) MTC extract inhibited
COX-1, COX-2, LOX and XO by 65%, 38%, 64% and 26%, respedtiveimphasising the
antrinflammatory and antbxidative properties of MTC. Strong LOX inhibition was observed
with MTC compared to red raspberry, grape and blueberry ex{tictkosyanet al, 2018)
COX-1 and XO inhibition was greater with tart cherry extract compared to its constituent
compounds, suggesting synistg activity of the individual compounds. CEXinhibition
showed greater effects with individual compounds (quercetin and isorhasBratinoside)

of MTC compared to tart cherry extract itself. The inhibition of COXCOX-2, LOX and XO
indicates MTC may be a suitable intervention for the management of MetS and its

complicationgKirakosyanet al, 2018)

Chronic lowgrade inflammation is associated with a host of dise@de€uneet al, 2011)
Cherry consumption has been found to be beneficial at combating the inflammatory disease,

gout in humangJacobet al, 2003; Bellet al, 2014c) Kelley et al. (2013)showed ingestion
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of 45 whole sweet Bing cherries (2§@lay') amongst healthy humans, for 28 days decreased
plasma concentrations of extracellular newly identified receptor for advanced glycation end
products binding protein (EIRAGE) (29%), CRP (20.1%), ferritin (20.3%), plasminogen
activator inhibitorl (PAI-1) (19.9%), endotheli (13.7%), 1-18 (8.1%) and increased that

of IL-1 receptor antagonist (27.9%) compared with baseline values. The reduction of EN
RAGE, PAL1l, CRP and endothelih asinflammatory markers influencingardicmetabolic
function provides support that cherry phenolics may be effective in regulating symptoms of

MetS.

In healthy humansMITCJ supplementation (240 mL twice daily for 14 days, 118 mg.day
anthocyanins) lowered the oxidative stress markepssdprostanes and basal urinary
excretion of oxidised nucleic acids (Traustadogtiral., 2009). This provides preliminary
evidence for a calorie restriction mimetic (CRM) effect of tart cherries through suppression of
oxidative stress, as this mechanibas been cited by Speakman and Mitchell (2011) during

calorie restriction (CR).

2.1.6.5.2. Role of Cherries on Carditetabolic Health

Lastly and most importantly for this thesis, the role of cherries on earetiabolic parameters

will be discussed fromexperiments performeid vitro, in animals and humans.

The positive influence of MTC on enzymes associated with MetS were mentioned above
(Kirakosyanet al, 2018) Angiotensin Il is an enzyme involved in BP regulation but also
stimulates COX2 expression and induces oxidative stress in cardiovascular t{§3uiésy,

2011) Kirakosyanret al. (2018)showed a sbng inhibitory potential (89% inhibition) of MTC
extract on angiotensiconverting enzyme (ACE), signifying MTC may be a suitable treatment
of prehypertension related to MetS through this mechanism. Moreover, impaired glycaemic

function is also associate wi t h Met S, and MTC e-antylasa @50 wa s
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3.46 mg.mtY)  a qgldcosldase (IC50 11.64 mg.m)_(Kirakosyanet al, 2018) Although
physiologically relevant concentrations were usedjvodata is required to strengthen claims
that MTC can prevent or ameliorate complications associated witB Meough inhibiting

enzymes relevant to cardimetabolic functior{Kirakosyanet al, 2018)

In vivoinvestigations into the effects of cherry consumption on cargitabolic markers were

first conducted in rodentéSeymouret al, 2008 2009; Wuet al, 2014) The ability to
overcome insulin resistance is crucial for preventing and ameliorating MetS, CVD and diabetes
(Jayaprakasamt al, 2005) Cyanidin3-glucoside and delphindiB-glucoside in Cornelian
cherries Cornus masL.) increased insulin secretion in rodents by-fbf8l and 1.8fold,
respectively, in the presence of glucose at similar physiological levels in humans (4 ®mol.L
(Jayaprakasaret al.,2005). In a followup study, mice were fed either a normal diet or high

fat diet for 4 weeks and thereafter a higi diet with Cornelian cherry anthocyanins (1 ¢tkg

of high fat diet) for a further 8 weeK3ayaprakasaret al, 2006) Mice fed anthocyanins
exhibited decreased hepatic triglyceride accretion and a 24% decrease in weight gain compared
to control mice. Insulin levels werexteemely elevated with anthocyanin supplementation.
However, islet of Langerhans structural integrity was the same in normal diet and anthocyanin
rich diet, signifying that these anthocyanins elevated insulin secretion and/or insulin sensitivity
(Jayapraksamet al, 2006). Similarly, a human clinical trial withiCornus mad.. extract
showed greater insulin concentrations, lower ki#nd triglycerides after consuming 600
mg.day! anthocyanins for 6 weeks in patients with T28bltaniet al, 2015) The role of
anthocyninmediated insulin secretion is equivocal,imyitro and animal models primarily

report anthocyanins to increase insulin secrefitayaprakasaret al, 2005; Naseret al,

2018) whereas human studies indicate reduced secretion based on lower insulin concentrations

(Udaniet al, 2011; Jenningst al, 2013; Willemset al, 2017)
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Reductionist approaches to nutritional research have relevance in identifying the mechanisms

of action of an intervention (Seymoeitral.,2008). However, these studies tend to supplement
nutrients at suprphysiological dosages, thus studies that suppi¢m@ienormal physiological

levels are required to assess biological relevance (Seyhalij2008). Seymouet al.(2008)

therefore supplemented 1% MTC powder by weight of Egit Sensitive rats for 90 days.

This species of rat naturally exhibits hyjggdaemia and insulin resistance where peroxisome
proliferatoractivated receptor (PPAR) agonist drugs have been shown to reverse these
symptoms (Wilson, Alons&Garcia and Roman, 1998). After supplementation, rats fed the
cherryrich diet presented sigmantly lower total cholesterol, triglycerides, fasting blood
glucose, insulin and hepatic steatosis compared to controls (Seyetoat., 2008).
Mechanistically, this was thought to be indu
target acyilCoA oxida® MRNA expression, resulting in increased fatty acid oxidation
(Seymouret al.,2008). A followup study similar to Seymoet al.(2008) assessed abdominal

gene transcription and adiposity in Zucker fatty rats (Seyrabat.,2009). Chernfed rats

had$ gni fi cantly great er6 TRARUn-anBNRMRRBNAde kpwes s
in retroperitoneal tissue, lower plasma@land TNFU , percentage fat mass
fat mass, total cholesterol, triglycerides, glucose and insulin (Seyetalr, 2009). These

findings were corroborated more recently in mice supplemented sweet cherriest @lVu

2014). In addition to the above biomarkers, @{al.(2014) also reported smaller adipocytes,

reduced leptin secretion and upregulation of endogenousxdéint enzymes, SOD and GPX,

with cherries.

These rodent studies provide exciting results that cherries may ameliorate symptoms associated
with MetS, however human responses must be stuligtey et al. (2006) were the first to
examine cherry supplementation with emphasis on canéiabolic markers. Healthy

participants consumed 45 sweet cherries per day for 28 days and CRP, regulated upon
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activation, mrmal T-cell expressed, and secreted (RANTES) and nitric oxide (NO)
concentrations were reduced after 28 days. No significant differences were observed after
cherry consumption for plasma tetaLDL-, HDL-, VLDL (very low-density lipoproteins)
cholesteral triglycerides, glucose and insulin. A number of reasons can be cited for these
results, firstly, participants were healthy. Secondly, 45 cherries were unlikely to increase
plasma phytochemical concentrations sufficiently to significantly improve theeahaxkers;
although the authors should be commended for providing realistic portion sizes. Finally, due
to their lower pH, tart cherries are thought to be more bioavailable than sweet cherries and
possess more phenolics (Seymetal.,2008). Similar weakesses were apparent as with the
other study (Kelleyet al.,2013) conducted by this research group, including the absence of a
control comparator and the imbalance in male (n = 2) to female (n = 16) participant ratios.
Secondly, both studig&elley et al, 2006, 2013Yestricted consumption of other polyphenol

rich sources. The lack of a control group means any differences observed over time cannot be

differentiated from an absolute lack of polyphenols or the addition of cherry phenolics.

Garridoet al. (2013)examired responses to 5 days consumption of reconstituted fdeieze
sweet Jerte Valley cherry powder (27.85 g) mixed with 125 mL water in your@D(g6ars),
middle-aged (3555 years) and older (686 years) participants. Urinary amtxidant capacity
was ircreased in all age groups and remaingidi@s higher than baseline in older participants,
however returned to baseline in young and middjed participants after 5 days. Blood glucose
between placebo and cherry conditions was not significantly diffgpetentially explained

by normal baseline values for all age groups.

Vargaset al.(2014) also conducted a study using sweet cherries, and examined their effects
on inflammatory and cardiac markers, in thisgven overweight men. Participants consumed
three servings of 142 g cherries per day for four weeks, substantially greater tharvemug pre
whole cherry feeding study, to determine tolerance of regular sweet cherry intake and
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biological benefit. Measurements of BMI, waist circumference, BP, heart rate (HR), serum
high-sensitivity CRP (hsCRP), urinary prostaglandin E, urinary thrombok2nand serum
homocysteine were obtained pr@nd posintervention. Tolerance to supplementation was
high, with participants consuming a median daily intake of 415 g, equating to 6.77 thofday
anthocyanins. No significant changes for inflammatory amdtfanal markers were found,
except waist circumference which interestingly increased despite a significant decrease in daily
total dietary fat consumption. Although participants were overweight/obese, all were healthy
therefore basal inflammation in thesgbjects may not have been elevated enough for sweet

cherries to be effective.

Another study examined the effects of 6 weeks MTCJ supplementation onbased lipid
biomarkers and arterial stiffneglsynn et al, 2014) Forty-seven, healthy participants were
randomlyallocated into an experimental (consumption of 30 mL MTC concentrate with 220
mL water) or control group (consumption of 250 mL lemonade). The timing of supplement
consumpti on was at participants©o di scretio
concentations of MTC phytochemicals would likely have varied between individuals.
Subsequently, this may have contributed to the-significant results obtained between
conditions for total cholesterol, HDL, arterial stiffness (brackisde PWV), SBP, diastolic
blood pressure (DBP) and CRP. Additionally, participants were fasted overnight therefore
bioavailability of cherry phenolics were likely not at peak levels. Similar to aforementioned
studies, due to participants being healthy, stesrh changes in bloedased biomarkers and

arterial stiffness were likely more difficult to detect.

In contrast, daily 40 g (anthocyanins 720 mgYaypart cherry juice concentrate
supplementation for 6 weeks significantly reduced bodgss SBP, DBP and HbA in 20
womenwith T2D ( At a i eet al, 2308) Moreover, in a dyslipidaemic cohort (n = 12),
LDL was also significantly reduced after cherry consumption. However, this study did not
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include a control group and only compared baseline to week 6 values, therefore it should be
guestioned whether participants were expecting an improvement in these varitibtdeewy
juice consumption. Secondly, only female participants were recruited. Third, the anthocyanin

dose was much higher than typically consumed from habitual diet; limiting ecological validity.

Martin et al. (2010) (only abstract published) also reported daily consumption of tart cherry
juice (237 mL) for 4 weeks significantly reduced plasma triglycerides (10%), TG:HDL ratio
(17%) and VLDL (15%), compared to a placebo iniddividuals that wereverweightor
obeseTotal cholesterol, LDL, HDL and homeostatic model assessment of insulin resistance
(HOMA-IR) were not different between conditions. The significant differences observed may
have been due to participants presenting high baseline hsCRP, signifying etdwatad

inflammation and risk of CVD.

A significant reduction in SBP (6 mmHg), DBP (6 mmHg) and HR (5 beatd)mimas
observed in 13 patients (6 young and 7 older) with hypertension and dysphagia, 2 hours after
consuming a bolus of 300 mL sweet Bing cliguice (total anthocyanin 207 mg) compared

to placebdKentet al, 2015b) Values returned to baseline 6 hours after ingestion, coinciding
with general anthocyanin and tart cherry pharmacokinetics (Seyrabual., 2014).
Interestingly, a spltlosage100 mL serving at 0, 1 and 2 hours (3 x 100 mL) did not result in
significant alterations of SBP, DBP or HR (Kesit al., 2015b). Perhaps indicating lower
bioavailability of cherry metabolites after ingestion of multiple smaller servings of cherry juice
than a large single bolus; although statistical analysis was not conducted to confirm this.
Additionally, there were no significant differences for SBP, DBP and HR between younger and
older participants highlighting the underlying pathology (hypertensiarf)risore importance

for observing a positive effect with cherry supplementation thanFagéermore, another

study by the same authafisent et al, 2015a)also reported a significant reduction in SBP,
after 6 and 12 weeks, in older (70+ years) participants with dementia after consuming sweet
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Bing cherry juice for 12 weeks (200 mL.d9ycompared to a comtrgroup. These participants
presented elevated baseline SBP (138 mmHg), whilst DBP was normal (79 mmHg), perhaps
explaining only a trend towards significance for DBP (Ketrdl.,2015a). SimilarlyKeaneet

al. (2016b)reported a single bolus of 60 mL MTC concentrate (total anthocyanins 547 mg)
significantly reduced SBP up toturs posingestion compared to placebo, in 15 early
hypertensive males. Peak reductions (7 mmHg)-hbus posingestion coincided with
elevated PCA and VA concentrations, suggesting these secondary metabolites may be
responsible for the observed effects. No differences were observed for arterial stiffness or
endothelial function (microvascular vasodilation by laser Doppler imagiegneet al.
(2016c)also reported 60 mL MTC concentrate signifitaméduced SBP up to 3 hours post
ingestion with peak reductions of 6 mmHddur postconsumption compared to placebo in

27 middleaged (45%6 0 year s) partici pantesal (2@bab)eandv at i o n
K e a neeah (8016bc) research demonstraedite supplementation of cherry juice improved

BP and HR in participants with elevated baseline values.

More recentlyChaiet al. (2018)reported significant reductions in SBP (4 mmHg) and LDL
(0.05 mmol.LY) compared to a control group, after 12 weeks MTCJ wmpsion in 34 older
(65-80 years) adults. In alignment with previous studiest a i eet all 2008a Kentet al,

2015a; Keaneet al, 2016bc) elevated baseline SBP in the MTCJ group facilitated
improvements. Improvements in LDL with MTCJ may be contrived since the high fructose
content in the placebo was thought to spike LDL concentrafinaiet al, 2018) However,
Chaiet al. (2018) explained MTCJ may have been able to bind bile acids thus dampening the
rise in LDL concentrations. Compared to baseline, MTCJ also significantly lowered total
cholesterol and increased fasgtigiucose, triglycerides and BMI. Moreover, there was no effect

onbody massHDL, DBP, fasting insulin or HOMAR, likely due to healthy baseline values.

43



Chapter 2. LiteraturReview

A strength of the study was participants maintained habitual diet throughout the

supplementation perd, upholding ecological validity.

The only study to have examined responses to tart cherries in humans with MetS was conducted
by Johnsoret al. (2017)(only abstract published). In a randomised, paraltel, singleblind

trial, participants consumed either 480 mL of MTCJ (n = 9, 5M/4F) or isocaloric placebo
(n =10, 5M/5F) daily for 12 weeks. Endothelial function markers, oxidised LDL and soluble
vascular cell adhesion molectle (sVCAM-1), were significantly lowered with MTCJ
compared to placebo after 12 weeks and total cholesterol teRde@®.08) to bedwer; no

other differences in the lipid profile were observed. Similarly, no differences between
conditions were observed for body composition, glucose, insulin, HOMA, brachial BP, central
haemodynamics, arterial stiffness (PWA and PWV), FMD, inflammatoryxidative stress
markers. The limited information relating to specific biomarkers, participant baseline
characteristics, dietary guidelines and anthocyanin content of MTCJ hinders explanation of
nonsignificant results. Yet, in a MetS population, letegm MTCJ consumption attenuated

biomarkers involved in accelerating atherogenesis.

Mechanisms for improved BP with cherry supplementation have yet to be confirmed.
Modulation of vasomotor tone through proper functioning of vascular smooth muscle cell
(Keaneet al, 2016a) increased NO bioavailabilittKent et al, 2015b; Keanet al, 2016a;
Chaiet al, 2018)and/or inhibition of ACHHidalgoet al, 2012; Kimkosyaret al, 2018)have

been proposed.

As mentioned irsection 2.1.5.2.2Zanthocyanins have been shown to positively modulate gut
microbiota; potentially explaining health promoting effects. In relation to gut microbiota
modulation by anthocyaninch cherries, research is very limited. Currently, only one study

(MaytaApazaet al, 2018)has assessed the gut microbiota profile of hunmansvo, after
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supplementing tart cherries.ftdr consumption of 230 mL MTCJ for 5 days, significant
reductions inBacteroidesand increases irrirmicutes (Ruminococcus Lachnospiraceae,
Clostridium and Clostridium XI, Lactobacillusand Streptococcuswere observed (Maya
Apaza et al., 2018). Unexpeedly, Bifidobacterium and Faecalibacterium, microbiota
generally hallmarked for healthy gut microbiome, were lower in abundance after MTCJ
consumption; other heaHpromoting Actinobacteria were increased (Maizazaet al.,
2018). The change in gut matriota profile was influenced by carbohydrates in MTCJ (Mayta
Apazaet al.,2018). Also, PCA, caffeic anpgcoumaric acids in MTCJ were metabolised by
mostLactobacillusstrains, explaining the greater bioavailability of phenolic aedvatives

from MTCJ after gut microbial metabolisfRilanninoet al, 2015) which may be responsible

for tart cherriesdéd beneficial heal th respons

2.1.6.5.3. Cherries and Health Summary

In summation, he positive effect of cherries in humans with elevatedeprsting cardie
metabolic values seems to be more pronouncedithasalthy individuals. There is sufficient
evidence that cherries improve markers associatidwWetS in humans; however, research is
necessitated in a MetS population itself. The mechanisms of action through which cherry
phenolics may prevent or ameliorate chronic disease are summarised in FigBpe@uration
remains over the ideal supplematitn strategy to improve cardioetabolic function.
Strategies previously implemented were not always economically viable or examined under
ecologically valid conditiongAbuMweis, Jew and Jones, 2018)ence subsequenthapters

of this thesisaim to address these research pitfalls by manipulating aspects of MTC
supplementation strategy and observing subsequent responses in healtidnvéshaals and

those withMetS. Ultimately, studies ithapters 46 were designed taiphold ecological
validity and ensure economic viability to maximise impact and ease of translating basic

research into daily habitual practice.
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Figure 27. Proposed mechanisms of action through which chelggppenols act in the management of chronic disease. Adapted from Ferretti
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Part 2.2. Metabolic Syndrome

The second pauf this literature review will assess the epidemiology, pathophysiology and
interventions used to combat Metabolic Symdeo A brief explanation and examination of the
role of lipid metabolism in the aetiology of carditetabolic diseases will be presented,
followed by a short commentary and analysis of calorie restriction and its mimetics. Finally, a

detailed discussion afie effect of anthocyanins in humans with MetS will be provided.

2.2.1. Introduction

Obesity is generally recognised as storage of excessive body fat at various subcutaneous and
visceral fat depot§Snelet al, 2012) and global rates are rapidly rising annudMg et al,

2014) In 1947, it was noted that obesity predisposed individuals to T2D and atherosclerosis,
supporting observations from the 1920s of an association with bypen, hyperglycaemia

and hyperuricaemi@aur, 2014) The ter m O Met ab ocbinedby8allerdr o me
in 1977, when describing obesity, T2D, hyperlipoproteinaemia, hyperuricaemia and hepatic
steatosis as risk factors associated with atherosclékaisr, 1977) However, it was not until

the 1988 Banting lecture, when Gerald Reaven proposed insulin resistance as the underlying
cause of developing the clustegmdafo(Reavetid f act
1988) Crucially however, Reavenomittedeols i t y as a ri sk facitor f ol
was later added. Many different terms have been used to describe the cluster of risk factors,
although Metabolic Syndrome is now commonly used and has gained an International

Classification of Diseases dod (E88.81) Han and Lean, 2016)

A consequence of the distinctive cardn@tabolic features of MetS, is that ovell® years
individuals with MetS have a-2and 5fold greater risk of developin€VD and T2D,
respectively (Alberti et al, 2009) Moreover, MetS patients have an increased risk of

myocardial infarction (3to 4-fold), stroke (2 to 4-fold) and dying from these eventsfd)
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than individuals without MetQAlberti, Zimmet and Shaw, 2005)egardless of a previous

history of CVD(Olijhoek et al, 2004)

As it is increasingly apparent that MetS ipracursor of T2D and CVDNVilson et al, 2005)
clinicians and researchers should be addressing MetS and its individual components with
greater priority and importance; as a preventative measure to minimise the health, financial and

social burden imparted on patients, health services andysocgeneral.

2.2.2. Diagnosis

MetS is defined as a collection of interrelated physiological, biochemical, metabolic and
clinical risk factors that directly augment the development of atherosclerotic CVD, T2D and
all-cause mortalityWilson et al, 2005; Grundyet al, 2006) Typically, an individual with

MetS presents with abdominal obesity, frgperglycaemia, praypertension and atherogenic
dyslipidaemia. However, this is often accompanied by endothelial dysfunction and a

pro-inflammatory, preoxidant and prahrombotic stat¢Srikantharet al, 2016)

The diagnosis of MetS has proven to be an issue in clinical and epidemiological settings.
Various organisations have attempted to outline criteria for diagnosing MetS (Table 2.4). All
organisations agree on the core components for diagnosing MetS, hovfievences remain

between thresholds of individual components and the specific combinations required to be met.
Consequently, in 2009 a joint statement was isg¢Abzbrti et al, 2009) detaling obesity and

insulin resistance need not be {peguisites for MetS diagnosis, but any 3 of 5 criteria would
suffice. The statement also detailed specific thresholds for waist circumference based on sex
and ethnicity (Table 2.5). This extra stratifioaitwas important in delimiting the criteria used

to diagnose Met S, particularly as ethnicity
risk factors regardless of abdominal obesity severity (Han and Lean, 2016). Asians with a lower

abdominal obsity cutoff are at greater risk of developing T2D than Europ€kasr, 2014)
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Table 24. Criteria proposed for clinical diagnosis of MetS.

Clinical NCERATP III Harmonised
Measures WHO (1998) EGIR (1999) (2001) AACE (2003) IDF (2005) (Alberti et al.,2009)
Insulin High Insulin, IGT, High Fasting No IR prerequisite, IGT or IFG (but not No IR prerequisite  No IR prerequisite,
Resistance IFGor T2D and 2 Insulinand 2 of any 3 of the T2D) and any 2 of any 3 of the
of the following: the following: following: the following: following:
Obesity Waistto-hip ratio ~ Waist Waist Circumference BMI > 25 kg.m? Ethnicity and sex Ethnicity and sex
Male: > 0.90; Circumference O 102 cm ( specific Waist specific Waist
Female: > 0.85 O 94 cm O 88 cm (f Circumference and  Circumference
and/or O 80 cm any 2 of he
BMI > 30 kg.nv?

Triglycerides O 1.69'mnO 2 mhmol O 1.69 mmcO 1.69 mmcO

.69 TmmcO 1. 69 1Tmmec

HDL < 0.9 mmol.L <1 mmol.L! O 1.03TmmcO 1.03Tmmcd 1.03TmmcO 1. 0371Tmmc
(male) (male) (male) (male)
<1 mmol.L! O 1.29TmmcO 1.29TmmcO0 1.29Tmmcd 1. 29 Tmmec
(female) (female) (female) (female)

Blood Pressure O 140/ 90 O 140/900 130/85 rO 130/ 85

or onantr
hypertensive
medication
Glucose IGT or IFG O 6.1 mmol
(but not T2D)
Other Microalbuminuria: Family history of
albumin: creatinine T2D

ratio of >30 mg.g

rO 130/ 85

O 5.6

rO 130/85 r

Tormol O 5. 6 mmol

IGT (impaired glucose tolerance) defined as a 2 hour post glucose load of >7.8 thamal.k11.1 mmol.t (in the presence of a normal or elevated fasting glucose), and
impaired fasting glucose (IFG) is defined as glucose levels >6.1 nifraid. <6.9 mmol.tX. American Association for Clinical Endocrinology (AACE); Body Mass Index
(BMI); European Group foihie Study of Insulin Resistance (EGIR); Insulin Resistance (IR); International Diabetes Federation (IDF); National Cliaesttioh Program

Third Adult Treatment Panel (NCERTP 1ll); Type 2 Diabetes (T2D); World Health Organisation (WHO).

49



Chapter 2. LiteraturReview

Table 25. Waist circumference thresholds based on ethnicity an@Adlearti et al.,2009)

_ Waist Circumference Threshold (cm)
Country/Ethnic Group

Male Female

Europids O 94 O 80
USA O 102 O 88
Middle East and Eastern
Mediterranean Use Europid data until more specific data is available
SubSaharan African Use Europid data until more specific data is available
South Asian (including ) )
Malay and Indian O 90 O 80
population)
Japanese O 90 O 80
Chinese O 90 O 80
iouth and Central Use South Asian data until more specific data is availa

merican
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2.2.3. Epidemiology

The prevalence and incidence rates of MetS by region, sex, ethnicity and age are difficult to
ascertain given the variability in the diagnostic criteria used. It was estimated global prevalence
rates of MetS ranges between <10% up to 84%, depending dragrsis criteria used and

the population studied (region, sex, ethnicity and age) (Kaur, 2014). Approximately, a quarter
of the global population are thought to have MetS, equating to 1.75 billion individuals

(Saklayen, 2018)

Crosssectional studies predominately from European countries approximate prevalence
around 24.3%, where rates increase parallel with advancin@agedy, 2008; Scutesgt al,
2015) Aguilar et al. (2015)estimated MetS prevalence rates in the United States increased by

1.8% from 20032004 to 20142012, with approximately 35% of all adults having MetS.

Of great concern is the increasing prevalence rates of MetS in children and adolescents.
Prevalence in adolescents between National Health and Nutrition Examination Survey
(NHANES) 19881994 and NHANES 19992000 increased from 4.2% to 6.4%, respectively
(Kassiet al, 2011) Prevalence between NHANES 26PQ06 was estimated to be 8.6%,

indicating the upward trend in prevalence rates amongst adoleGb@msoret al, 2009)

The implications of such high prevalenegeas are stark, as CVD is the leading cause of death
worldwide, representing 31% of all deatfWorld Health Organisation, 2017Moreover,
global prevalence of diabetes amongst individuals agé&®ears was 8.4% (451 million) as

of 2017 and is expected to increase to 9.9% (693 million) B%,2@dicating a concomitant
increase in CVD related deaths and placing evermore pressure on healthcare (§fsberhs

al., 2018) The global financial burden of treating T2D as of 2005 was thought to be in excess

of 286 billion international dollars, rising to 396 billion internat dollars by 2025;

51



Chapter 2. LiteraturReview

accounting for 13% of the entire global healthcare bu@gsthet al, 2006) Strikingly, these

figures do not ecount for treating diabetes associated CVD complications.

Finally, it is important that past and future MetS prevalence statistics be generated based on
the harmonised criteria set out by Albedt al. (2009). This would help clinicians,
epidemiologist&ind researchers detect trends and understand problems associated with MetS;

in-turn assisting development of interventions to reduce MetS prevalence and incidence.

2.2.4. Pathophysiology

The aetiology of MetS has yet to be fully understood, howeveritdspted that genetic and
environmental factors are inherent to the underlying pathophysiology, suggesting epigenetic
mechanismgKassi et al, 2011) Specifically, visceral obesity and insulin istance are
considered to be central to MetS pathophysiology, with atherogenic dyslipidaemia,
dysregulation of the reniangiotensiraldosterone system, endothelial dysfunction,
hypercoagulable state and chronic stress contributing to its pathogenesrs ZRad)

(Figure 28).
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Figure 28. Schematic highlighting the interactions of adipokines, cytokines and inflammatory
markers that contribute to the pathogenesis of Ni8tRantharet al, 2016)

Diabetes

2.2.4.1. Obesity

Obesity manifests a state of chronic igwade inflammation and oxidative stress, which
underpins the development of insulin resistance; suggesting that at its core, MetS-is a pro

oxidative and pranflammatory conditior{Chiva-Blanch and Badimon, 2017)

Generally adipose tissue, comprising of adipocytes and stromal vascular fraction, acts as the
main site of lipid storage but also exerts an endocrine, inflammatory and oxidative stress
respons€Thompson, Pederick and Santhakumar, 20%6¢h a response is mediated through
secretion of adipokines, pinflammatory cytokines, free fatty acids (FFA), glycerol
(FernandeSanchezt al, 2011) ROS and species contributing to endothelial dysfunction
from hypertrophied adipocytes (Table 2.6) (Thompson, Pederickamitiakumar, 2016)he
dysregulated secretion of FFAs, adipocytokines and thrombogenic factors facilitates the

development of insulin resistance and all other components of MetS (Kaur, 2014).
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Preventing adipocyte hypertrophy through augmenting fat matidis and oxidation would
regulate adipocyte function and prevent ectopic accumulation in sites such as cardiac and
skeletal muscle; thus, mitigate MetS related symptq@®@sel et al, 2012) Ectopic
accumulation is mediated by insulilependent suppression of ghadipose tissue lipolysis

and a concomitant reduction in FFA oxidation (Setedl.,2012); thus, dysregulating normal
cellular function and inducing insulin resistan@iewak, 2013) Therefore, normal lipid
metabolism in skeletal muscle is crucial for ameliorating diseases associated with excessive
lipid accumulationWatt and Hg, 2012) Skeletal muscle, accounting for ~40% of total body
mass, is an adaptive organ with a plethora of physical and physiological functions, critical to
maintaining wholébody homeostasig&gan and Zierath, 201.3pne physiological function is
itsrole in lipid uptake, storage and oxidation (Watt and Hoy, 2012). Skeletal muscle is the most
important target tissue for insulin action and is the main site ofrastial glucose disposal
(Roberts, Hevener and Barnard, 20X2#llular signalling induced by ROS has been shown to

be implicated in contractiemediated increase in skeletal muscle glucose utdkery and
McConell, 2009) Hence, low concentrations of ROS, faming to a hormetic response,

produced during muscle contractions may be beneficial at preventing hyperglycaemia.

The ability of skeletal muscle to transition between fat and carbohydrate (CHO) oxidation
under different physiological and environmentainditions is an important quality for
maintaining homeostasis and is known as metabolic flexibility (8bell., 2012). This
transition is dependent on substrate availability where substrate oxidation dysfunction is
associated with accumulation of intrasaular lipids and insulin resistan@@algani, Moro and
Ravussin, 2008)Due to their sedentary lifestylpatients withMetS, obsity and T2D are
unable to alter lipid oxidation rates to lipid availability resulting in intramuscular lipid accretion

and metabolic inflexibility(Kelley et al, 1999) Hence, reversing metabolic inflexibility by
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facilitating fat oxidation at the skeletal muscle and wHmdy levels would be an effective

strategy to mitigate Met@Roberts, Hevener and Barnard, 2014)

Table 26. Characteristic status of carehoetabolic biomarkers in individualgith MetS.

Biomarker

Source

Status in MetS

Visceral Obesity
Leptin
Adiponectin
Resistin
Visfatin
Ghrelin
Insulin Resistance
Fasting Glucose
HbA1c
Fasting Insulin
Fasting Cpeptide
Dyslipidaemia
Fasting FFAs
Fasting Triglycerides
Fasting Total Cholesterol
Fasting HDL
Small, dense LDL
Fasting VLDL
Hypertension
Angiotensin I
Endothelial Dysfunction
Nitric Oxide
Adhesion Molecules
ox-LDL
Prothrombotic State
Fibrinogen
PAI-1
Platelet Aggregation
Proinflammatory State
IL-6
TNF-U
CRP
IL-10
Pro-oxidative State
ox-LDL
Superoxide Dismutase
Glutathione Peroxidase

Adipocytes, VSM
Adipocytes
Adipocytes, SM, Stomach
Adipocytes
Stomach

Liver
Erythrocytes
Pancreas
Pancreas

Adipocytes, Liver
Adipocytes, Liver
Liver, Intestines
Liver, Intestines
Liver
Liver

Kidney

Endothelium

Endothelium
Adipocytes

Liver
Endothelium, Adipocytes

Adipocytes, M1 macrophagt
Adipocytes, M1 macrophagt
Adipocytes
Monocytes, M2 macrophag

Adipocytes
Cytosol and Mitochondria
Mitochondria

N =

NSRS LKQDSSNSRX S NRIRKRXISRKS—SRKSIKSILK S NI

NN NRIRKSIIRKXIXRKXIIXSRKXIXIKXKIKKSKSS
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Catalase Peroxisomes z
Malondialdehyde Mitochondria y
Hyperuricaemia y
Uric Acid Liver y
Microalbuminuria y
Urine Albumin Kidney y

CRP (C-reactive protein); FFA (Free Fatty Acids HbAi. (Glycated Haemoglob)n HDL (High-density
Lipoprotein); IL-6 (interleukin6); IL-10 (interleukin10); LDL (Low-density Lipoproteily ox-LDL (oxidised
LDL); PAI-1 (Plasminogen Activator Inhibitet); SM (Skeletal Muscle; TNF-U (Tumour Necrosis Factor
Alpha); VLDL (Very low-density Lipoproteily VSM (VascularSmooth Musclg

2.2.4.2. Insulin Resistance

Reaven proposed MetS pathophysiology stemmed from insulin resistance, based on the
observed pleiotropic effectsf ansulin resistance on each component of MéR®berts,
Hevener and Barnard, 2014hsulin resistance defined by a state where secrefiolwrmal
insulin concentrations to a glucose load, does not produce the desired response of sufficient
peripheral glucose uptake and suppression of hepatic glucose production; leading to

hyperglycaemia, a component of MetS, and then hyperinsulingdeebavitz, 2001)

The development of insulin resistance in MetS manifests from excessive FFA production from
visceral adipocytes. The ectopic deposition of FFAs particularlgpatic and skeletal muscle
parenchyma contributes tacreasedepaticglucose productioandimpaired glucose uptake

in skeletal muscléde Luca and Olefsky, 2008yigure 29). Insulin resistance in these organs

induces a state of hyperinsulinaemia which stimulates lipogenesis, inhibits lipolysis and further
augments adipocyte hypertrophy in a vicious cyde Luca and Olefsky, 2008\Voreover,
chronchyperinsulinaemia due t o aceddrst ilwoeliaoduss tior
dysfunction, and prevents sufficient insulin production thus inducing hyperglycaemia, in

another vicious cycle (Han and Lean, 2016).
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Figure 29. Manifestation of insulin resistance in various organs central to (et&uca and
Olefsky, 2008)

2.2.4.3. Dyslipidaemia

Dyslipidaemia in MetS is characterised by atherogenic hypertriglyceridaemia and
hyperlipoproteinaemiaKolovou, Anagnostopdou and Cokkinos, 2005)Lipolysis and
subsequent mobilisation of FFAs from adipose tissue is augmented under insulin resistant
conditions, but also contributes to insulin resistance develogikelatvou, Anagnostopoulou

and Cokkinos, 2005)Therefore, dyslipidaemia is not only a hallmark oft®ldut also
responsible for the underlying pathophysiol@¢gpur, 2014) In addition to faciliating insulin
resistance, the overproduction of FFAs acts as a substrate for hepatic triglyceride synthesis,
eventually promoting LDL formatior(Kolovou, Anagnostopoulou and Cokkinos, 2Q05)
Triglyceriderich LDL are hydrolysed into small, dense particles highly sugidepto
oxidation, subsequently causing endothelial dysfunction and atherogefesms/ou,

Anagnostopoulou and Cokkinos, 2005)
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2.2.4.4. Hypertension

Research indicates insulin resistance activates the sympathetic nervous aadgenensin

aldosterone systems by expressing the potent vasoconstrictor angititékaur, 2014).

The cellular cascade implicating insulin resistance and hypertensiolves the mitogen
activated protein kinase (MAPK) pathway (Kaur, 2014). Under insulin resistant conditions,
MAPK remains unaltered thus promotes production of the vasoconstrictor enddthelin
expression of vascular cell adhesion molecules and proldarafi vascular smooth muscle
cells(zhou, Wang and Yu, 2014$ubsequently, this increases the risk of atheroma formation
and arterial stiffness, which facilitates hypertengibouyzet al, 2018) Conclusive evidence

has been provided showing the manifestation of artetifihess in individuals with MetS

independent of age or séXchillaciet al, 2005; Scuteret al, 2014)

2.2.5. Treatments

Given the pranflammatory and praxidative pathophysiology of MetS, interventions which
elicit antrtinflammatory and arvbxidative response are particularly sought after.
Pharmacological drugs, exercise, calorie restriction and diet, especially polyphenols are
interventions capable of exerting aimtflammatory and artbxidative responsegGolbidi,
Mesdaghinia and Laher, 2012)festyle interventions are increasingly recommended as they
are a safer and more tolerable alternative to pharmacological drugs. Significantly, diet and
exercise interventions were found to reverse MetS, with these interventions being 87% more

clinically effective than pharmacological thergf@unkleyet al, 2012)

2.2.5.1. Exercise and MetS

The importance of exercise in mitigating MetS has been repeatedly proven by numerous
authors(Roberts, Heener and Barnard, 2014An inverse doseesponse association was

found between volume of exercise and MetS prevalence (Kaur, 2014). Individuals engaging in
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moderateintensity activity for 1 hour or leggerweek were at 60% greater risk of developing
MetS than those exercising >3 hopex week (Kaur, 2014). Few studies have used exercise
as an interventiom individuals withMetSper se however these studies demonstrated various
forms of exercise reversed MetS or reduced the number of MetS compdRaiterts,
Hevener and Barnard, 2014). Importantly, in a cohort of 19,223 males a@3ly2@rs, this
translated into lower mortality risk as evidenced by 5.18% mortality risk in healthy, unfit
individuals, 5.15% in nosxercising individuals with MetSna 2.69% in exercising
individuals with Met§Katzmarzyk, Church and Blair, 2004otably, exercising individuals
with MetS had a significantly lower mortality risk than apparenibalthy, sedentary

individuals.

The ability to transition from carbohydrate to fat oxidation when in a gludepketed state is
impaired in metabolically inflexible subjects, thus individuals oxidise carbohydrate with and
without insulin stimulation (Kedly et al., 1999). Exercisereducesinsulin resistance by
activating adenosine monophosphate kinase (AMPK) and thus augmenting fat oxidation
(Auwerx et al, 2010) The ability to stimulate fat oxidation with exercise and thus reverse
metabolic inflexibility and insulin resistance is an effective strategy to prevent MetS and/or

treat its complications (Roberts, Hevener and Barnard, 2014).

2.2.5.1.1 FATMAX Exercise and Fat Oxidation

The development of cardimetabolic risk factors is associated with impaired fat oxidation
(Robinsonet al, 2016) Robinsonet al. (2015)demonstrated maximal fat oxidation (MFO)
rate during exercise is associated withhddir fat oxidationrate and insulin sensitivity as
markers of longerm metabolic health. Hence, augmenting MFO rates may prova fzef
optimising cardiemetabolic healththus, researchers set out to determine optimal fat oxidation

rates during exercig@chten and Jeukendrup, 2004)
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Romin et al. (1993)were one of the first to assess fat oxidation rates over a range of exercise
intensities. Fat oxidation rate was greatest at ¥&naxcompared to 25% and 85%).max,

in trained athletes (Romijat al., 1993).Achten, Gleeson and Jeukendrup (200&Yised a
protocol to more accurately determine MFO, using a greater range of intensities. The
incrementhprotocol was conducted on a cycle ergometer amongst 18 moderately tnailesd
andconsisted of starting at 95 W with increments of 35 W every 5 minutes until respiratory
exchange ratio (RER) was >1. This protocol allowed identification of MFO, FATMAX (
intensity of MFO conveyed asW@.,max), FATMAX zone (area where fat oxidation is within
10% of FATMAX) and regions of low fat oxidation rates (FATMIN) from a FATMAX curve
(Figure 2.D). FATMAX occurred at 64%/0O,max corresponding to 74% HRx (maximal

heart rate) with an MFO of 0.6 g.miand FATMIN at >89%/0.max (92% HRnay) (Achten,

Gleeson and Jeukendrup, 2002).

(.50

FATMAX
] T e
MFO

040 1
E El._’-ﬁ——:——— N e .
[
e e
E
™=
025 7
=
=
s 020 1
= FATMIN
o
S 015 1
E :

0L +———————"—"—"—"—"—"—"—"F === === ==

0.05 7

¥
{1,1K] T T T b
30 400 1l il FL ] ) I

Exercise Intensity (% F(,max)

Figure 210. Graph depicting a typical fat oxidation curve determined from an incremental
exerciseprotocol(Randell, 2013)
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Venables, Achten and Jeukendrup (206Bdwed individuals with markedly differedd©.max

had similar fat oxidation rates; demonstrating high tmdividual variance in fat oxidation
rates. Subsequently, studies implementing a protocol at a set percenenaik or Winax
(percentage of aximal power output) should be criticised. Due to the large variation,
identifying a universal exercise intensity for MFO is not possible. Therefore, identification of
individual FATMAX using an incremental test with stringent control over diet and egeatis
least 2436 hours before the test, is considered the most reliable method of determining valid

FATMAX intensity (Meyer, Ga3ler and Kindermann, 2007)

2.2.5.1.2. Health Effects of Exercise at FATMAX

Individualised FATMAX exercise provides an opportunity to oxidise lipids, particularly from
skeletal muscle, at accelerated rates thus potentially ameliorating symptoms associated with

MetS (Brun, Romain and Mercier, 2011)

SariSarrafet al. (2015)recommended FATMAX training in weight loss and heaélated
exercise programs for individuadsth MetS FATMAX training effectively reduced total body
mass and fat mass, spared F&h| reduced cholesterand HbAcin patients witiT2D (Brun,

Romain and Mercier, 2011).

Continuous running at FATMAX (4 weeks, 5 dgerweek) for 1 hour induced 44% greater
fat oxidation and improved insuksensitivity indexby 27%compared to interval exercise at
FATMAX in 8 maleswith obesity(Venables andeukendrup, 2008Pumortieret al. (2003)
reported similar findings with 8 weeks cycling at FATMAX compared to no exercise in 28
MetS patients. Compared to the controls, the training groupitpsticantly morebodymass

fat mass and MFO increased from 0.12 to 0.18 g*rumortieret al.,2003). The transition
from fat to carbohydrate oxidation (crossover point) occurred significantly later in the

exercising group (31.5% v 52.6%0.max) and FATMAX occurred at higher intensities
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(27.7% vs 44.8% Way. Theincreased fat oxidation rate and loss of fat mass may have
contributed to the significantly improvedsulin sensitivity and resistance indexes (HOMA)

after FATMAX training compared to contral®umortieret al.,2003).

Similar results were obtained wheB6lwomenwith obesitycycled at either FATMAX for 55
minutes, 60%\VO,max for 35 minutes or hombased moderatimtensity exercise for 30
minutes (4 timegerweek for 5 months§Besnieret al, 2015) In addition, all participants
were provided with a diet rich in fruit and vegetables (5 pipeeday)throughout the study.
Anthropometrics, BP and lipid profile were not significantly different between groups, likely
due to the relatively low MFO rates (0.153 g.HinHowever, all exercise interventions
significantly reduced fat mass, HOMIR and augmeet MFO after 5 months. Notably, MFO
was significantly greater during FATMAX exercise resultingmprovedglycaemic control,

likely due to reduced insuliand HOMAIR.

Mechanistically, the beneficial effect of fat oxidation during FATMAX exercise is thought to
be accentuated by the release of adiponectin, leptin and thefemtimatory myokine IL6,

via phosphorylation and thus activation of AMPBrun, Romain and Mercier, 2011¥ince
exercise stimulates skeletal muscle contractions, expression-@®fidlincreased 106fbld

during prolonged exercise (Roberts, Hevener and Barnard, 2014). The release of the myokine
IL-6 has pleiotropic effects includirenhancing lipolysis and glucose disposal, inhibiting pro
inflammatory molecules TNE an-d b, Land e x-ipflaransatory mygokinasn t i
interleukinl receptor antagonist ({Lra) and 1-:10 (Roberts, Hevener and Barnard, 2014).
Mechanisms behind impved insulin resistance and sensitivity relate to increased glycogen
synthase and GLUZ expression (Roberts, Hevener and Barnard, 2014). Activation of
pathways emanating from improved skeletal muscle function, mediated by exercise, would be

of significantbenefitfor the amelioration of insulin resistance and associated morbidities.
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A metaanalysis of FATMAX training inpatients withobesity, MetS and T2D confirmed a
shift of fat oxidation to higher exercise intensities and reductions infnadyg fat mass, waist
circumference, insulin sensitivity and total cholestéRamainet al, 2012) Overall, exercise
at individual FATMAX may ameliorate the symptoms associated with MetS, andnpitbee

onset of the syndrome in healthy, asymptomatic individigalsn, Romain and Mercier, 2011)

2.2.5.1.3. Polyphenolic Interventions, Exercise and Fat Oxidation

Given the benefits that increasing fat oxidation durirgr@se has on cardimetabolic health,
dietary interventions to further augment rates have been reseéielkendrup and Randell,
2011; Kimand Park, 2016)Table 2.7 details studies examining polypheiai supplements

in tandem with exercise on careletabolic parameters. Polyphenols have been identified in
in vitro and preclinical human trials to increase fat oxidation throughyaiad of mechanisms
including inhibition of catecheD-methyltransferase and malormgdA and activation of
sirtuinl (SIRT-1 ) , AMPK, &amiinR paimiayltlansferase (Rupasingheet al,

2016).
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Table 27. Sudies examining the effects of polyphenol supplementation in combination with exercise on substrate metabolism, péati
oxidation, and its effects on symptoms associated agittlic metabolic diseases.

Study Design,

Results with

Study Sample Size and Supplementation Strategy Study Details Intervention compared Conclusion
Cohort to Placebo
Venablestal. Randomised, 24 hours before participants consumed 30 mirscyclingat60% § 17 % Fat O Fatoxidation and lipolysis
(2008) CrossoverPlacebo 3 capsules containing either decaffeinatec VOzpeak y EE fr om F duringexercise and insulin
Controlled GTE (total: 890 mg polyphenols and 366 y Pl asma g/l sensitvity at rest improves
mg EGCG) or placebo 2-hour OGTT with GTE consumption.
12 healthy, males Z Serum ins
(50.9 mL.kg.mint g 13% | nsul
\?OZpeaI)
Eichenberger, Randomised, Caffeinated GTE (total polyphenols: 160 2 hourscyclingat50% § HDL at r e These nossignificant

Colombani and
Mettler (2009)  Controlled,

DoubleBlinded

10 endurance
trained males
(55 mL.kg.mir?
\POZpeal)

Allgroveetal.  Randomised,

(2011)

Controlled, Single

Blinded

10 healthy males
(53.1mL.kg.mir?!

\;OZpeal)

Crossover, Placebc epicatechins 38.7 mq) or placebo for
2 weeks and 2 hours before exercise bou 30 second sprints at 90%
VO;maxevery 10 mins to

Crossover, Placebc mg.day!; EGCG: 70 mg.da$) for 3 weeks  Wmax

40 g Dark Chocolate (catechins: 15.6 mg, 90 mins cycle at 60%

simulate road race

VIO, maxwith intermittent

No difference:
Fat Oxidation
Body Fat %
RER

EE

TG

LDL
Cholesterol

FFA

Oxi di sed

y
Z »Boprostanes
Z
Tendency

No difference:
TG

Glucose
Insulin
Lactate

TAS

Cortisol

fo

findings may be a result of
supplementing greatly
reduced amounts of
polyphenols daily compared
to Venablest al. (2008).

Catechins and epicatechins
from dark chocolate improve
markers of oxidative stress
and lipid metabolism after
prolonged cycling exercise,
thus highlighing the

efficacy of polyphenols from
various dietary sources on
health markers after
exercise.

64



Alkhatib (2014) Randomised,

Randelletal.
(2014)

Alkhatib et al.

(2015)

Cooket al.
(2015)

Crossover, Placebc
Controlled,
DoubleBlinded

14 (7 male,
7 females), healthy

Randomised,
Crossover, Placebc
Controlled,
DoubleBlinded

19 healthy, males
(55.4mL.kg.mir!
\?OZpeaI)

Randomised,
Crossover, Placebc
Controlled,
DoubleBlinded

12 recreationally
active, male and
female

Randomised,
Crossover, Placebc
Controlled,
DoubleBlinded

14 healthy males
(53 mL.kg.mint
VOZpeaI)
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1000 mg Yerba Mat(llex paraguariensiy
or placebo.
Consumed 1 hour befoexercise.

Decaffeinated GTE (total catechins 284
mg.day'; EGCG 156 mg.da}) or placebo
for 1, 7 and 28 days

4.5¢ of either placebo or muitigredient
(caffeine, green tea, Yerba Matapsaicin
and guarana) supplement.

Consumed 150 mins before exercise.

300 mg active cassis NZBE (containing
105 mg anthocyanins) per day for 7 days
or placebo.

Incremental cycling test  During exercise:

Z RER
Initiated at and increasec § Fat Oxi da
by 0.5 W.kg *of body and 50%0/Ozpeax

mass y EE from F
30 mirscycle at 50% No difference:
Winax Fat Oxidation
FFA
Glycerol
150 mirsrest before y Fat Oxi da
exercise rest
30 mirs FATMAX Z RPE
cycling

Cycleat45,55and65% § 27 % Fat O
VOzpeakfor 10mins at 65% \VO,max
each intensity Z RER ¥Qpeab 5

Tendency ¥
Oxidation at 45%and
55%\702peak

Yerba Maéincreases fat
oxidation at low exercise
intensities primarily due to
the thermogenic properties
of supplement.

No difference in fat
oxidation and lipid markers
between acute and lofigrm
supplementation.

Fat oxidation increased at
rest through the thermogeni
properties of the supplemen

Anthocyanin rich NZBE
increases fat oxidation
possibly via upregulation of
PPARU.
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Robertset al. Randomised, Decaffeinated GTE (total catechins 1-hour cycle at 50% Y 24.9% Fat Oxidation ~ Long term supplementation
(2015) Parallel, Placebo 571 mg.day; EGCG 400 mg.da3) or VO2pearat baseline, Z RER of decaffeinated GTE is
Controlled, placebo for 4 weeks. weeks 2 and 4. y EE fr om F requiredto elevate fat
Double-Blinded Z EE fr om C oxidation rate.
Additional 1-hour cycle
14 healthy, males three times per week Z RPE
(39 mL.kg.min? during supplementaton Z Body Fat
VOzpead period.
Cooket al. Randomised, 300, 600 or 900 mg.dayactive cassis 2-hour cycle ab5% Z RER with Dosedependent increase in
(2017b) Crossover, Placebc NZBE (containing 105 mg anthocyanins p V\Ozmax 900 mg fat oxidation with
Controlled, 300 mg capsule) for day for 7 days or ¥ 21.5% Fat Oxidation ~ anthocyanirrich NZBE.
DoubleBlinded placebo. with 600 mg However, only high
¥ 24.1% Fat Oxidation ~ anthocyanin doses exceedit
15 endurance with 900 mg habitually consumed levels
trained males alter substrate utilisation.
(57 mL.kg.mirt
VOZpeal)
Solversoret al. Randomised, High-fat (40% of energy from fat) diet 30 minutes treadmill Z RER Blackberry anthocyanins
(2018) Crossover, Placebc which contained either 600 g.day walking (3 mph) ¥ 12% Fat Oxidation increase fat oxidation rate a
Controlled, blackberries (1500 mg.daylavonoids) or a during exercise rest and duringxercise in
DoubleBlinded calorie matched diet for 7 days. ¥ 14% Fat Oxidation at anoverweight/obese
rest population.
17 overweight and Improved metabolic functior
obese males Z I nsulin A inresponsetohigh CHO
Z HOMWRA load.

AUC (Area Under Curve); CHO (CarbohydrateEE (Energy Expenditure); EGCG (Epigallocatechin gallate); FFA (Free Fatty Acid); GTE (Green Tea Extract); HBL (High
density Lipoprotein)HOMA-IR (Homeostatic Model Assessment for Insulin Resistahd®l); (Low-density Lipoprotein)NZBE (New Zealand Blackarant Extract)OGTT

(Oral Glucose Tolerance TesB;P ARU ( Per o x i sActimated Raceplor AfpaRERt (Respiratory Exchange Ratio); RPE (Rating of Perceived Exertion); TAS
(Total Anti-oxidant Status); TG (Triglycerides)
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Table 2.7 suggests enhanced metabolic flexibility, through greater fat oxidation, may have
contributed to the observed improvements in lipid, insulin and oxidative stress biomarkers.
Cooket al. (2015, 2017bprovided encouraging results that fat oxidation rate increases with
anthocyanirrich New Zealand blackcurrant extract (NZBE) supplementation during exercise.
The mechanism was hypothesised to relate to AMPK activation and thus inhibition of
acety)c 0 A carboxyl ase and up(Ceolgetdl ®2015; Cooketoaf, PP AR L
2017b) Furthermore, blackberries, containing a different anthocyanin profile (e
glucoside) compared to blackcurrants (delphini@hrutinoside, cyanidifB-rutinoside,
delphinidin3-glucoside, cyanidi8-glucoside), increased fat oxidation during strtation,
low-intensity exercise in an overweight/obese but otherwise hgatiwylation(Solversoret

al., 2018) Indicating various anthocyanins can increase fat oxidation during exercise in
different populations. Although the literature is limited, these studies provide promising data
that tart cherry anthocyanins may also augment fat oxidation rate during exercise and

subsequently improve cardioetabolic markers.

2.2.5.2. Diet and MetS

Various detary strategies have been implemented against MetS, including calorie restriction,
macronutrient manipulation, provision of vitamins, minerals, probiotics, prebiotics, synbiotics
and polyphenol¢de la Iglesieet al, 2016; He and Shi, 20173ome of these are discussed in

greater depth below.

2.2.5.2.1. Calorie Restriction

Calorie restriction (CR) is an intervention requiring the reduction of daily calorie intake
normally by 1640%, but maintaining provisions of essential macronutrients and

micronutrients, thus preventingalnutrition (Testaet al, 2014) CR operates primarily on

67



Chapter 2. LiteraturReview

reducingbody massnd subsequently visceral adiposity; dad been practiced for centuries

to prolong longevity ad improve general wellbeingpeakman and Mitchell, 2011)

Humans under CR tend to lower metabolic rate, energy expenditure and shift substrate
metabolism towards greater fat oxidatighlartin et al, 2007; Redmaret al, 2007)
Improvements in MetS components such as body composition, fasting blood glucose, lipid
profile, insulin sensitivity, BP, CRP,{6and TNFU have been noted in
30% CR (approximately 1800 kcal.d8yfor paiods between-A5 year§Fontanzet al, 2004)
Furthermore, 6 weeks calorie restriction (@00 kcal.day) in individuals withMetS resulted

in rapidbody masdoss €8 kg) and significantly improved glucose, insulin, triglycerides and
leptin concentrationsompared to individualwithout MetS(Xydakiset al, 2004) It has been
postulated that CR may regulate impaired substrate metabolism thus preventing MetS and other

cardiometabolic disease development (Speakman and Mitchell, 2011).

The mechanisms of action for these responses are similar to those exerted by exercise
(Huffman, 2010)and dietary interventions, such as polypheridkstaet al, 2014) Hence,

exercise and polyphenols are considered CRMs.

2.2.5.2.1.1. Biological Mechanisms

A variety of biological mechasms have been proposed to explain the effects of CR on
longevity andwellbeing (Figure 2.1). The health effects of the most studied topic in the
ageing/nutrition field, CR, are based on the hormetic con@épttucci et al, 2017) Other
pathways through which CR may prolong lifespan include autophagy, nucleotide repair,

antioxidant activity and metabolic shift involving sirtui(RRattan, 2008)
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Figure 211. Poterial biological mechanisms suggested to extend lifespan and healthspan via
CR (Testeet al.,2014).

2.2.5.2.1.2. Molecular Mechanisms

Researchers hypothesise regulation of physiological processes and lifespan extension in

humans may be mediated via evolutionary conserved mechafhisenand Min, 2013)

The insulin signalling pathway is key to the health benefits observed with CR €festa

2014). Downregulation of insulin signalling increases forkhead box protein O1 (FOXO1)
activity, a transcription factomvolved in metabolic control (Testt al., 2014). Insulin via

protein kinase B (Akt) induces irreversible phosphorylation and consequently nuclear
exclusion of FOXO1 (Nakae et al, 2001) Thus, dampening gluconeogenesis and
glycogenolysis via downregulation of gluce&e@hosphatase transcription (Nakae al.,

2001). Nuclear exclusion of FOXO1 also removes inhibitionPoP A Rthus enabling
adipocyte maturation and therefore adipogen@éikaeet al, 2003) This demonstrates the
importance between the insulin signalling pathway and subsequent molecular cascades on

glucose and lipid metabolis(iNakaeet al, 2003)
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Sirtuin prdeins are implicated in numerous cascades involving ageing, metabolism and stress
resistance (Testat al.,2014). Sirtuins are classed as histone deacetylases and are therefore
involved in epigenetic mechanisn{Mai et al., 2008) SIRT-1 modulates inflammatory
responses by inhibiting N& Band promotes fat oxidation in skeletal musclealtivating
peroxisome proliferateactivated receptor gamma coactivatcalftha (PGG1 U) and it :
coact i vat(®amingaét AIR2008) SIRT-1 also alters substrate metabolism by
simultaneously inhibihg PPAR and reducing glycolytic flux, therefore enhancing lipid
mobilisation from white adipose tissue and subsequent oxid&ioardet al, 2004) SIRT-1

and AMPK are ceactivated during CR, and both share common targets inclRB@1 U,
FOXO,NFFeB and endotheli al n i (Rudermaned alj 2080) sy nt h
Dysregulation of SIRTL and AMPK has been attributed as a cause for the development of
MetS (Rudermaset al.,2010).AMPK is a critical enzyme implicated in substrate metabolism

and plays a pivotal role during CR as it is activated during conditions of energy and nutrient
depletion(Bordone and Guarente, 200BMPK alters substrateetabolism towards fatty acid

oxidation and simultaneously inhibits cholesterol and triglyceride synthesis and lipogenesis
(Canto and Auwerx, 2011Additionally, AMPK improves insulin sensitivity and resistance to

inflammation and oxidative stress (Canto and Auw2@4,1).

Although adherence to prolonged CRB(weeks) is difficult and discomforting for humans,
the benefits of CRo improve cardiometabolic health have been repeatedly obsdivagon

Meyer et al, 2006) Biological and molecular cascades have been identified and therefore
interventions whichfocus onthese pathways should lexaminedto provide a targeted
approach for maximising the benefits of GERMs simulate the molecular and physiological
effects of CR withoutreducing longterm caloric intake andts associated difficulties.
Polyphenols are suadtompounds that activate similar mechanistic pathways as CR @testa

al., 2014).
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2.2.5.2.1.3. Polyphenols as Calorie Restriction Mimetics

Polyphenols including resveratrol, EGCG (epigallocate@hgallate), curcumin and quercetin

have been identified g®tential CRM{Madeoet al, 2014) Resveratrol, found in grape skins,

has demonstrated the greatest effect as a CRM by activating and mimicking @liRDaniel

and Tollefsbg 2011) Resveratrol and quercetin allosterically modulate S1Rahd therefore
suppress genes through epigenetic histone deacetyl@asset al, 2007) Quercetin is
present in tart cherry, therefore tart cherries may epigenetically modulate genes associated with

CR, toimprove cardiemetabolic function and extend lifespan.

2.2.5.2.2. Polyphenols and MetS

This section focusses on the effects of polyphenols and particularly anthocyanins on cardio
metabolic health in humans with MetS, although much work had been conduatedtio

and animal models.

The effect of polyphenols on aspects of MetS has beediest extensively in various
populations, with largely encouraging resyi@hivaBlanch and Visioli, 2012; Pat#t al,
2018) However, in comparison the influence of polyphenolsimans with Met®as received
much less attention, with variable responses on certain components ofAvtet$, Riva and
Vinet, 2016) thus more dat# required to formulate conclusive recommendations in this

population.

A negative association between MetS rates and polyphenol consumption has been observed
based on epidemiological dai@hivaBlanch and Badimon, 2017§pecifically, the highest

tertile of flavonoid consumption was associated with a 3a®er risk in developing MetS,
amongst 1265 participants after-gdar followup (Sohrabet al, 2018) Grossocet al. (2017)

demonstrated the highest quartile of polyphenol intake amongst 8800 individuals presented
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with significantlylower triglycerides, waist circumference and BP; highlighting the potential

of polyphenols in combating MetS in various cohorts.

A brief summary of the effects of polyphenolic classes aneckagses on cardimetabolic,
inflammatory and oxidative stressamkers in humanwith MetSis provided herein. Strong
evidence from multiple studies demonstrated green tea catechins reduced waist circumference,
BMI, body fat, LDL and malondialdehyde (Amiot, Riva and Vinet, 2016). Cocoa flavanols
improved glucose, insul resistance, HDL, LDL and BP but not CRP, total cholesterol,
triglycerides or waist circumferen¢8hrimeet al, 2011) Polymers of flavanols, ellagitannins

and proanthocyanidins beneficially modulated glu¢Gstmaet al, 2018)and the lipid prafe
(Bladé, Arola and Salvado, 20160ly. Citrus flavanone supplementation increased FMD by
2.48% and HDL, while significantly decreasingodipoprotein B, total cholesterol and the
inflammatory markers, CRP, amyloid A andsBlectin compared to placelfRizzaet al,

2011) Additionally, soy isoflavone supplementation improved LDL concentrations, body
mass, body fat percentage and waist circumference but not BP, HDL or triglycerides (Amiot,
Riva and Vinet, 2016). Lastly, the flavanol quercetin, was shown to reduce SBR) diNF
ox-LDL but not fasting blood glucose or triglyceridggertet al, 2009) while the individual

effects of flavones have yet to be examinedumanswith MetS.

Of the nonflavonoid polyphenols, the stilbenoid, resveratrol has been associated with the most
research, yet findings are equivocal in humaite MetS Resveratrol was unable to change
triglycerides, glucos@-ujitakaet al, 2011; Daslet al, 2013; van der Made, Plat and Mensink,
2015) HDL or inflammatory marker@-ujitakaet al, 2011; van der Made, Plat and Mensink,
2015) however apoB lipoproteins (Dash al.,2013), BP (van der Made, Plat and Mensink,
2015) and endothelial function (Fujitaka al., 2011) were improved in individual stied.

Lastly, high intake of lignans was associated with significantly lower waist circumference, but
also higher fasting glucose and triglycerig@sossocet al, 2017)
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In all, the effects of polyphenols in humans with MetS are largely positive. To strengthen thi
evidence, further research is required in larger cohorts to recommend polyphenols as a

prophylactic or therapeutic intervention against MetS.

2.2.5.2.2.1. Anthocyanins and MetS

A major polyphenol sulelass not mentioned above were anthocyanidins anmdtigeosylated
compounds, anthocyaninsaseriet al.(2018)recently published a review oftlnocyanins in

the management of MetS. Findings indicated anthocyanins improved pathologies associated
with MetS, including body composition, insulin resistance, insulin sensitivity, hyperglycaemia,
dyslipidaemia and prhypertension(Naseri et al, 2018) Anthocyanins also maintained
endothelial function through heightened anflammatory activity and mediated pancreatic
b-cell protetion from hyperglycaemimnduced oxidative stres@Naseriet al, 2018) The
mechanisms are purported to be through activation of AMiftKits downstream transcription
factors (FOXO1, PPARSs), modulation of adipokines, inhibition ofa\B , i nduction
transcription and increased eNOS expresdqibsuda, 2008, 2016; Naseet al, 2018)
However,much of the evidence was derived franvitro and animal studies. So, what are the
effects of anthocyanins on humans with MetS and are there any discernible trends? The
following section provides a detailed review of the effects of supplementing various forms of

anthocyanirrich foods and extracts imumans with MetS.

Studies were selected based on specific criteria namely: intervention group included humans
diagnosed with MetS; provision of whole foods, extracts or liquids predominately rich in
anthocyanins; assessment of biomarkers tinglato MetS criteria or associated
pathophysiology (insulin resistance, inflammation, oxidative stress and endothelial function).
In total 16 studies were included (Table 2.8), with a total sample size of 643 participants

(healthy and MetS), of which 3%&d MetS and consumed the anthocyaruh intervention.
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Table 28. Overview of trials examining the effects of anthocyamth interventions on health biomarkers in humans with MetS.

Results (sig changes are effect of

Form of . Authors StudyDesign Part|C|panF . Supplementation Total Daily Dietary Control INT relative to PLA, unless
Supplementation Characteristics Strategy ACN Content o
specified)
4 weeks Postsupplement changes relative to
PrePost N=16 (all women) INT: 240 mL juice twice Usual diet. Avoid l;aseline
Liquid Basuet al. Intervention a_e 51 vears: daily (50 g.day freeze INT: 154 mg products containng 2 TC, LDL, MDA, H!
q (2009) Desian (Bng 38y6 k ’mz) dried strawberries berries, cocoa, greer
g 0 X9 reconstituted in water) tea and soy. z BM, WC, SBP, DB
HDL, VLDL, adiponetin, CRP, oxLDL
N=48 (4 male, 44 female) 8 weeks ;
Randomised, INT: N=25 INT: 240 mL juice twice . Usual diet. Avoid Z SBP, -IDB MDA, BINE
. . INT: 742 mg e
Basuet al. Parallel, Placebo age 52 years; daily (50 g.day freeze products containing B M WGe. HOMA-IR
(2010a) Controlled, (BMI 38.1 kg.m?) dried blueberries CON: 0m berries, cocoa, greer lucose insulin 'FG TC HDIL LDL
Single-Blinded CON: N=23 reconstituted in water) ' 9 tea and soy. 9 ' AN ol ’ '
. : CRP, IL-6, sVCAM-1, SICAM-1,
age 48 years; (~350 g fresh blueberries). adinonectin
(BMI 37.5 kg.m?) CON: 480 mL water twice P
daily
N=27 (2 male, 25 female) 8 weeks
INT: N=15 INT: 240 mL juice twice Z TC, LDL, smal | L
Basuet al Randomised, age 48 years; daily (50 g.day freeze INT: 154 mg Usual diet. Avoid VCAM-1
(2010b) ' Parallel, Placebo  (BMI 39 kg.m?) dried strawberries products containing
Controlled CON: N=12 reconstituted in water) CON: 0 mg berries. z WC, glucose, TG,
age 45 years; (~500 g fresh strawberries) DBP, sICAM-1
(BMI 36.4 kg.n?) CON: 480 mL water twice
daily
8 weeks Z -4DL, MDA, HNE
Randomised, N=31 (all female); INT: 240 mL cranberry INT: 24.8 mg Usual diet. Avo_ld_ -
Basuet al. Parallel, Placebo . L ) ; products containing § TAC
(2011) Controlled, g?v'el i% )l/(earr;?z, Jggﬁt\gfg riaLllyiacebo CON:0m berries, cocoa, greer
DoubleBlinded 9: twice.dail P ) 9 tea and soy. z WC, SBP, DBP, gl
y LDL, IL-6, CRP
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gy Folic Acid, Adig
_ 8 weeks , . .
. Randomised, N=56 (14 male, INT: 700 mL.day* INT: 66 mg Z Homocysteine, Li
Sim&oet al. Parallel. Sinal 42 female); b - Usual di Protein Oxidation
(2013) Bla'w?j (Z, ingle age 50 years; ggrll\l.e'\rlryjuwied._ con: 0 sual diet.
inde BMI 32.5 kg.m? ON: Normal diet (no -omg Z  FLIL-6, TNRU
drink supplied)
N=44 (16 male
' 6 weeks
28 female) )
INT: N=23; ”I\'(.T' 34.|0km'- yo'ﬂ.‘“” and 9 Endothelial Func
Randomised, age 55 years; 3 |_r|r+r2| s;noo; le twice INT: 2 | diet Avoid
Stullet al. Parallel, Placebo  (BMI 35.2 kg.m?) df}'e{j (bliegﬁe?rsi}esr;aeze +290.3mg Ursoliiict;ef:o:ginin ; BM, BF%, SBP, DI
(2015) Controlled, CON: N=21 CON: 340 mL Iaéebo CON:0m Eerries 9 insulin, insulin sensitivity, TG, TC,
DoubleBlinded  age 59 years; orice da P -0mg ' HDL, LDL, 24-hr SBP, 24hr DBP
(BMI 36 kg.nm?) y
N=19 (10 males
Johnsoret al. . ’ 12 weeks B
(2017) * Randomised, 9 females) INT: 480 mL Montmorency INT: NR £ -4, sVCAM-1
N . Parallel,Placebo  age 2660 years L
Data obtained e tart cherry juice NR i
from abstract Controlled, INT: N=9 CON: 480 mL isocaloric CON: NR z TC, SBP, DBP, at
SingleBlinded CON: N=10 | ) haemodynamics, arterial stiffness
only. placebo
4 weeks y Peak FMD
Randomised, INT: 46 g.day* grape . .
Crossovet, N=25 (all male); powder (2 servings/day INT: 35.42 mg Usual diet. Avo_ld_ Z SBP, -1s| CAM
c Baronaet al. . 2 products containing
apsule (2012a) Placebo age 51 years; grapes = 160 g) berries. tea. qrapes
Controlled, BMI 31.5 kg.m? CON: 46 g.day placebo  CON: 0 mg g nO@PES Tz BM, wc, DBP, TG,
DoubleBlinded powder ' NOx, sVCAM-1
N=24 (all male); gy Adi pomnldcti n, I L
Randomised BMI 31.9 kg.m? 4 weeks iINOS mRNA in MetS without
' N=11 MetS with INT: 46 g.day* grape . Usual diet. Avoid dyslipidaemia
Crossover, o o 4 INT: 35.42 mg L
Baronaet al. dyslipidaemia; powder (equivalent products containing
(2012b) Placebo age 48 years 252 g grapes) berries, tea, grapes Z SBP
Controlled, CON: 0 mg ' ’

DoubleBlinded

N=13 MetS without
dyslipidaemia;
age 54 years

CON: 46 g.day placebo
powder

and wine.

7z I6.IL-8, TNFU, SOD mRI
mRNA, oxLDL, 8-isoprostanes
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Broncelet al.
(2010)

GurrolaDiazet
al. (2010)

Jeonget al.
(2014)

Randomised,
Parallel, Single
Blinded

Randomised,
Parallel, Placebo
Controlled,
SingleBlinded

Randomised,
Parallel, Placebo
Controlled,
DoubleBlinded
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N=47 (15 men, 32
female); age 485 years
N=22 healthy controls
(BMI 24.15 kg.nr)
N=25 MetS patients
(BMI 31.05 kg.n?)

N=124 (42 males,

82 female);

age 49 years

N=73 healthy controls
N=51 MetS patients
(INT 1: n=27)

(INT 2: n=26)

(INT 3: n=20)

N=73 (36 males,
37 females)

INT: N=38;

age 58 years
(BMI 26.3 kg.nm?)
CON: N=35;
age 60 years
(BMI 25.1 kg.nm?)

8 weeks

INT: 100 mg Chokeberry
Extract three times daily.
CON: Normal diet (no
capsules supplied)

INT: NR

CON: 0 mg

4 weeks

INT 1: MetS on 100
mg.day* Hibiscus
sabdariffa extract powder
INT 2: MetS on
preventative diet

INT 3: Preventative Diet +
100 mg.day Hibiscus

INT 1 and 3:
19.24 mg

CON: Non-MetS
individuals + 100 mg.day
Hibiscus

12 weeks

INT: 750 mg.day Black
raspberry extract
CON: 750 mg.dayplacebo CON: 0 mg
powder

INT: 26 mg

CON: 19.24 mg

NR

Diet individually
adjusted for each
subject in INT 2,
providing 30%
energy from fat
(~7% of saturated
fat), 55% from
carbohydrates, and
15% from protein,
with ~200 mg
cholesterol/day.
Fibre content ranged
from 20 to 30 g.

NR

Z SBP, DBP-1, TEnDLp t
TG, TBARS, Catalase

y HDL, SOD, GPx, I
z BM, wcC, CRP

I NT 1: Z TC, TG: HI
y HDL

z SBP, DBP, TG, \A
I NT 2 y HDL

z SBP, DBP, LDL, \
TC, TG

I NT 3 Z TG, VLDL,
y HDL

z TC

CON: Z TG

z TC, TG, HDL glucasg L
SBP, DBP

Z TC, T C-6, ANTAU , | L
gy brachi al FMD, a(
z TG, HDL, LDL, af

sVCAM-1, sICAM-1
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All participants were

N=50 (23 males, instructed to follow

. 27 females) 12 weeks a diet based on gy Adiponectin
Randomised, INT: N=25; INT: 750 mg.day* . A
INT: 26 mg 60Di etary
Jeonget al. Parallel, Placebo age 55 years black raspberry extract Aoproaches to Ston 7 A | -6 and TNEU
(2016) Controlled, (BMI 24.7 kg.n?) CON: 750 mg.day placebo _ PP P a
DoubleBlinded CON: N=25; powder CON: 0 mg Hype r tens|
aeél ear,s (DASH) diet for 2z SBP, DBP, centre
(ng 25y9 P controlling MetS.  SVCAM-1, sICAM-1
-~ KQ- Also avoid any berry
species.
; 8 weeks . 0 ; .
Sikoraet al Fpigrn;”c;rlnlsed, N=52 (4265 years) INT: 100 mg three times INT: 60 mg I(;glvt\)lr]icggc#ﬁtrﬁs‘fgtﬁ) an legti,on Te. bbb.ople
(2012) ' ControII’ed INT: N=38; MetS daily of chokeberry extract Avoid products With 9
SingleBlinded CON: N=14; Healthy CON: Notreatment CON: 0 mg chokeberry. 5 WC., HDL
_ 8 weeks .
N=32 (13 males, . . Berry consumption
INT: Berry Mix .
19 females) substituted evenly .
TN 100 g strawberry puree, . y Leptin
N . INT: N=20 f . with the other
Whole Food PuupponesPimia Randomised, age 52 vears 100 g frozen raspberries INT: 70.7 mg carbohvdrats in
et al.(2013) Parallel, ge oc ¥ , and 100 g frozen onyar : SBP, DBP, TC, LI
. (BMI 31.8 kg.m?) d . habitual diet for .
DoubleBlinded T cloudberries CON: 0 mg : 8-isoprostane
CON: N=12 . . berry mix group.
CON: Normal diet (no
age S0years berries supplied)
(BMI 32.9 kg.m?)
N=27 (8 males, 8 weeks Z -12, Inflammation score
19 females) . . Berry consumption  (combination of CRP, {6, IL-12 and
T INT: 200 g bilberry puree, .
. INT: N=15 g . ; . substituted evenly  LPS)
. Randomised, 40 g dried bilberries INT: 1381 mg -
Kolehmaineret Parallel, Placebo  29€ 53 years (Equivalent to 400 g fresh with the other
al. (2012) ' (BMI 31.4 kg.n?) —qulv: 9 _ carbohydratesin ~ z BM, WC, %BF, SBF
Controlled, CON: N=12 bilberries) CON:NR habitual diefor insulin, insulin sensitivity, TC, TG
SingleBlinded L CON: Normal diet ’ Y 1 1

age 50 years
(BMI 32.9 kg.m?)

(80 g.day* berry
consumption allowed)

bilberry group.

HDL, LDL, apoAl, apoB, 16, CRP,

Avoid all other berry adiponectin, leptin, LPS

product

Augmentation Index (Alx); Apolipoprotein Al (apoAl); Apolipoprotein B (apoB); Body Fat Percent (%BF); Body Mass (BM); Bedyidax (BMI); Creactive protein (CRP); Control (CON); Diastolic Blood
Pressure (DBP); Flownediated Dilatation (FMD); GlutathienPeroxidase (GPx); Glycated Haemoglobin (idiAHeart Rate (HR); Higldensity Lipoprotein (HDL); Hydroxynonenal (HNE); Homeostatic Model
Assessment of Insulin Resistance (HONMR); Interleukin (IL); Inducible Nitric Oxide (iNOS); Intervention (INT); Lipolysaccharide (LPS); Lowensity Lipoprotein (LDL); Malondialdehyde (MDA); Metabolic

Syndrome (MetS); Nitric Oxide (NOx); Oxidised LDL (&DL); Superoxide Dismutase (SOD); Soluble Intercellular Cell Adhesion Molecule (sICAM); Soluble Vascular CelloAdiegcule (sVCAM); Systolic

Blood Pressure (SBP); Total Arikidant Capacity (TAC); Thiobarbituric Acid Reactive Substances (TBARS); Total Cholesterol (TC); Triglycerides (TG); TwnmsisNFactor alpha (TNB) ;

Adhesion Molecule (VCAM)Very Low-density Lipoprotein (VLDL); Waist Circumference (WC).

Vascul ar
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Overall, it is possible to discern trends from the studies above. Anthropometric changes in body
mass and waist circumference were not significantly improved with any cyathia
intervention. This may be due to short supplementation length and/or parallel research design
where responses were compared in separate individuals, thus succumbingitmlivithral
variance in genetics and behavioural patterns (habitual dietphysical activity). SBP
improved in more studies than DBP, however BP responses remained unchanged in most
studies. Of note, BP improvements were only observed in participants with elevated baseline

levels.

Glucose levels remained unchanged/ingudies, likely due to healthy baseline values and/or
provision of high daily anthocyanin dosages. Metabolism of the sugar moieties from
anthocyanins may have contributed to elevating glucose; masking any bioactive effects of
phytochemicalgFariaet al, 2009) This may explain parallel glycaemic and insulinaemic
responses in the three studies to measure thadeers, as daily anthocyanin dosages were the

three highest of all studies.

In accordance with Wallace, Slavin and Frankenfeld (2016) Yadg et al. (2017)
anthocyanin supplementation improved total cholesterol and LDL, but not other aspkets of
lipid profile (triglycerides, HDL, VLDL and apolipoproteins). Improvements manifested only
in individualswho were dyslipidaemiat baselinéVendrameet al, 2016; Wallace, Slar and

Frankenfeld, 2016)

Improvements in cardimetabolic markers are thought to be due to theiafidmmatory and
antioxidative properties of anthocyanif\éendrameet al, 2016) In the MetS population, 4/9
studies improed inflammatory biomarkers and 6/8 studies improved oxidative stress
biomarkersThe wide intefindividual variability in inflammatory markers may have limited

the antiinflammatory effect of anthocyanin supplementation and the ability to observe
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differenes against the control group. However, 3 of 5 studies did report upregulation of the
antrinflammatory adipocytokine, adiponectifisuda, 2008)despite no changes in systemic
pro-inflammatory markers (CRP and cytokines). Subsequently, anthoegelnimterventions

in 7/9 studies, altered inflamnmaty milieu towards an anthflammatory state inndividuals

with MetS. Hencea strong effect of anthocyaniith interventions on endothelial function
markers was observed; where 9/11 studies improvidte antioxidant potential of
anthocyanins was evideed by a clear trend towards reductions in oxidative stress biomarkers.
Given that inflammation and oxidative stress contribute to the underlying pathophysiology of
MetS, anthocyanknich foodstuffs are a promising intervention for this population baged o

the evidence above.

2.2.5.2.2.1.1. Influence of Anthocyanin Supplementation Strategy

Previous reviews of anthocyaniith interventions on cardimetabolic markers have
mentioned the inability to determine the effective form (matrix), dosages and duedtio
supplementation, due to high variability betweesearchdesigns, a lack of dogesponse
studies and standardised clinical biomarK&asu and Lyons2012; Reiset al, 2016) This
variability is highlighted in Table 2;8however, some trends are discernible, which may

influence the design of future clinical trials with MetS populations.

As previously mentioned irsection 2.1.4.1the form of supplementation influences the
bioavailability of anthocyanins and other phytochemicéB®hn, 2014) Accordingly,

Table 2.8 indicated greater benefits with capsules over liquids and whole foods for SBP and
lipid profile, despite on average fewer total anthocyanins baiogided with capsules over

the duration of supplementation. This is the first time such a trend has been noted in any
population with supplementation of anthocyanth sources. A possible reason may be due

to the targeted release of anthocyanins a#fdrdoy the capsule shell; augmenting
bioavailability and enabling anthocyanins to exert their bioactive functions more effectively.
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Equally, the lack of effect from whole foods may be due to poor bioavailability despite
consumption of high daily doses. Ligsupplements had no effect on glycaemic, insulinaemic
and some lipid profile variables, possibly due to the high sugar content inducing a glycaemic
stress that outweighed the benefits of the phytochem(i¢alsdrameet al, 2016) However,

total cholesterol and LDL were reduced with liquid supplements as they normally possess the
highest antioxidant content of any matriBasu and Lyons, 2012The most common trend

with liquid suplements was its consistent reduction of oxidative stress and subsequent

improvement in endothelial function.

Each food source has a unique anthocyanin profile producing different phenolic acid
metabolitegFang, 2015)Analysis of the type of food and itffext on particular biomarkers
revealed some trends. Blueberries and bilberries containing delphinidin were unable to
significantly modulate body mass, waist circumference or the lipid profile, however endothelial
function was improved with blueberri€é¥endrameet al, 2016) Moreover, foods rich in
delphinidin have been purported to have positive metabolic efféstsrall et al, 2017)
however only hibiscus extract was found to lower pgtucose concentration. Malvidin
based anthocyanins exert positive cardiovascular ef@etrallet al, 2017) which complies

with improvements in SBP and endothelial function from grape interventions. Pelandtasd

been shown to decrease lipid accumulaf{Belwal et al, 2017) explaining the reduction of

totd cholesterol and LDL with strawberries. The radical scavenging and inhibitory lipid
peroxidation effects of cyanidin and pelargonidirsudaet al, 1996) likely explain the
reduction in oxidative stress with cranberries, chokeberries and strawberries. Consequently, the
improvements in endothelial function with cranberries, chokeberries, strawberries, tart cherries
and black raspberries may be attributedhi® antioxidant activity of these anthocyanidins.
Furthermore, hypolipidaemic effects of cyaniich extracts(ValchevaKuzmanovaet al,

2007)may explain subsequent improvementsndothelial function and BP with chokeberries.
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Significant antiinflammatory effects were observed with foods containing mainly cyanidin
and peonidin glycosides, such as black raspberries and bilberries; induced by their phenolic
acid metabolites PCA andA (Fang, 2015)Furthermore, cyanidin and peonidin glycosides

can be metabolically transformed to each other by methylation and demethykiug

2014) thus further contributing to PCA and VA production.

Differences in supplement strategies (dosage and duration) between studies make deciphering
trends difficult(Reiset al, 2016; Wallace, Slavin and Frankenfeld, 20p@xticularly without
doseresponse data. Studies providing <100 mgldaythocyanins, improved SBP more than

>100 mg.day dosages. Prohged supplementation beyond 8 weeks was ineffective on BP. A
trend for reducing total cholesterol and LDL was observed for anthocyanin dosages
<154 mg.day. Lipid profile alterations tended to be influenced more by the presence or
absenceof dyslipidaemia at baseline. Pimflammatory and oxidative stress markers were
inclined to greater reductions at anthocyanin dosages betwe@b 26g.day and

0154 mgespkativelylLastly, dosage seemed not to affect endothieliadtion, however

prolonged supplementation corresponded to greater improvements.

Humans consume anthocyanins commonly from their(be&tllace, Slavin and Frankenfeld,
2016) thus dietary restrictits in human trials require examination to provide ecologically
valid recommendations. Anthocyanin bioactivity is influenced by its interactions with fibre,
lipids, complex carbohydrates and other -axidants(Yanget al, 2017) Surprisingly, only

one study maintained usual diet resulting in reduced lipid peroxidation and greater adiponectin
(Siméoet al, 2013) This design is the most ecologically valid, thus more data is required when
mimicking normal dailyliving conditions to accurately assess the effect of anthocyatin

interventions.
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Bohn (2014) mentioned polyphenol bioavailability may be augmented when various
polyphenols are consumed together since they synergistically facilitate uptake, absorption and
distribution pathways. Perhaps this may explainsignificant improvements for BP, glucose,
insulin, triglycerides and HDL with polyphenol and berry restrictkets. Furthermore,
improvements in total cholesterol, LDL, inflammation and endothelial function may be a
consequence of other polyphenols consumed from the habitual diet. Endothelial function and
BP effects from black raspberry anthocyanins were likehgked by the incorporation of the
DASH diet in addition to berry restrictiofdeonget al, 2016) Total cholesterol, oxidative
stress ad endothelial function tended to improve with polyphemsitricted diets indicating

an effect primarily of anthocyanins imumans witiMetS. Low fat diets were found to improve

the lipid profile, primarily total cholesterol and LDL. The studies to sulistidietary
carbohydrates with berries both provided whole food anthocyatininterventions. These
interventions were ineffective on all biomarkers, except inflammation and oxidative stress,
potentially due to the fibre content of whole foods which haen shown to attenuate

polyphenol bioavailabilitfBohn, 2014)

2.2.5.2.2.2. Summary of Effects of Anthocyanins on MetS

Overall, there is sufficient evidence to suggest anthocyéctininterventions may help
ameliorate Metabolic Syndrome in this population. Specifically, anthocyahn
interventions in a human MetS population improved biomarkers central to MetS
pathophysiology namely, total cholesterol, LDL, inflammation, oxidative stress and
endothelial function. Other biomarkers displayed more equivocal findings, due to differences
in study design, high baseline inrdadividual variability of biomarkers and habitual diet;

potentially masking any benefits of the anthocyaigh interventions.

A recurring theme from Table 2.8 indicated individuals benefitted more from anthogianin

interventions if they had developed MetS features, leading to abnormal baseline values. The
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efficacy of polyphenol interventions in individuals at risk of developing MetS compared to

those with MetS remains unknoW@herniack, 2011)

In relation to practical implications, depending on the biomarkers requiring improvement
consideration of the matrix usesirecommended. More studies are required to judge the most
effective form of supplementation for improving cardietabolic, inflammatory and oxidative
biomarkers in humans with MetS. Future studies are also required with purified anthocyanins
compared agast whole foods, to determine whether dietary interactions with anthocyanins
influence their bioactivity. This would also enable ecologically valid assessments of whether a
whole food anthocyaninich diet is more beneficial for individualgth MetS conpared to an

anthocyanin supplemented diet.

Despite these interventions possessing a high anthocyanin content, the synergistic influence of
other polyphenols, micronutrients and/or fibre on the hgaftmoting responses should be
considered. Consequentthese interventions may be incorporated as part of a healthy, varied

diet and not a magibullet solution for ameliorating complications in humans with MetS.

Finally, the question is posited, can anthocyaith tart cherries improve biomarkers
associatedvith MetS?Johnsoret al. (2017)reported tart cherry juice improved markers of
endothelial function (otDL and sVCAM1) and tended to lower total cholesterol after 12
weeks consumption compared to a placebo drinikxdividuals withMetS ection 2.1.6.5)2
Despite this solitary stydin humans(Johnsonet al, 2017) observations fronin vitro
(Seeram, 2001; Keam al,, 2016; Kirakosyaret al, 2018)and roden{Seymouret al, 2008
2009)studies suggest tart cherries are an intervention with great promise for preventing and
ameliorating MetS and its complications. Further research examining respotesésherries

in humans with MetS is clearlyarrantedandwill be addressed as pafftthis thesis.
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Part 2.3. Application of Caenorhabditis eleganfor Human Health

The inal sectionencompasses a brief revi@andcommentary oCaenorhabditis elegarend

its use as a model organism to understand the responses and mechaaistos dfirough
which dietary interventions, particularly MTCJ, astd how they may be applied to human

health. The literature reviewed here informsdhiginal researcleonducted irchapter 7.

2.3.1. Introduction taCaenorhabditis elegans

In 1965, SydneBrenner was the first to exploit the soil nemat@ienorhabditis elegares
a model organisn(Brenner, 1974)for which his work on genetic regulation of organ
development and programmed logéath inC. elegansvon him, Robert Horvitz and John

Sulston the Nobel Prize for Physiology or Medicine in 2(Iigkstra, 2002)

The nematode worng. eleganshas a short liteycle with the egdo-egg cycle lasting -3

days (Figure.12and 2.13 at 20°C. The egtpying adult is 1.3L.5 mm long and has a
lifespan of 23 weeks under suitable living conditiofMarkaki and Tavernarakis, 201@dult
hermaphrodites have 959 somatic cells, forming different organs and tissues including muscle,
hypodermis (skin), intestine, reproductive organs, glands, and a nervous system contdining 30
neurons(Kaletta and Hengartner, 200@yigure 2.14). Adults exist predominately as self
fertilising hermaphrodites each capable of producing ~300 genetically identical offspring,
although male worms appear at a rate of <0.2%hé population(Corsi, Wightman and
Chalfie, 2015) The body ofC. eleganss trangarent making it is easy to track cells, observe
internal organs and follow biological processes such as fat metabolism with fluorescent dyes

and reportergKaletta and Hengartner, 2006)
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Figure 212. Life cycle of C. elegansat 22°C. Numbers along the arrows represent hours (h)
necessary to transition from one stage to the next. Stressful conditions include lack of food,
high population density and environmental conditiqtisermal, hypoxic, osmotic and

oxidative stress).
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Figure 213. C. eleganat different developmental stages as viewed under microscope. Tracks
in the platandicate where animals have travelled on the bacterial lawn. Image courtesy of Dr
Samantha Hughes.
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Figure 214. (A) C. elegansas viewed through a higbower microscope. The head is on the

left, with the intentional cells clearly visible towards the tail, some oocytes can be seen. Scale
bar is 100 um. Image courtesy of Dr Samantha Hughes. (B) Stylised image(fdlegans
basicanatomy. The pharynx (shown in green) is the head of the animal. The worm is a self
fertilising hermaphrodite, with both male (blue) and female (grey) reproductive organs. The
intestine runs the length of the animal, in p{Akun and Hall, 2009)

There is strong, evolutionary conservation of molecular and cellular pathways between
C. elegansand mammalg¢Shaye and Greenwald, 2011; Kenal, 2018) 12 out of 17 known
signal transduction pathways are conserved in both humaiis atebangLeunget al, 2008)

The human an@. elegangienomes havsignificant homology, approximately 80% of human
genes have orthologuesn elegangKaletta and Hengartner, 200&)d 40% of genes known

to be associated with human disease also have orthologDeslegangCorsi, Wightman and
Chalfie, 2015) The C. elegansgenome has been fully sequenced and mapped, cmgtai
~20,000 coding genes and ~25,000+oding genegHowe et al, 2016) Moreover, at least

83% of theC. elegangroteome has human homologikai et al, 2000)

There are several other advantages to those listed above which endorse the. wdegains

as a model of human disea€e.elegangan be grown easily and cheaply in a controlled, low
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maintenance environment on a dieEstherichia col{Kaletta and Hengartner, 200®ue to

its rapid lifecycle and prolific reproductive rates, higfiroughput screening of interventions
(such as drugs, chemicals or nutrients) can be observed in multiple generations of animals,
using different ddease modelMarkaki and Tavernarakis, 201®urthermore, its small size
facilitateshigh-throughput analysis as assays can be performed with ~100 animals per well of
a 96well plate(Kaletta and Hengartner, 200&)astly, it is a coseffective model to conduct
molecular and cellular research relating to humaaalies as highroughput experiments can

be performed quickly(Kaletta and Hengartner, 200&) accordance with the 3R rule
(replacement, refinement and reduction) of conducting humane animal redeasskll and

Burch, 1959)

As the genome has been fully sequenced and mapped, genome manipulatieteganss
relatively simple and is amenable to unbiased forward and reverse genetic gbtar@ki

and Tavernarakis, 2010)Gene function can be simply and quickly knocked down by the
process of RNA interference (RNA{orsi, Wightman and Chalfie, 2015furthermore,
mutant strains that either overexpress a gene or inhibit gene function can be efficiently
generated and the resulting phenotypes identifieldrkaki and Tavernarakis, 2010)
Subsequently, many phenotypes modelling human disease are available, which $attiktate
understanding of pathways and molecular mechanisms that underpin human {Geesges
Wightman and Chalfie, 2015Consequently, it is possible to use tbeelegansmodel to
design effective mechanislbrased therapies against human disé&#eerman et al, 2010)

Thus, the ability to develop therapies which specifically target the source of disease
pathogenesis results in more efficient and effective prevention or treatment. Moreover, the
efficacy of prophylactic and therapeuiiterventions can be rapidly assessed for their ability

to confer health benefits in a live model.
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2.3.2.C. eleganss a Model for Human Disease

C. elegangrovides a uniqgue model to assess the genetic and phenotypic basis of human disease
in vivo(Silvermarnet al, 2010) Additional advantages over anvitro model include the study

at a multicellular, whole®rganism level compared to that of tissue culture whichsieswn a

single celldetection of organisftevel end points (feeding, reproduction, lifespan and motility)
(Leunget al, 2008)and monitoring of behavioural responses. Importantly, dissection of both

in vivo targeted and netargeted responses from an intervention can be observed. Together,
this allows a more informed mechanistic understanding of disease when applied to humans
(Silvermanet al, 2010) Mammalian animal models offer better understanding and is the
superiorpreclinical model for therapeutic interventions. However, such modetsarplex,
labourintensive and expensive to isolate mechanisms of agfmptta and Hengartner, 2006)
Indeed, C. elegansis an ideal model for bridging the gap betweaanvitro assays and

mammalian animal mode{Markaki and Tavernarakis, 2010)

Worms are a stamgld model system for a widange of research; and are used as a model of
various human diseases including canf@€yriakakis, Markaki and Tavernarakis, 2015)
diabetegMorencArriola et al, 2014) obesity(Zheng and Greenway, 201&)d neurological
disease¢Calahorro and RutRubio, 2011) Many notable discovies relating to basic biology
and medicine were first made @. eleganssuch as the cell death abnormality pathway
involved in apoptosi¢Ellis and Horvitz, 1986)C. eleganss particularly useful as a model for
assessing responses and mechanisms pertamiifgspan(Markaki and Tavernarakis, 2010)
ageing (Tissenbaum, 2015pbesity(Elle et al, 2008) diabeteqMarkaki and Tavernarakis,

2010) and calorie restrictiofLakowski and Hekimi, 1998)

As eluded to irsection 2.2.5.2,Icalorie restriction has been practiced for centuries to improve
cardiometabolic health and prolong longeviylasoro, 2000)Positive preliminary results
have been presented from studies incorporating CR in microorganism (Least)al, 2004)
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and animal model¢Heilbronn and Ravussin, 2003)ee et al. (2006) reported extended
lifespan and improved resistance to oxidative stress amongsCa@ldtyansvormsthat were

totally deprived of food. Two possible mechanssthrough which CR may increase lifespan

in C. elegansgnclude a slower metabolic rate and reduced insulin signaliWajker et al,

2005) The latter as demonstrated @ elegansjs purported to be inherently linked with
nutrientsensing pathways that mediate CR, such as target of rapamycin (TOR), MAPK and
AMPK (Narasimhan, Yen and Tissenbaum, 2009; Templeman and Murphy,. ZDR8)
regulates glucose metabolism and insulin signalling, thus reducing the risk of developing
cardiometabolic disease and mediating dif@an extensiofWalker et al, 2005) Therefore,

since nematodes and mammals have common responses to glucose homeostasis and insulin

signalling with CR, results could potentially be applied to hunfBastridge, 2010)

C. elegandgs a useful tool for understandiniget interactions between nutrients and cardio
metabolic diseases as key evolutionary pathways involving energy homeostasis are conserved
between worms and mammaélsashmiet al, 2013) Understanding the effects of nutrients on

the insulin signalling pathway is important for dissecting molecular mechanisms associated
with diabetes, obesity and ultimately lifesg@&shrafiet al, 2003) C. elegandias an insulin

like signalling (ILS) pathway that regulates glycogenesis, lipogenesis, lipid homeostasis, lipid
storage and lifespaiMarkaki and Tavernarakis, 201BNAi knockdown of acetytoenzyme

A carboxylase (ACC), fattacid synthase (FAS) and fatfigid desaturase (SCDat-7)
orthologtes inC. eleganswere found to reduce body féAshrafi et al, 2003) mimicking
responses observed in calorie restricted r{Bresset al, 2009) daf2 (mammalian insulin
receptor homologue) mutants with reduced insulin signalling have been observed to
accumulate high amounts of body ¢asshrafi et al, 2003) Moreover, RNAi knockdown of
daf-16 (forkhead box O orthologue, FOXO) restored insulin signalling, thus accelerated ag

and reduced body fat to wiiype leveldAshrafiet al, 2003) Interestingly, inactivation of the
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ILS pathway and subsequent activation of DPg-in C. elegangFigure 2.15, leads to a

metabolic shift from glucose to lipid oxidation and is associated with increased longewity

Heemst, 2010)Similarly, as mentioned isection 2.2.5.2.1.2inder conditions of limited

cellular energy status durir@R in humans, AMPK is activated prompting PGQJ) act i vat i
through direct phosphorylation, which predisposesAGE t o deac etlyCalatd i on b
and Auwerx, 2011)Subsequently, insulin signalling is reduced, and substrate metabolism

shifts in favour of lipid oxidation(Apfeld et al, 2004) In C. elegans, si2.1 (SIRT-1

orthologue) (Tissenbaum and Guarente, 20013ak2 (AMPK orthologue) anddaf

16/FOXO function simultaneously to mediate lifespan extengfgfeld et al, 2004)

In addition to a switch towards lipid oxidation, greater DRd-activity upregulates anti
oxidant enzymedatalase and manganese superoxide dismutastesismand prevents the
manifestation of oxidative stress and -NBmediated inflammatiorfvan Heemst, 2010)
Thereforenormal lipid storage and metabolism has become tightly coupled to suppression of
oxidative stress and inflammatigwan Heemst, 2010Furthermore, FOXO activation through
reduced ILS may extend lifespan via the amtidative effects of PGEL U acti vat i
responsible for mitochondrial biogenesis and shifting substrate utilisation towards fat from
carbohydrat¢van Heemst, 2010CR has been associated with greater mitochondrial number
and thus mar efficient mitochondrial activity, utilising less oxygen, producing less ROS and
eventually extending lifespafivan Heemst, 2010)Similarly, the antoxidative, ant
inflammatory and CRM properties of MTC may operate thrabghlLS pathway to increase

lifespan.
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Figure 215. Schematic representation of regulation of FOXO actifiesp, Smant and
Kammenga, 20). Insulirtlike signalling leads to PI(3)K activation, which induces Akt to
inhibit FOXO by phosphorylation. The human tumour suppressor PTEN inhibits Akt activity,
possibly by phosphorylation of PIP3 (not shown). When cells are under oxidative HtHéss,
activity increases, while AMPK is activated by high AMP/ATP ratios. Both kinases activate
FOXO by phosphorylation. When FOXO is active, it relocates to the nucleus and promotes the
expression of genes that promote longeWtyeleganfiomologues of mmmalian proteins are
shown in italics.

Overall, the evolutionary conserved ILS pathwayCinelegangs central to the relationship
between metabolism, calorie restriction and longevity. BBFFOXOrepression accelerates
ageing, reduces body fat but does not extend lifegf@alvermanet al, 2010) This indicates

the daf-2/daf16 pathway to be involved in extending lifespan through expression of genes
related to oxidative stress, inflammation and substrate utiliséibmet al, 2008) Analysis

of the molecular responses to the ILS pathwag irelegangrovides a model to elucidate

mechanisms of action of dietary interventions against human diseases such as diabetes and
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obesity. Hence, the study conductedhapter 7 assessed responses to MTC within the insulin

signalling pathway.

2.3.3. Dietary Intervations on Lifespan and CardiMetabolic Responses . elegans

Given the complexity of cellular and molecular interactions in humans, understanding the
mechanisms of action in response to dietary interventions is very difficult. Comparatively, the
C. ele@ns model is simpler and smaller yet evolutionarily conserved with high genetic

homology to humans, therefore suitable for understanding the mechanisms of action in

response to dietary interventions.

Metabolic Syndrome is underpinned by insulin resistargk thus improvements in insulin
sensitivity would delay or prevent the development of cantkbabolic disease in humans.
Understandably, the insulin signalling pathway is key to modulating insulin sensitivity, where
crosstalk between insulin signallinpand PPAR pathways mediates improved insulin
sensitivity through regulating lipid metabolism in huméinsonardiniet al, 2009) nhr-49is
considered to be a functi onaC. eldqgangEld ed@g.ue of
2008) nhr-49 is a central regulator of lipid and glucose metabolism gene transcription in

response to low nutritional status as found during(\ R Gilstet al, 2005; Elleet al, 2008)

2.3.3.1. Polyphenols as Calorie RestrariiMimetics

Polyphenols including resveratrol, EGCG (epigallocate@hgallate), curcumin, quercetin

and anthocyanins, have been identified as potential calorie restriction mimetics (CRMs)
(Madeoet al, 2014; Willcox and Willcox, 2014)0f these, resveratrol, found inage skins,

has demonstrated the greatest effect as a CRM by activatinglSIR,1Daniel and Tollefsbol,
2011). Likewise, activation of SH.1 protein by resveratrol @. elegansvas found to extend
lifespan, thus mimicking CR pathwa@#/oodet al, 2004) Zhanget al.(2009)demonstrated

EGCG to significantly extend longevity ifC. elegansunder stressful conditions through
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upregulation oflaf16, sod3 (human superoxide dismutaSeorthologue SOD3J3, andsknl
(human Nrf2 orthologuelNFE2L2), all associated with antixidant and antinflammatory
functions.Moreover, the PPAR pathway involved in mediating the benefits of CR has been
shown to be activated by polyphenolddnelegangSunet al, 2016; Machadet al, 2018)
Polyphenols from Yerba Mat(llex paraguariensiswere shown to reduce fat storage and
stimulate fatty acid oxidation through increased ATGand NHR49 activity inC. elegans
(Machado et al, 2018) Increasedhostl (hormonesensitive Ipase orthologueLIPE)
expression was also found in worms after exposurngotpphenols fromYerba Maé and
cranberries, explaining reduced fat accumulation due to activation of48H&hd SBPL

pat hways wh-oxidationiandoegdate $atstefmirghesis, respectivelfSunet al,

2016; Machadet al, 2018)

The C. elegansmodel has been used to determine the mechanistic relationship between
polyphenolic supplementation, cardiretabolic function and longevitWiswanathanet al.
(2005) observed that lifespan extension in the presence of resveratrohdgsendent of
daf-16/FOXO. Likewise, blueberry extract, particularly proanthocyanidins, extended lifespan
through the p38 MAPK signalling cascade and notsine.1 or ILS pathway(Wilsonet al,
2006) Thus, upregulation of SKIl via p38 MAPK signalling may explain lifespan extension
through greater oxidative stress resistgif@nget al, 2014) FurthermoreGrinzet al.(2012)
showed flavanols induced DAES nuclearexclusion, thus suggesting that lifespan extension
was independent oflat-16/FOXO. In contrastnuclear localisation of DAA6 with the
polyphenol myricetin elicited lifespan extensi@tichieret al, 2013) Guhaet al.(2013)also
suggested lifespan extension was mediated throaghh6/FOXO, as shown with cranberry
extract. Cocoa flavanolartorell et al, 2011)and purple wheat anthocyanif@Ghenet al,
2013)increased oxidative stress resistance and extended lifespan tsieddghand DAF16

in C. elegansThis is in agreement with murine models wharghocyanirrich blueberry
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(Seymouet al, 2011)and Montmorency tart cher($eymouret al, 2008 2009)extracts were
shown to increase PPARU and RRABGL Ua aitRiNVAi t y
expression at the muscle and adipose tissue levels thus reversing MetS pherug/pe.
highlights the action of polyphenols on the PPAR pathway to modulate lipid and glucose
metabolism since activation of the ILS pathway initiates phogdtan and thus nuclear

exclusion of FOXO, subsequently removing repressiddfBfA RO act i vi ty.

Interestingly, the findings above may indicate that structural differences in polyphenols
influence the pathway through which lifespan extension oc¢Giginz et al, 2012)
Ultimately, lifespan extension through improved candlietabolic function has repeatedly
been observed with polyphenolsGneleganshrough mimicking similar changes in signalling

pathways induced by CR.

2.3.4. Significance for MTC ResearéhCould MTCconcentrate be the elixir of life?

There is an inherent lack of understanding relating to mechanisms of action in the field of
polyphenols and health, which extends to MTC interventions. The ability to delineate
mechanisms allows the development of medmiased therapies against diseases. This
chapter has briefly discussed molecular mechanisms of action pertaining teroatdimlic
function and lifespan extension with polyphenol€inelegansAs this thesis emphasises the
effect of MTC on cardiametabolic function, a study was conductedCinelegango determine
whether dilutions of MTC concentrate induced comparable responses and operated through

similar pathways as other polyphen{@hapter 7).

The simple anatomy, physiological traits, similati® humans (at the genetic, molecular and
tissue level) together with the ease of genome manipulation, demonstrat€s éleganss a
convenient yet powerful model to research the innate biological responses to dietary

interventions and dissect the maldar pathways through which they operate. As eluded to
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previously, theC. elegansnodel has several distinct advantages which enablesacmstime
effective highthroughput screening of interventions and subsequent phenotypic traits. Most
importantly, sing unbiased forward and reverse genetic screenirg tllegansnodel allows

the identification of mechanisms of action related to prophylactic and therapeutic interventions
against human diseag®ilvermanet al, 2010) Subsequely, this enhances understanding of
human disease processes and enables the formation of mechaseun interventional

strategies to effectively mitigate disease development and progréSgi@mmanet al, 2010)

Literature has shown a beneficial effect of polyphenols in dietary interventions on-cardio
metabolic function, longevity and the pathways through which these ocddr @élegans
(Viswanatharet al, 2005; Wilsoret al, 2006; Martorelket al, 2011; Cheret al, 2013; Guha

et al, 2013; Suret al, 2016; Machadet al, 2018) Hence,related tothis sectiona similar

study was performed with MTC as this had not been done previ@@isapter 7). This study
specifically observed development, lifespan and fat content responses to various dilutions of
MTC concentrate in th&rorms. Then, using developmental delay at a certain MTC dilution as

a readout, a targeted smadicale RNAI screen of genes associated with lipid and glucose
metabolism was performed. From this, specific genes were identified which were key in
regulating bhe MTC response. Furthermore, the lifespan assay enabled determination of
whether MTC could operate as a CRNhe molecular effects of MTC consumption on cardio
metabolic function have previously been examined in a rodent ni®dginouret al, 2008,

2009) as discussed isection 2.1.6.5.2However,C. elegansvas chosen for this thesis as it
enabled targeted genetic screening. Mechanisiucidated from the study anapter 7 may

be translated to humans and thus this study serves to potentially inform future clinical research

with MTC in human participants.
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24. Aims and Hypotheses

The literature review has identified numercugas where further research is required to
determine the efficacy of Montmorency tart cherries on carditabolic health parameters, in
healthy and MetS human populations. Subsequently, these gaps are addressed in the following

experimental chapters.

24.1. Aims

24.1.1. General Aim

The overarching aim of the series of studies that comprise of thiswasdis establish whether
Montmorency tart cherryRrunus cerasus.) supplementation with and without FATMAX

exercisecouldimprove biomarkers associated with carthetabolic health.

24.1.2. Specific Aims

The four experimental chapters within this thesis addHssir separate research objectives:

I.  Assess the effectd Montmorency tart cherry juice supplementation and individualised
FATMAX exercise on cardionetabolic biomarkers in healthy humans.

i. Determine the effects of a single, acute bolus of Montmorency tart cherry juice and
capsules on acute carehoetabolic reponses in humans with MetS. Furthermore,
identify whether capsules are more efficacious than juice at improving-caedabolic
function. Lastly, establish whether a dassponse effect is observed with consumption
of Montmorency tart cherry juice.

iii. Examne acute and prolonged cardigetabolic responses to shtetm, continuous
supplementation of Montmorency tart cherry juice humanswith MetS. Also,
ascertain whether 6 days prior loading of Montmorency tart cherry juice can enhance

acute cardiemetabdic function compared to a single, acute bolus.
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iv.  Elucidate the molecular mechanisms of action through which Montmorency tart

cherries influence cardimetabolic function, using @. elegansnodel.

24.2. Hypotheses

Hypotheses relating to the overall themis outlined below. Specific hypotlesgpertaining to

individual studies are presented in their respective chapters.

Hi: Montmorency tart cherry supplementation will significantly improve resting cardio
metabolic biomarkers compared to the plaeebotrolled condition, in healthy and MetS

human populations.

H>: Montmorency tart cherry supplementation with FATMAX exercise will improve cardio
metabolic biomarkers compared to the plaeebotrolled condition, in a healthy human

cohort.

Hs: A single, acute bokiof Montmorency tart cherry juice and capsules will improve acute
cardiometabolic biomarkers compared to the placebotrolled condition, in humans with

MetS.

Ha: Shortterm, continuous supplementation of Montmorency tart cherry juice will improve
cardb-metabolic biomarkers compared to the plaeebotrolled conditionin humans with

MetS

Hs: Montmorency tart cherry acts as a calorie restriction mimetic and exerts its beneficial
cardiometabolic responses through evolutionary conserved mechanisms related to calorie

restriction, inC. elegans
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This chapter outlines common methodological procedures that were used and serves to function
as a reference for experimental chapters presented later in this thesis. &petbifidologies

pertaining to studies can be found in the relevant chapters.

3.1. Participant Recruitment

Chapters 46 recruited male and female human participants aged betweéh {&ars using
convenience samplinghapter 4 recruited healthy participan{section 4.2.}, chapters 5
(section 5.2.1.1 and 5.2.2.5and 6 (section 6.2.}1 recruited participants with Metabolic

Syndrome.

All participants were recruited through methods including posters, email and word of mouth
from the target populations previoyslescribed. Ethical approval for each study was gained
prior to recruitment and all participants were aware of the risks and benefits of participating in
studies. Prior to inclusion in studies, participants were also made aware of the dietary and
exerciserestrictions associated with the studies. Before research commehgeaticipants
provided written informed consent, completed health screen questionaaitesrderwent a
screening procedure to determine suitability for inclusion in each studytudies(Chapters

4-6) were conducteth accordance with the Declaration of Helsinki (2013).

3.2. Dietary and Exercise Guidelines

Participants were provided with specific dietary and exercise guidelines to adhere to for each
study.All participants arrived at the laboratory betweéd (@ am, after an overnight fast of a
minimum of 10 hours, to account for circadian variatsnpreviaisly shown byBell et al.

(2014 after MTC supplementationn humans Participants were instructed to cease
consumption of any other supplementation two wdelere and during the course of each

study.
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Participants were instructed to maintain their habitual polyphenol intake, particularly
anthocyanins, as opposed to complete restriction throughout the study. This was to ensure that
the polyphenols provided by MTC supplementation were supplementary texisténg

habitual polyphenol intake of each participant, rather than replacing the habitual provisions
which would occur by enforcing a total restriction of polyphemdi (particularly
anthocyanin) dietary sources. Another reason for maintaining hkbpabphenol
consumption was to assess the effects of MTC supplementation on outcome variables in
conditions representing normal daily activity, therefore upholding ecological vaiMéyer,

GaRler and Kindermann, 2007)

Total energy, macronutrient and polyphenaht ake of partici pantsodé O6W
assessed through food diaries. This was to assess compliance of replicating dietary intake for

the 3 days prior to each testing sesgidlikhatib et al, 2015; Nordbyet al, 2015; Robertgt

al., 2015) Instructions on completing food diaries and information regarding portion sizes were
provided. Participants were instructed to record all dietary items consumed during two
weekdays and a weekend day of the same week in order to analyse hadlifigtut et al,

2010, 2015; Chagt al, 2018) Fluids or food were at provided during testing sessions in

chapters 5and 6, but participants were able to drink watat libitum, where volume of
consumption was monitored during the first session and repeated in subsequent sessions
(Keaneet al, 2016b) Participants also refrained from consuming water 3 hours prior to arrival

at the laboratory to limiariations in body composition analysis.

Food diaries were analysed using dietary analysis software (Dietplan 7.0, Forestfield Software,
UK), to monitor adherence of total energy, macronutrient and polyphenol intake compared to
the habitual diet and thedy period before testing sessions. If dietary items were not found

in the database software, manual entry of nutrient composition of the item was conducted.
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3.3. Supplementation

The series of studies presented in this thesis used various forms of MTénsemation. For
details on composition of placebo, referth® methodology section of relevant chapters.
GraphPad software (GraphPad, QuickCalcs, San Diego, California, USA) was used to

randomise supplementation ordechmapters 46.

Chapter 4 (section 4.2.1 Isupplementetontmorency Tart Cherry Juice (MTCJ), composed

of a commercially available MTC concentrate (30 mlMoftmorency Tart Cherry
ConcentrateCherry Active, Active Edge Ltd, Hanworth, UK) mixed with 100 mL water and

a placebo drinktwice dailyfor 20 days. Irchapter 5, part A (section 5.2.1.2)3 participants

were acutely supplemented with a single dose of MTCJ (30 mL concentrate with 100 mL
water), 10 MTC capsules (Montmorency Tart Cherry Capsules, Cherry Active, Active Edge
Ltd, Hanwell, UK) and a placebo drink. Durinchapter 5, part B (section 5.2.2.2)1
participants were also supplemented a single, acute dose of double concentrat€@MMICJ
concentrate with 100 mL wateiChapter 6 (section 6.2.2.8supplemented MTC@BO0O mL
concentrate with 100 mL water) and a placebo drink for 7 consecutive days. Participants

consumed each dose within 3 minutes of commencing ingestion of the supplement.

Each 30 mL serving of MTC concentrate provided a total antrmnycontent of 270 mg
(9 mg.mLY) (Howatson et al, 2012) and juice from approximately 9010 whole
Montmorency tart cherries; whilst 1 capsule was made from approximately 10 whole

Montmorency tart cherries.

The total antioxidant status of 30 mMTCJ and 60 mL MTCJ was found to be 2.32 + 0.03

and 2.51 + 0.02 mmoli, respectively.
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3.4. Testing Protocol

All testing sessions ichapters 46 were conducted in a temperatwentrolled laboratory
maintained between 224°C 38-45% relative humidity (dmbulb) and 99.8102.4 kPa
atmospheric pressu(@WS888N, Oregon Scientific, USAY.esting protocols are described

further in their relevant chagrs.

3.5. Measures and Equipment

3.5.1. Anthropometrics

Stature (m) was measured on a stadiometer (Seca 217 Stadiometer, Seca, Hamburg, Germany)
to the nearest 1 mm with subjects standing without shoes, heels and back touching the
stadiometer, head in éhFrankfort horizontal plane and after holding a maximal inhalation.
Body mass (kg) (Seca 799, Seca, UK) was measured on a flat, uncarpeted surface with as
minimal clothing as possible ensuring repeated measurements were performed with the same
clothing. Based on stature and body mass data, body mass index (BMI) was calculated using

the formula oKeyset al. (1972)

Waist circumference (cm) was measured at the end of normal expiration between the top of the
iliac crest and the lower (19 costal(Stewart and Marfellones, 2011using a handheld

ergonomic tape measure (Seca 201, Seca, Hamburg, Germany).

3.5.2. Body Composition

Segmental body composition analysis (Body Composition Analysed4 C Tanita, Japan)

was performed n al | studies accor dinsdheprmcipleafthef act u
analyser was based on bioelectrical impedance, therefore only measurements with total body
water between 500% of total body mass were considered for analysis. Prior to measurement,

all participants were required to fulfilcriteri per manuf acturer d6s r ecomr

to the dietary and exercise guidelines outlined for each study. These included abstentions from
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caffeine and alcohol ingestion 24 hours before measurement and urination before
measurement. To ensure valdénd reliability, all measurements were conducted at the same
time of day to avoid circadian variation influencing results. Values for fat mass, fat free mass

(FFM) and body fat percentage (whole body and trunk) were monitored.

A previous study using thBanita BG418 analyser reported a high correlation, no significant
mean bias and narrow limits of agreement for body fat percentage measurements between the
analyser and Dudtnergy Xray Absorptiometry(Pietrobelliet al, 2004) suggesting the
analyser is a valid tool for measuring body fat percentage. Additionally,-eetest CV of

1.4% was obtained for body fat percentag&bily and Metcalfe (2012)

Intraclass Correlation Coefficient (ICC) estimates and their 95% confidence intervals were
calculated using SPSS v2BM, Chicago, USA)based on a singlmeasures (type), absolute
agreement (definition), twavay mixedeffects model fowithin- and betweerlay testretest
reliability. ICC was chosen as it is a common statistical test fordestt reliability which
accounts for the correlation and agreement between measurements (Koo and Li, 2016). ICC
values were measured on a scale between 0 and 1, and classified as pod@.50)0@oderate

(0.5071 0.75), good (0.7% 0.90)andexcellent (0.90 1.00)(Koo and Li, 2016)

Testretest reliability of the analyser for fat mass, FFM and body fat percentage (whole body
and trunk) were assessed from a saropkehealthy parcipants(age 28 + 7 years; body mass
74.9 + 14 kg; stature 1.77 + 0.47 ,nas previously conducted iBjietrobelliet al. (2004)
Participants were not on any weight loss or weight gain regimen during this géveodithin

day intraindividual reliability for the same variables was determined by measuring each
participant on 10 occasions within 1 ho{Rietrobelli et al, 2004) Betweenday intra
individual reliability was calculated by takinbree measurements per day on three different

days each separated by 10 days to mimic the study desighapter 4. All variables
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demonstrated good to excellent reliability according to 95% confidence intervals for-within

day and betweeday reliability(Table 3.1).

Table 31. Within-day and betweeday mean, standard deviation, rant@C and Coefficient
of Variation (%)for body composition variables measured with bioelectrical impedance body
composition analyser.

Mean £ SD (Range) ICC (95% CI) CV (95% CI)

Within-Day  BetweenDay  Within-Day BetweenDay Within-Day BetweenDay

Fat Mass 12.1+0.2 11.8+0.3 0.93 0.90 2 3
(kg) (11.77 12.4) (11.17v 12.1) (0.887 0.97) (0.88i 0.91) ar 4) 217)
FFM (kg) 58.6 + 0.2 575+0.2 0.97 0.92 1 3
9 (58.31 58.8) (57.17 57.9) (0.897 0.99) (0.88i 0.96) (01 3) (a7 6)
Whole-body 17.2+04 17.0+05 0.91 0.92 2 3
Fat (%) (16.77 17.6) (16.77 17.4) (0.897 0.94) (0.8471 0.97) (171 5) (27 5)
Trunk Fat 21.0+0.7 20.8+0.9 0.89 0.88 3 4
(%) (20.371 22.1) (19.97 21.3) (0.877 0.94) (0.8671 0.93) (17 6) (27 8)

FFM (Fat Free Mass)

3.5.3. Cardiovascular Function

3.5.3.1. Cardiac Haemodynamics

Beatto-beat resting cardiabaemodynamic parameters including heart rate (HR), cardiac
output (CO), stroke volume (SV), mean arterial pressure (MAP) and total peripheral resistance
(TPR) were measured namvasively (Finometer MIDI ModeR, Finapres Medical Systems

BV, Amsterdam, Th&letherlands), using the arterial volume clamp met{Rashaz, 1985)An
appropriately sized fingesuff was applied around the middle phalanx of the middle finger of

the hand and a height correction unit wadbseguently fixed to the fingauff. All
measurements were obtained in the seated position. To avoid data selection, recordings were
averaged over 10 consecutive beats with the lowest values for each parameter taken for

statistical analysi§Cooket al, 2017a)
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3.5.3.2. Blood Pressure

Brachial BP was measured using an automated sphygmomanometer (Omron MX3, Omron,
Japan)n chapters 46. Four measurements were recorded in an upright seated position, on the
arm not used for venepuncture, with an average of the final three being takeriGmoR et

al., 2015) The cuff was placed around the upper arf8,@n above the antecubital fossa, by

the same researcher each time. The first reading was not included due to the defence mechanism
(a rise in BP as a consequence of increamexety which diminishes with subsequent
measurements) affecting resulidaismith and Braschi, 2003prior to the first measuremen
participants rested for 10 minutes, with 2 minutes rest between subsequent measurements

(Rosenkildeet al, 2010)

3.5.3.3.Pulse Wave Analysis

Pulse wave analysis (PWA) was used to monitor arterial stiffnessnuaasively using
applanatiortonometry (SphygmoCor, ScanMed Medical, UK) as there is a strong association
between PWA and cardiovascular disease incidents, independent of traditional risk factors
(Choiet al, 2007; Keanet al, 2016b) A high-sensitivity tonometer was placed over the radial
artery at the wrist, which was slightly extended and rested on a gllowpiset al, 2016)

Aortic (central) systolic and diastolic BP, pulse pressure (PP), augieanpaessure (AP),
augmentation index (Alx}orrected augmentation index at heart rate 75 bjmgt HR75)

and subendocardial viability ratio (SEVR) were determined by the software using generalised
transfer functionsGal | agher , Adj i amdRadcaQ®d Rowmr ke 4drd 0KJn
have previously validated these functions at rest. High reproducibility of Alx determined from
PWA, using SphygmoCor, has been shown in various populations suggesting suitability of use
in clinical interventional studiefWilkinson et al, 1998) Recordings with a qualiyndex

080% only, as suggested by the manufacturer,
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3.5.3.4. Cardiaidaemodynamics, PWA atachial Blood Pressure Reliability

Waldronet al. (2017) found intratrial measurements of cardiac haemodynamic parameters
were reliable at rest in healthy, normotensive, males, using the Finapres system; although
stroke volume was associated with larger errors. Howeverlividuals withMetS, intraclass
correlation coefficients (ICC) were used to assessraest reliability of resting cardiac
haemodynamic (Finapres), PWA (SphygmoCor) and brachial BP parameters during pilot
testing, prior to initiating the second stud€hapter 5). ICC estimates and theB5%
confidence intervals were calculated, using SPSS v@BMN, Chicago, USA),based on a
singlemeasures (type), absolute agreement (definition);vwayp mixedeffects model for
intractrial and intertrial testretest reliability. ICC was chosen as inisommon statistical test

for testretest reliability, which accounts for the correlation and agreement between
measurements (Koo and Li, 2016). Five participants with MetS (age 45 * 10 years, body mass
89.9 + 12.1 kg, stature 1.72 £ 0.51 m) participatetha pilot testing where intrial (7
repeated measurements during the same testing session, corresponding to the 7 time points)
and intertrial (one measurement obtained on three different days, each separated by 2 weeks,
corresponding to the 3 conditig) reliability was determined in the same format as the protocol
used inchapter 5. Interpretation was based on ICC classifications outlineskation 3.5.2.
Intractrial reliability for AP, SV and TPR demonstrated moderate to excellent reliability, all
other variables in Table 3.2 demonstrated good to excellent reliability according to 95%
confidence intervals. Intdrial reliability for aortic SBP, aortic DBP, SEVR, HR, brachial SBP

and brachial DBP demonstrated good to excellent reliability accordirgp% confidence
intervals. All other variables in Table 3.2 demonstrated moderate to excellent reliability.
Consequently, based on this data and similar research design, it was deemed suitable to

measure cardiac haemodynamic and PWA parametardiuduals withMetS forchapter 6.
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Table 32. Intratrial and intertrial mean, standard deviation, ran¢@€C and Coefficient of
Variation (%) for resting PWA (SphygmoCaor), cardiac haemodynamic (Finapres) and brachial
blood pressurparameters measured during pilot testing.

Mean = SD(Range) ICC (95% CI) CV (95% ClI)
Intra-Trial Inter-Trial Intra-Trial Inter-Trial Intra-Trial Inter-Trial
Aortic SBP 125+ 10 122+ 13 0.90 0.88 8 11
(mmHg) (1137 144) (1107 140) (0.81i 0.96) (0.86i 0.91) (5i 14)  (7i 17)
Aortic DBP 83+4 83+7 0.96 0.91 5 9
(mmHg) (697 93) (6971 95) (0.861 0.98) (0.88i1 0.97) 271 7) (371 11)
A”g:gzzmon 12+1 15+ 1 0.92 0.92 8 7
(mmHg) (77 18) (127 17) (0.661 0.98) (0.721 0.98) (471 12) (47 10)
Al (%) 28+ 2 36+3 0.93 0.86 7 10
0 (217 38) (2671 38) (0.771 0.94) (0.577 0.96) (57 9) (47 12)
26+ 2 24+ 2 0.96 0.91 7 8
0
Alx at HR75(%) (207 33) (217 30) (0.851 0.99) (0.697 0.97) (47 9) (27 112)
SEVR (%) 193“1 20 18411 30 0.._88 0...84 “10 “16
(16671 219) (15771 217) (0.787 0.93) (0.801 0.90) (77 14) (87 20)
Cardiac Output  6.62+ 0.51 7.14+0.62 0.93 0.85 8 9
(L.min™h) (5.8L71 7.23) (6.247 7.84) (0.787 0.98) (0.527 0.96) (37 11) (67 13)
StrokeVolume 106+ 12 108+ 13 0.88 0.81 11 12
(mL) (9871 110) (1017 124) (0.607 0.97) (0.561 0.95) (57 16) (77 19
MAP 93+6 109+ 7 0.94 0.91 6 6
(mmHgQ) (897 98) (9871 115) (0.791 0.96) (0.7071 0.91) (27 9) (57 15)
Heart Rate 62+ 3 66+ 3 0.92 0.92 5 5
(beats.mirt) (6071 67) (6471 70) (0.841 0.8) (0.841 0.97) (471 10) (27 12)
TPR 1.44+0.11 142+0.13 0.87 0.84 7 9

(mmHg-mirt-L)  (1.05i 1.49) (1.31i 1.55) (0.52i 0.97) (0.53i 0.92) (37 13) (4i 15)

Brachial SBP 130+ 12 132+ 13 0.92 0.87 9 10
(mmHg) (1257 149) (1227 148) (0.83i 0.97) (0.80i 0.94) (47 12) (61 12)

Brachial DBP 72+5 72+6 0.94 0.89 7 8
(mmHg) (661 77) (687 78)  (0.85i 0.98) (0.85i 0.95) (47 10) (27 11)

Alx (Augmentation Index DBP (Diastolic Blood PressufeMAP (Mean Arterial PressuypSBP(Systolic
Blood Pressune SEVR(Subendocardial Viability Ratjp TPR(Total Peripheral Resistance
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3.5.4. Indirect Calorimetry

Through indirect calorimetry, breatly-breath measurements 80, consumption ani¥’CO,
production during pulmonary gas exchange were used to determine-bduyleenergy
expenditure, fat oxidation rate, carbohydrate oxidation rate and RER at rest amgl dur
exercise. The contribution of protein to total energy expenditure at rest and during exercise was

considered negligibl@eukendrup and Wallis, 2005)

Resting metabolic rate (RMR) wassessed ichapters 46, to determine resting energy
expenditure, substrate oxidation rates &#R. Determination of RMR was conducted in a
temperatureontrolled annexe of the main laboratory to ensure a thermoneutral environment.
This was to prevent results being affected by amly a thermoregulatory effect on heat
generationHenry, 2005) Participants arrived at the laboratory according to the dietary and
exerciserestrictions outlined for each study. RMR was measured based on aicimogn
indirect calorimetry system (GEM Nutrition Ltd, Cheshire, UK). Prior to use, the unit was
calibrated against a mixture of gases with known concentrafibri8o CQ, 21% Q).
Participantday supine for 30 minutes with data averaged for the final 20 minutes only, to
achieve steadgtate and account for any initial shtetm variances in respiratigkelly et al,

2013) A ventilated hood was placed over the hedttl a flexible plastic seal around the neck
and shoulders to prevent air inside and outside the hood from neixiegsively Participants

were instructed to remain silent and lay as still as possible, whilst music was played to prevent
sleeping. Valuesolr VO, (L.min), \CO; (L.minY), RER and EE (kcal.day) were obtained

every minute during the half hour period.
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Resting EE was determined by application of the Weir equ@fitmir, 1949)below.
Energy Expenditurékcal.day') = [(3.94 *VO,) + (1.106 *V/CO,)] * 1.44 (1)

Equations 2and 3 outlined by Frayn (1983) were used to determine fat oxidation and

carbohydrate oxidation rates at rest.
Fat Oxidation Ratég.mir?) = (1.67 *VO2) i (1.67 *VICOy) (2)
Carbohydrate Oxidation Ra{g.min) = (4.55 *\VICQOy) 1 (3.21 *\VVO,) (3)

RER or respiratory quotientRQ) can be used as an alternative indirect indicator of substrate
oxidation based on stoichiometry. The oxidation of 1 mol of glucose requires 134.lantiO
produces134 L of CQ and therefore an RQ of 1 (134 L / 134 L = 1), representing
predominately carbohydrate oxidation. Equally, an RQ of 0.7 suggests primarily oxidation of
fat as 1 mol of palmitic acid requires 515 L of&hd produces 358 L of G@358 L / 515 L =

0.7) (Jeukendrup and Wallis, 2005)
RER (or RQ) = VICO, / VO, (4)

Intraclass Correlation Coefficient (ICC) estimates and their 95% confidence intervals were
calculated using SPSS v2BM, Chicago, USA)based on a singlmeasures (type), absolute
agreement (definition), twavay mixedeffects model fowithin- and betweelay testretest
reliability. ICC was chosen as it is a common statistical test foregsst reliability which
accounts for the correlation and agreement between measurékemtand Li, 2016)ICC
values were measured on a scale betwead Q gand classified as poor (0i00.50), moderate

(0.5071 0.75), good (0.7% 0.90)andexcellent (0.9G 1.00)(Koo and Li, 2016)

RMR reliability wasmeasured using the same people as reliabglgingfor body composition

with healthy participants Within-day intra-individual reliability was not measured as
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participants were only measured once a day during the testing pra@etekenday intra
individual reliability was taken by taking a measurement on three different days each separated

by 10 days to mimic the study designcbfapter 4.

Betweenday ICC and Coefficient of Variation (%dpr RMR measurements, showed good to
excellent reliability in halthy individuals(Table 3.3) ICC values were measured on a scale
between 0 and 1, and classified as poor (0i00.50), moderate (0.50 0.75),

good (0.75 0.90) and excellent (0.901.00)(Koo and Lj 2016)

Table 33. Mean, standard deviation, range, ICC and Coefficient of Variation (%3NtR
variables measured witin opencircuit indirect calorimetry system

Mean + SD (Range  ICC (95% ClI) CV (95% ClI)
EE (kcal.day) (11570776| iz(z)ég) (0_86(3) |8£(9)92) (6 '|'1216)
VO (L.min™) (12;; i322) (0.8;) :|'9(1).91) (7 |1115)
VCO, (L.min™) (12622'[ isig) (0.95 i92.97) 6 'r913)

EE (Energy ExpenditureRER (Respiratory Exchange Ratia}CO; (Volume of Carbon Dioxide Production);
VO, (Volume of Oxygen Uptake).

Within-day, intra-individual reliability wasmeasured in the fasted stateimdividuals with
MetS (using the sanparticipantsas those for cardiac haemodynamic/PWA reliabigsting,
but not using the same designcasipter 5, as most measurements during testing were taken
in the posfprandial state. Hengeneasurements were taken twice separatednghour (to

mimic the length between measurements during the testing protocol).

Betweenday, intra-individual reliability wasmeasuredy obtaininga measurement on three

different days each separated #ydhys(washout}o mimic the study design chapter 5.
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Within-day and ketweenday ICCand Coefficient of Variation (%dor RMR measurements,
showed good to excellent reliability in MetS individu@able 3.4)ICC values were measured
on a scale between 0 and 1, and classified as poor {00080), moderate (0.50 0.75),

good (0.75 0.90) and excellent (0.901.00)(Koo and Li, 2016)As the data showed good to

excellent reliability, it vas deemed suitable to take RMR measuremeimisapter 6 also.

Table 34. Within-day and betweeday mean, standard deviation, range, ICC and Coefficient
of Variation (%) forRMR variables measured widnopencircuit indirect @lorimetry system

Mean £ SD (Range) ICC (95% CI) CV (95% CI)

Within-Day  BetweenDay  Within-Day  BetweenDay  Within-Day BetweenDay

EE (koaldag) 1742236 1992230 0.93 0.91 11 12
| (15317 2497) (15341 2224) (0907 0.96) (0.8971 0.93) (87 15) 61 13)

RER (AU)  085%005  0.86%009 0.% 0.9 6 10
(0.82 0.90) (0.847 0.91) (091 0.97)  (0.907 0.94) 37 8) @81 13)

Voo (Lminy 24728 246 + 31 0.91 0.88 11 13
2 (L (1907 336) (1767 350)  (0.897 0.94) (0.857 0.91) (71 16) 61 15)

| 291 + 18 286 + 23 0.94 093 6 8

-1

VCO (Lmin™) 1771 '301) (1667 322)  (0.877 0.94) (0.867 0.93) 47 9) (47 10)

EE (Energy Expenditure); RER (Respiratory Exchange Ra#io), (Volume of Carbon Dioxide Production);
VO, (Volume of Oxygen Uptake).

3.6. Blood Sampling and Analysis

3.6.1. Blood Sampling

Venous blood was sampled using the venepuncture butterfly m@BoWacutainer Safety

Lok Blood Collection Set 21G with Luer Adapter, Becton Dickinson and Co., OxfordjrUK)
chapters 46. Whole blood (812 mL), sampled from veins located in the anteallfdssa
region, was collected into either ethylenediaminetetraacetic acid (EDTA), lithium heparin or
serum separator tubes (VacutainBecton Dickinson and Cp Oxford, UK). The serum
separator tube was left to stand for a minimum of 30 minutes at svopetatur€Tucket al,

2009) then all tubes were centrifuged for 10 minutes at 4600nin* (Sorvall ST 8R, Thermo
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Fisher Scientific, USA). Serum and plasma supernatants were aliquoted into cryogenic vials
(2 mL Cryogenic Vials, Fisherbrand, Leicestershire, UK) and stored in a freezer (BN,

VIP Series, Sanyo, Japan)-80°Cfor later analysis.

3.6.2. Glucose
Glucose concentrations were determined through reaction of glucose oxidase with glucose to
form hydrogen peroxide and gluconic acid. The amount of hydrogen peroxide released

indicated glucose concentration via amperorodtyidrogen peroxide determination.

Immediately after centrifugation, serum samples were assessed for glteoge (.50
mmol.L?, CV QBiosén%)Line, EKF Diagnostics, Cardiff, UK) in duplicates, by
pipetting 10 pL of sample into a pfiled reacton cup (Safd.ock Mixing Cup, EKF
Diagnostics, Cardiff, UK) containing 500 pL of haemolysing solution. Each reaction cup was
then vortexed for 5 seconds before being analysadpurposes of enhanced accuracy, serum
was chosen over plasma and whole blasgerum lacks erythrocytes, leukocytes and clotting
factors such as fibrinogen. Furthermore, metabolite concentrations are higher in serum than
plasma thus less prone to background noise affecting accuracy, with glucose tending to be more

accurate by 5%n sera(Ladensoret al, 1974; Yuet al, 2011)

3.6.3. General Assay Methodology

Prior to analysis, serum samples were allowed to thaw and were then vortexed (Whirlimixer,
Fisherbrand, Leicestershire, UK). Serum samples were directly analysed for ACE (angiotensin
I-converting enzyme), HDL, insulinTAS, total cholesterol and triglyceridesndirect
calculation of LDL was performed after determination of the other lipid metabolites using the
formula suggested bgxhmadiet al. (2008)in chapter 4, and by thd-riedewald, Levy and
Fredrickson (1972prmula outlined below ichapters 56. The use of the Friedewald formula

(Equation 3 in chapter 56 was based on data showing a strong, significant correlation
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between predied LDL concentrations and direct LDL measurement in individwéls MetS

(Knopfholzet al, 2014)

LDLmnfo ) L= (Total-( EbafesPed %' 9°° (5

A semtautomated spectrophotometer (RX monza, Rahadworatories Ltd, Antrim, UK) was

used to measure the absorbency of the sample at a specific wavelength and temperature relevant
to each assay (TAS, triglycerides, total cholesterol and HDL only). Aptuat calibration of

the spectrophotometer was conthd for each assay using a reagent blank and a standard to
generate a calibration curve, against which totat@xitants, triglycerides, total cholesterol

and HDL within samples were compared.

All samples were measured in duplicates, wiitna-assay CVdetermined by analysing all
serum samplesEach test run was assessed for validity andrégsst reliability prior to
determination of biomarkers in serum samples by analysing quality control samples (analytical
variance), relevant to each assay, 10eEmWith regards to lipid metabolites, samples
exhibiting pathological (Lipid Control Level 3 LE2663, Randox Laboratories Ltd, Antrim, UK)
and borderline (Lipid Control Level 2 LE2662, Randox Laboratories Ltd, Antrim, UK) values
were determined to provideaproved reliability and accuracy of results. The overall assay CV
was determined from values obtained from each duplicate across all time points for all

participants.

All directly assayed biomarkers were determined colorimetrically, where the colourechang
induced by the relevant indicator for each assay correlated linearly to the concentration of the
target metabolite within serum, according to Beaa mb e r t(Swineharta 3962)Lipid

assays were associated with a positive linear correlation, where a greater concentration of the

target metabolite was related to a greater concentration of the indicator thus intensifying the
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pink colour produced (Figurd . 1) . According to the manufact

were assessed within 3 months of blood sampling for lipid metabolites.

v

Figure 31. Example of colour change from clear (left) to pink (right) for lipssays.

3.6.4. Triglycerides Assay

Serum triglycerides (Triglycerides TR210, Randoaboratories Ltd, Antrim, UK were
determined after enzymatic hydrolysis with lipases, where values were corrected for free
glycerol by subtracting 0.11 mmoi!(Stinshoffetal, 1977) according to t he

guidelines. The assay standard cuivgre 3.2)and principle are shown below.

lipases

Triglycerides + HO —» glycerol + fatty acids

Glycerol kinase

Glycerol + ATP » glycerot3-phosphate + ADP

Glycerol3-phosphate oxidase

Glycerot3-phosphate + O » dihydroxyacetong@hosphate + #D

A

peroxidase

2H>O> + 4-aminophenazone +eéhlorophenol —— quinoneimine + HCI + 44D

Thawed samples (5 pL) were reacted with enzyme reagent (500 pL) and then incubated in a

dry heating block (Rx Monza Heat Block BEC, Randox.aboratories Ltd, Antrim, UKfor

115



Chapter 3. Generallethodology

5 minutes at 37°C. Samples were then analysed in the spectrophotometer ahd&#C a
wavelength of 546 nm. Analytical variance based on quality control levels 2 and 3 CV were
5.18% and 6.22%, respectively, suggesting the spectrophotometer and assay were reliable. All
quality control values were within the quality control low (leved®2i 1.39 mmol.L}) and

high (level 3: 2.52 4.48 mmol.LY) concentration ranges, suggesting the spectrophotometer
and the assay were also valid. Assay accuracy, sensitivity and linearity were 95.35%,
0.26 mmol.ltand 13.23 mmol.£, resgctively, falling within the range of measurement for
experimental samples obtaineddhapters 46. Intra and interassay precision for level 2
guality control was 2.90% and 5.32%, respectively, and 2.48% and 3.82%, respectively for

level 3 quality conwl. All lipid biomarkers were analysed within 3 months of blood sampling.

02 -
y = 0.0827x + 0.0104
Rz=1
>0.15
i
[
a
= o1
o
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Triglyceride Concentration (mmofi)

Figure 32. Representative twpoint standard curve calibration used to determine triglyceride
concentrations from serum samples.

3.6.5. TotalCholesterol Assay

Total cholesterol (Cholesterol CH200, Rand@boratories Ltd, Antrim, UKyvas determined

from serum samples after enzymatic hydrolysis and oxidation. The formation of the indicator
guinoneimine from hydrogen peroxide an@minoantipyrie in the presence of phenol and
peroxidase induced a colour change linearly correlating to the concentration of cholesterol

within the sample. The assay standaudve (Figure 3.3) angrinciple are shown below.
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Cholesterol esterase

Cholesterol ester + 1@ » Cholesterol + Fatty Acids

Cholesterol oxidase

Cholesterol + O » Cholesten8-one + HO2
peroxidase
2H,0> + phenol + <4minoantipyrine —» quinoneimine + 4@

Similar to triglycerides, samples (5 pL) were reacted with 500 pL of reagent, containing
peroxidase, phenol, cholesterol esterase, cholesterol oxidase-anthaantigrine, then
incubated at 37°C for 5 minutes. Absorbency of the sample was then analysed in the
spectrophotometer at 25°C and a wavelength of 510 nm. The spectrophotometer and assay were
valid as values for quality control samples were within the low (v&I31i 4.29 mmol.L)

and high (level 3: 5.1% 6.68 mmol.LY) concentration ranges. Analytical variance for quality
control level 2 (CWi 5.92%) and level 3 (CV 6.29%) suggested the spectrophotometer and
assay were reliable. Assay accuracy, serisitand linearity were 92.08%, 0.35 mmot.and

17 mmol.L%, respectively, falling within the range of measurement for experimental samples
obtained irchapters 46. Intra- and interassay precision for level 2 quality control was 2.74%

and 3.92%, respeavely, and 1.23% and 4.64%, respectively, for level 3 quality control.
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Figure 33. Representative twpoint standard curve used to ascertain total cholesterol
concentrations in serum samples.

3.6.6. HDL Assay

According to manufacturerds guidelines, i n
(LDL and chylomicrons) in serum, samples were-fpeated with a buffer containing
phosphotungstic acid and magnesium chloride. Samples were then centrifugegD@t 12
rev.mirt! for 2 minutes (Hyspin 16K, Anachem, Luton, UK) to leavsupernatant which was

then assessed using the same procedure as total cholestetimn( 3.6.5 Values obtained

when assessing assay validity were within the low (level 2: 1883 mmol.L!) and high

(level 3: 2.57 3.49 mmol.L!) concentration ranges, suggesting the spectrophotometer and the
assay were valid. Quality control levels 2 and 3 CV were 3.93% and 2.53%, respectively
suggesting the spectrophotometer and assayal@raeliable. Assay accuracy, sensitivity and
linearity were 95.41%, 0.07 mmotiand 23.70 mmol.t, respectively, falling within the
range of measurement for experimental samples obtaingthpters 46. The high (level 2)

and low (level 3) concentian quality controls, intraand interassay precision were reported

as 10.5% and 10.2% (level 2), respectively, and 8.8% and 11.7% (level 3), respectively. An

example of the assay standard cuig\re 3.4) isshown below.
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Figure 34. Representative twpoint calibration standard curve used to determine HDL
concentrations in serum samples.

3.6.7. Total Cholesterol:HDL Ratio

Ratios between total cholesterol and HDL (TC:HDL) were calculated by dividing total
cholesterol values by their corresponding HDL values for each time point measured in
chapters 46, to determine atherogenic (Castelli) indiHllan et al, 2009) TC:HDL has been
shown to be a better predictive indicator of cardiovascular risk than either parameter in
isolation(Millan et al, 2009) Furthermore, TC:HDL is also a good predictor of the degree of

benefit from lipidlowering treatmentéMillan et al,, 2009)

3.6.8. Insulin Assay

Serum insul samples were measured in duplicates using a humarel®ésulin enzyme

linked immunosorbent assay (ELISA) (Insulin Human ELISA KAQ1251, Invitrogen, Thermo
Fisher Scientific, USA), with a common sample measured on each plate for determining inter
plateCV. Readymade standards (concentrations: 0.0, 4.9, 14.0, 42.0, 98.0, 172.0 plU) were
reconstituted with 2 mL distilled water for the 0.0 standard aitd 1 mL for all other
standards, in order to generate a®dnt standard curve. The ELISA was basedtbe

~

0sandwich i mmunoassayo6 principle where 50 OL
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wells precoated with antinsulin capture antibodies to enable selective binding for insulin.
Following this, 50 uL antinsulin horseradish peroxidase (HRPhgmate was added to each

well to bind to capture antibodies and form an antibadiygen complex. To ensure complete
binding, the plate was incubated for 30 minutes at room temperature and then washed with
wash buffer solution to remove unbound antibodie€hromogen substrate
(tetramethylbenzidine, TMB), was added (100 pL) to each well within 15 minutes following
the washing step and then the plate was incubated in the dark for 15 minutes. A detectable
colour change from colourless to blue ensued uportiadddf chromogen substrate due to
conversion by HRP (Figure 3.5). After incubation, the reaction was stopped with the addition

of 100 uL stop solution resulting in a second colour change from blue to yellow (Figure 3.5).
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Figure 35. Representation of colour change from colourless (left) to blue (middle) upon
addition of chromogen substrate, and colour change from blue (middle) to yellow (right) upon
addition of stop solution.

The plate was then immediy read on a plate readeM( | t i sRACaMicEplate
PhotometerThermo Scientific, USA) at 450 nm to obtain absorbances of each well and insulin

concentrations (pmol:t) were then calculated using the standard curve according te Beer

120



Chapter 3. Generallethodology

Lamber t 0 sr-parameter algorithnostandard curve was generated (Figure 3.6) using
standard curve fitting software (SigmaPlot, Systat Software Inc, San Jose, USA), where values
were converted from plU.mtto pmol.L! by multiplying by 6.945Boset al, 2010) The kit
interr-assay using normal and high quality controls and -{assay precision, range and
sensitivity were 8.1% (normal quality control) and 9.0% (high quality control), 5.4%,
35.421736.25 pmol.t! and 1.18 pmol.l}, respectively.Intra-plate precision was.8%
(normal quality control) and 9.6% (high quality control) &169%, respectively.

2.25 A

2.00 A y =-5E-09x* + 1E-06x¢ - 2E-05x% + 0.0057x + 0.0721

Optical Density

0 10 20 30 40 50 60 70 80 90 100110 120 130 140 150 160 170 180 190
Insulin Concentration (pmol:b

Figure 36. Representative foyparameter algorithm standard curve generatedyiustamdard
curve fitting software to determine insulin concentrationsmol L 2.

3.6.8.1. Insulin Resistance and Sensitivity Indexes

In chapters 56, Homeostatic Model AssessméRIOMA) was used to estimate fasting steady
stat e pzaltunceoa HOMA2D) , i nsul i n rIBRmdes andinsaliea ( HOM,.
sensitivity (HOMA2%S) through the HOMA2 model (HOMAIR, available from

https://www.dtu.ox.ac.uk/homacalculafofLevy, Matthews and Hermans, 1998guations

6, 7 and 8outline the determination of these variab{®mtthewset al, 1985) The HOMA
model estimates i ns ul-cehfunstiembasedon fastirngglucaseahd p anc

insulin concentration§Wallace, Levy and Matthews, 2004lhe relationship between these
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concentrationsreflects the effect of hepatic glucose production and insulin secretion;
maintainedp a f eedback | oop -cdle(Walae hevytahdeMatthews,e r an
2004)

20 * Fastal mwglll nsul in

HOMAR % = - - *100 (6)
(Fasti ngmnG)IIJﬁJ.Go $@

HOMA®S (Fhhsimgg 100 7)
Fasting m@lolli'c bRaes t i n gel ULdnu | i n
HOMAR R 55t (8)

As recommended bWallace, Levy and Matthews (20041OMA2-%S was calculated to

assist in the correct interpretation of HOMA2. Cl assi fi catbh omn sl Ownh% ran d
HOMA2- R = 1 i ndi cat e-celhfonctionaahd lgelkaoh sulinaesistance inb

healthy individualgWallace, Levy and Matthews, 2004 value lower than the threshold for
HOMA2-b i ndi cates dy s f-celhfanctioroand & valpeagneater ¢hant thec b

threshold for HOMAZIR indicates increased insulin resistance.

Statistically significant, strong, positive correlations of HOM®E and HOMAZb agai nst
ot her i nsul iwellf&retiosasdessmenttmgthodsrhave liieen observed in various
populations, as summarised by Wallace, Lawyl Matthews (2004). Additionally, strong,
positive correlations have been detected in hegitirjicipants and those withypertensn

and T2D between HOMAZR and the hyperinsulinaemieuglycaemic clamp method
(Wallace, Levy and Matthews, 2004; Sarafielisl, 2007) suggesting suitability of using the
HOMA2 model t o d e el fumtiom and ipsalin esistarce. Gaguehtly,

the HOMA2 model has also been utilised in various studies examining responses in humans
with MetS (Vittone et al, 2007; Saadet al, 2008; Yeapet al, 2010; BeltrarDebdnet al,

2015)
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Chapter 4

Effects of Montmorency Tart Cherry Juice
Supplementation and FATMAX Exercise on Fat
Oxidation and Cardio-Metabolic Markers in
Healthy Humans

Publication arising from this Chapter (Appendix 10). Desai, T., Bottoms, L. and Roberts,
M. (2018). The effects of Montmorency tart cherry juice suppleatiem and FATMAX
exercise on fat oxidation rates and camngietabolic markers in healthy humagsiwropean

Journal of Applied Physiology18(12), pp. 25235309.
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4.1. Introduction

Cardiovascular disease, T2D amsbociated diseases combined are the leading health burden
and cause of mortality worldwid€Danaeiet al, 2014) therefore te necessity for an
intervention is paramount. Dietary interventions to improve cardtabolic health are highly
sought after as they pedess risk than pharmacological drufjgendrameet al, 2016)
Substantial evidence now etdsdemonstrating the relationship between high consumption of
vegetables and fruits, improvements in disease symptoms and the reduced risk of disease
developmen(Li et al, 2017) However, concerns remain over the feasibility of maintaining a
high fruit and vegetable intake over a prolonged time period, therefore daily dietary
supplementation containing heafthomoting phytonutrients is appealing. Sufpsently, the
present study supplemented small volumes of highly concentrated MTCJ, to boost
consumption of phytonutrients and thus provide sufficient amounts at physiologically relevant

concentrations in a more practical and efficient met{@denget al, 2017)

Tart cherries and thus tart cherry juice possess a high phytochemical content particularly rich
in anthocyanins, flavonols and phenolic aqi@symouret al, 2009; Kirakosyaret al, 2010)

These phytocheimals are thought to contribute to effectively combating oxidative stress,
inflammation and repairing muscle damage fosrcisgBell et al.,2014c; Bellet al, 2015)

In rodents, tart cherries modulated peroxisome prolifei@ttvated receptor (PPAR)
signalling pathways, thus percentage fat mass, hyperinsulinaemia, hyperlipidaemia and
inflammation were all reduceGeymouret al, 2008 2009) Observations in humans have
been more equivocal, with tart cherry supplementation showing no effect on blood pressure
and bloodbased cardimnetabolc markers in healthy participanfisynn et al, 2014) More
favourable findings have been reported in stu¢lidst a i et al] 2008aMaitiret al, 2010;
Keaneet al, 2016bc)e x ami ni ng oO0at ri skd or diseased poj

cardiometabolic function with tart cherry juice.
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Skeletal muscle is a critical organ involved in lipid metabolism and dysfunction of cellular and
molecular cascades which are implezh in the manifestation of CVD, insulin resistance,
inflammation and oxidative stregStump et al, 2006) During submaximal exercise at
FATMAX intensity, skeletal muscle primarily oxidises lipiRomijnet al, 1993) In healthy
participants,Robinsonet al. (2015) demonstrated a significant positive correlation between
MFO and bot24-hour fat oxidation and insulin sensitivity. As eluded t@@ttion 2.2.5.1.2
findings suggest FATMAX exercise encourages enhancements in fat oxidation rate leading to
improved body compositiortotal cholesteroland insulin sensitivity(Brun, Romain and
Mercier, 2011) Consequently, the purpose of specifically incorporating aerobic FATMAX
exercise in the present study were twofold. Firstly, an individualised approach to achieve
maximal fat oxidation rates during moderateensity exrcise has been suggested as the best
method to reduce Hh#A insulindependent glucose, fat mass dothl cholestero(Brun,
Romain and Mercier, 2011%econdly, it is an appropriate methodological test to measure the
effects of an intervention on fat oxidation rates during exercise and when combined with a
potential CRM, such as MTCJ, may induce additional improvemeantsaadiemetabolic

pathways and therefore overall hedBesnieret al, 2015)

Rationale for the present study was based on previous work demonstrating the benefits of
anthocyanirrich blackcurrant§Cooket al, 2015, 201B) andgreen tea polypheno{¥enables

et al, 2008)on fat oxidation rates duringxercise. Also, the positive results regarding the
effects of tart cherry supplementation against cangbabolic dysfunction in rodents
(Seymouret al, 2008 2009)and humang At a i et all 2008aMaitinet al, 2010; Keane

et al, 2016bc) However, to date, no research has exploreddhdicemetabolic responses to

tart cherry supplementation and exercise in tandem, thus healthy participants were recruited to
assess for any adverse effects prior to investigating responses in clinical populations.

Subsequently, this study set out to examithe physiological responses of MTCJ
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supplementation with FATMAX exercise on fat oxidation rates, body composition and-cardio
metabolic markers in healthy participants. It was hypothesised that MTCJ supplementation
would augment fat oxidation rates attrasd during exercise, thus proving more efficacious at
improving body composition, functional and seracardiometabolic markers than previous
research conducted with tg§Martin et al, 2010; Lynnet al, 2014) and swee{Kelley et al,

2006)cherry supplementation at rest in healthy participants.

4.2. Methods

4.2.1. Participants

Eleven (7 males and 4 females) healthy, recreationally a@h%&®(inutes moderatatensity

aerobic exercise per week), participants (me&Diage 30 + 10 yearstaturel.76 £ 0.09 m,

body mass 76.4 + 13.2 kg, BMI 24.43 * 3.23 Kkg,"Ozpeak 35.87 + 4.78 mL.kg.min?)
volunteered for the studwll participants were neamokers, BMI <30, injurfree and not
diagnosed with any cardimetabolic or renal diseases at the time of testing but had a family
history of cardiemetabolic disease. Participants were instructed to cease consumption of any
other spplementation two weeks before and for the duration of the study. All participants
provided written informed consent to participate in the study and completed health screen
guestionnaires before the study commenced. Ethical approval was obtained franivénsity

of Hertfordshire Health and Human Sciences Ethics Committee. The study was registered as a

clinical trial on clinicaltrials.gov (NCT02999256).

As this was the first study to examine fat oxidation with cherries, it was difficult to confidently
predict a sample size using power anay$revious studies that had researched the effects of
fat oxidation(Cook et al, 2015; Robertet al, 2015)or cherry supplemeation (Bowtell et

al., 2011; Bellet al, 2014bc)had a total sample size betwedhlb participants.
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4.2.2. Procedures

4.2.21. Research Design

This study utilised a singleblind (blinded to participant) placebecontrolled, randomised,
crossovedesignwhereeachparticipantactedastheir own control. Participantavererequired
to completetwo conditionsover 10 weeks,differing only in supplementationMontmorency
tart cherry juice (MTCJ) and placebo (PLA). Participantswere randomisedto start
consumptiorof eitherMTCJ or PLA first, followed by a 14-daywashoutperiod(Howatsonet
al., 2012; Cook et al., 2015; Keaneet al., 2016b) and then consumptionof the reverse

supplemento thefirst condition.

Both conditionswereidenticalin termsof designandtestingproceduresand comprisedof 5
sessiongach,with sessiondastingapproximately2.5 hours.A timeline for testingsessions

andthe supplementatioperiodis shownin Figure4.1.

Baselinemeasurementsere obtainedduring the first FATMAX/ VJO,max sessiorin the first
condition.Otherthanbloodsamplingandthetypeof exercisétself, all othertestingprocedures
pre- andpostexercisevereidenticalacrosseachsessionBlood samplingwasconductedre-
andpostexercisan orderto ascertairthe acutedifferencesnducedby one-hoursub-maximal
FATMAX exerciseandpre-, mid- andpostsupplementatioto assesshelongertermeffects

of supplementatioon cardiometabolicbiomarkerswithin andbetweerconditions
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Baseline Measures

Start of Supplementation

2nd VO, max and FATMAX Tests

(Day 17 of Supplementation)

(Day 22 of Trial)

and 1% i’Ozmax and (Day 1 of
FATMAX Tests Supplementation)
(Day 1 of Trial) (Day 6 of Trial)

Start l ¥

End of Supplementation

(Day 20 of Supplementation)
(Day 25 of Trial)

¥ End

Pre-Supplement
Testing (1hr at FATMAX)
(1hr at FATMAX)

(Day S of Trial)

Mid-Supplementation Testing

(Day 10 of Supplementation)
(Day 15 of Trial)

Figure 41. Schematic of testing protocol feach condition (MTCJ and PLA).

Post-Supplementation
Testing

(1hr at FATMAX)

(Day after end of 20-day
Supplementation)

(Day 26 of Trial)
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4.2.22. Dietary and Exercise Guidelines

Participants were instructed to maintain their habitual polyphenol intake, particularly
anthocyanins, as opposed to complete restriction throughout the Refdytosection 3.Zor

further details on dietary guidelines employed in this study.

Croci et al. (2014)recommended macronutrient dietary control greater than 48 hours before
exercise to reduce dag-day intraindividual variability in fat oxidation Pilot testing
demonstrated less variability with -F@ur dietary control (CV 9.88%) for MFO during the
one-hour submaximal exercise at FATMAX, compared to -A8ur dietary control

(CV 1 13.93%).Participants were therefore asked to replicate thelaydfood and drink
consumption beforeach testing sessigAlkhatib et al, 2015; Nordbyet al, 2015; Robertst

al., 2015) A standardised menu for the final-Bdurs, of the3-day period, was provided to
each participant based on their habitual diet. This was based on findingRdtmerniset al.

(2015) who reported greater adherence to a diet standardiskdu?d prior to exercise and
notably, less variance in fat oxidation compared to dietary control of only the eveaalg
before exercise. Standardisation of macronutrients was $&#@aprotein, 55% carbohydrate

and 30% fabf energy intakéMelansoret al, 2002; Ben Ounist al, 2009) As subjects tend

to underreport dietary consumption with food ghiay an extra 20%Mertz et al, 1991; Black

et al, 1993)of the 3-day average for habitual energy intake was added to the standardised
menu. Standardisation was performed to ensure that all participants attended exercise testing
sessions in a sinat state of energy balance and fuel repleftdortonet al, 1998; Jeacocke

and Burke, 2010)All participants reported 100%lhaerence when food diaries were assessed
for percentage contributions of macronutrients to total energy intake, total polyphenols and
anthocyanins. Analysis of habitual diets indicated daily consumption of 1593 mg and 57 mg

for total polyphenols and anthganins, respectively; more than double the general population
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intake for anthocyanins (23 m@JamoraRoset al, 2011)but less than the total polyphenol

consumption in the UK (1675 m@JamoraRoset al, 2016)

4.2.23. Supplementation

The supplementation period lasted 20 days, similRoloertset al. (2015) where participants
ceased consumption following the'28ay and during the washout period. The experimental
condition included sygementation with MTCJ whilst the control involved supplementation

of an energy matched placebo (Table 4.1). The MTCJ was made with 30 mL Montmorency
tart cherry concentrate (Cherry Active, Active Edge Ltd, Hanworth, UK) and 100 mL water.
Placebo composidn consisted of 30 mL commercially available fileivoured cordial
(Cherries and Berries, Morrisons, Bradford, UK), with anthocyanins used only for colouring
and negligible antoxidant content, mixed with 100 mL water. In order to match the placebo
for energy, taste and visual appearance, a flavourless carbohydrate (Maltodextrin, My Protein
Ltd, Northwich, UK), citric acid (100% Pure Citric Acid, VB and Sons, UK) and black food
colouring (Morrisons, Bradford, UK) were added, respectively. Participamsuoted two

130 mL servings per day, once in the morning immediately before breakfast, then again in the
evening before dinnégBell et al, 2014b; Belkt al, 2016) Due to fasting restrictions on testing
days, participants delayed consumptiof the morning serving until lunchtime. Refer to

section 3.3or more information on supplementation.

In order to optimise compliance to supplementation, participants were given enough
supplements to last 5 days, after which they returned tabloeatory with any unconsumed
juice before being given further supplements to last another 5 days. This was repeated a total

of four times to fulfil the 26day supplementation period.
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Table 41. Nutritional information of Mommnorency tart cherry concentrate and placebo
supplements.

Montmorency tart cherry Placebo (pet30 mL)
concentrate (per 30 mL)

Energy (kcal) 102 102
Carbohydrate (Q) 24.50 25.35
of which sugars (g) 17.90 25.32
Protein (g) 1.10 0.03

Fat () 0 0

of which saturates (g) 0 0
Fibre (g) 2.60 Trace

Total Anthocyanins (mg) 270 0

4.2.3. Testing Protocol

During all testing sessions, stature, body mass and waist circumference were measured initially,

immediately followed by segmental bodgmposition analysiséctions 3.5.4nd3.5.2.

After 10 minutes rest, resting HR (Polar T31c and FT1, Polar Electro Oy, Finland) and BP
(section 3.5.3.Pwere obtained followed by RMRéction 3.5.) Preexercise blood sampling

was then performed follosd by posexercise blood sampling during the emaur
submaximal sessions only. HR and BP were measured afterepestise blood sampling,

approximately 88 minutes after the cessation of exercise (Figures 4.2A and 4.2B).
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A)
BM
Stature
WC RHR VO,, VCO,, RER, HR and RPE
BC BP RMR measured throughout both tests BM
FATMAX Test VO,max Test
0 10 16 46 80 95 110 111
Time (mins)
B) BM
Stature V0,, VCO,, RER, HR
WC RHR and RPE measured BM BP
BC BP RMR BS throughout 1 hour BS HR
0 10 16 46 50 110 111 116
Time (mins)
Key:

BC —Body Composition; BM — Body Mass; BP — Blood Pressure; BS — Blood Sampling; HR — Heart Rate;

RHR — Resting HR; RER — Respiratory Exchange Ratio; RMR — Resting Metabolic Rate; RPE — Rating of Perceived
Exertion; VCO,; Volume of Carbon Dioxide Production; VO, — Volume of Oxygen Uptake; WC — Waist Circumference
Bl = Pre-Exercise

E - Exercise

I = Post-Exercise

I = Rest

Figure 42. Schematic of testing procedure (A) during FATMAX af@max testing sessions
and (B) during ihour submaximal exercise at individually determined FATMAXsting
sessions.

4.2.3.1. FATMAX anf¥O-max Protocol

During the first and fourth testing sessions of each condition, participants conducted FATMAX
andVOmax testsAn incremental aninute step protocol was chosen to determine FATMAX.

This was based on data obtained during pilot testing where two FATMAX protocols were
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compared and reliability of the protocols asses$hd.first protocol required participanto

cycle at 70 rev.mit at an initial intensity of 30 W with increments of 15 W every 2 minutes.
The second protocol increased by 10 W every 3 minutes with initial wattage and cadence the
same as the first protocol. Both protocols were repeated teparated by one week, with

72-hours dietary standardisation. Limits of agreement (LoA) and CV for MFO and FATMAX

(%\VfOzpea) for both tests indicated better reliability for the latter prot¢dpbendix 1).

The FATMAX test required participants to cyabm an electromagnetically braked cycle
ergometer Excalibur, Lode, Groningen, The Netherlapds 70 rev.mirt. Fore/aft position,

saddle and handlebar height on the cycle ergometer were recorded for each participant, during
the first exercissession and replicated for all other sessions thereafter. Participants started at
an intensity of 30 W and the cycle was programmed to increase wattage by 10 W every
3 minutes. The FATMAX test was terminated once RER was greater tham Tdotinuous

period of 30 second&Croci et al, 2014) This potocol was adapted from previous studies
(Achten, Gleeson and Jeukendrup, 2002; Alkhatib, 20d4yder to design an appropriate test
which reflected the determination of FATMAX and MFO as accurately as possible, for the
participart cohort recruited in this study. In alignment with Alkhagibal. (2014), smaller

10 W increments were chosen to better determine FATMAX based on assessment of a wide
range of exercise intensiti€genables, Achten and Jeukendrup, 2005; Purge, Lehismets and

Jurimae, 2015)

The VVO,max test was performed 15 minutes following the FATMAX test to prevent the
depletion of muscle glycogen, which occurs during W@max test, affecting substrate
oxidation in the FATMAX test. Due to the leintensity nature of the FATMAX test, 15
minutesprovided sufficient recovery time before thM®,max test and minimised subject

burden as participants did not have to attend a separate session for determinéignaof.
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The protocol for determination ®0.max consisted of cycling at 7D rev.min', at an initial
intensity of 100 W with wattage increasing by 20 W every minute until volitional exhaustion.
The test was terminated according to BASES Sport and Exercise Physiology testing guidelines

(Winteret al, 2007)

HR and differentiated (overall and legs) ratings of perceived exertion (RPE)-@0 acile
(Borg, 1973)were recorded 15 seconds before the end of each stage for FATMACamax
tests. RPE was recorded during all exercise sessions-adrid 3minutes intervals during the

VOmax, FATMAX and thour submaximal sessions, respectively.

4.2.3.1.1. FATMAX Analysis

FATMAX was determined through visual inspection of the fat oxidation curve generated from
the FATMAX submaximal test. The correspondingensity at the peak of this curve was
deemed to be FATMAX and was implemented during thelang submaximal sessions. This
intensity was also confirmed by identifying the highest fat oxidation rate for the final minute
of each stage calculated from a Esand rolling average of eachndnute stage. The second
VOmax and FATMAX tests were used to assess changes in training @t&tcRae and
Mefferd, 2006)and any differences in FATMAX which may have occurred due to the previous
exercise sessions and supplementation. FATMAX was adjusted to the new exercise intensity
for the postsupplementation orleour submaximal exercise if the change in FATMAX
(expressed in terms of ¥@,max) was greatethan a predetermined threshol(CV betwveen

both FATMAX determination tests >6%Jhe rationale behind this was to set an operational
standard against which comparisons could be made to determine whether FATMAX changed
after 16 days of supplementatidrhe threshold was established based oa daitected during

pilot testing, where the CV of FATMAX between two FATMAX suotaximal determination

tests (3 minutes stage protocol) were calculaldtds ensured that the change in exercise
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intensity represented a genuine physiological shift in FATMAXppposed to differences in

FATMAX occurring due to equipment variance.

4.2.4. Measures and Equipment

4.2.4.1. Respiratory Gas Analysis

Realtime breathby-breath gaseous exchange data (Metalyzer 3B, Cortex Biophysizig,
Germany) was recorded during all exercise tests. This method enabled the quantification of
VO, (L.min1), VICO; (L.minY) and RER. Consequently, indirect calorimetry was used to
calculate EE (kal.min!) and substrate oxidation rates (g.Hinsing stoichiometric equations
specifically developed for exercise at intensities betweeB080 VVO2peak as shown below

(Jeukendrup and Wallis, 2005)

Fat Oxidation Rat¢g.min') = [ ¢).-6 9 5 V@O A (1)
CHO Oxidation Rat¢g.min!) = [ V@A) 3(434. W@p)] A (2)
Energy Expenditurékcal.min!) = [ {@0) 5(745. 483 A (3)

RER was determined from the ratio of £@roduced relative to £consumed as shown in

Equation 4

RER= V/CO, / VO, 4)

Prior to exercise, mask (V Mask, Hand Rudolph, USA) and hdifsets Rudolph, USASizes

were determined and maintained for each participant throughout the study. The automated gas
analyser was calibrated using a thpmént calibration pocedure as pemanuf act ur er
instructions.First, barometric pressure was analysatbwed by calibration of the analyser

against a mixture of gases with known concentrations (5% C®b Q). Finally, the volume
transducer in the analyser was calibdatgth a 3litre calibration syringe (Series 5530, Hans

Rudolph, USA).
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Exported data was analysed only from the final 50 minutes of alhonesubmaximal tests

to ensure participants reached steatite. Data was averaged for every 15 second period
during the entire 50 minutes of exercise. To ensure energy and substrate oxidation rates were
reliable, data during the final minute of each stage was averaged for the FATMAX test as this

was the period where steadiate was most likely to be achie@brdenaveet al, 2007)

4.2.4.2. Blood Sampling and Analysis

Refer tosection 3.6.%Xor details on blood sampling procedures.
Blood samples were obtained from 10 participants, as one subject was uncomfortable with the

venepuncturenethod.

4.2.4.2.1. Plasma Volume Change

Whole blood from EDTA or lithium heparin tubes, was analysed for haemoglobin and
haematocrit to calculate plasma voluamanggPVC). Assayresults were corrected for PVC
as a result of exercigaduced changes inalemoconcentratio(Allgrove et al, 2011)by the

equation shown below:

Corrected Assay Resul-ExsercWP®CASsdgaValre

PVC was determined using the method and equatiobBdllcdind Costill (1974)by means of

comparing the preand postexercise haemoglobin and haematocrit values.

BW=BW* H@g/HR) ()
CVa=B 4 * Hcat (6)
PYX=BW-CW (7)

PV% = 10PV-PV)(PA (8)
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WhereBV denotes blood volum&V (cell volume),Hb (haemoglobin)Hct (haematocrit),

PV (plasma volume) anaP V , (pércentage change in plasma volume). Subscripts of B and
A denote preexercise and posixercise valuesespectively whilst prexercise BV was
assumed to be 100.

Haemoglobin was analysed, via a modified azidemethemogtehation, by pipetting 10uL

of whole blood into a microcuvette (HemoCue Hb 201 Microcuvettes, Sweden) which was
then placed into a reader (HemoCue Hb"28Weden). Haematocrit was analysed by pipetting
60 pL of whole blood into micro haematocrit tubesksley, UK) after which one end was
sealed with Cristaseal wax (Hawksley, UKljubes were then placed into a centrifuge
(Haematospin 1300, Hawksley, UK) and spun at 1300 rev.fiain3 minutes. Tubes were
placed on a slide reader (Micro Haematocrit T&sader, Hawksley, UK) and percentage

packed cell volume was subsequently determined.

4.2.4.2.2. Glucose

Refer to general methodologgction 3.6.2or details on performing glucose analysis.

Overall intraindividual and inteindividual CV were 1.41% andd164%, respectively.

4.2.4.2.3. Total Antoxidant Status Assay

Total anttoxidant capacity within serum samples, tart cherry concentrate and tart cherry juice
(concentrate diluted with water), was assessed using the totalatdnt status colorimetric
assay (Total Antbxidant Status NX2332, Randox Laboratories Ltd, Antrim, UK). The assay
was based on the Trolox Equivalent Aaxidant Capacity (TEAC) method, according to the
ma n uf ac tguideknesd s Briefly, ABTS ( 2 ;AZnd-di-[3-ethylbenzthiazoline
sulphonate]) was incubated with metmyoglobin (chromogen) and hydrogen peroxide to
generate the radical cation ABTSand the appearance of a stable Wjusen colour.
Repression of the colour change (Figure 4.3), tduehibition of ABTS™* by antioxidants,

was proportional to the concentration of amtidants within the sample, indicating a negative

linear correlation (Figure 4.4). The assay principle is shown below.
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HX-Fd! + H0, Xi[F¥=0] + H.0

v

ABTS®™ + HX-Fe"

v

ABTS® + Xi[FeV =0]
HX-Fe" : Metmyoglobin
Xi [F€Y = 0] : Ferrylmyoglobin
H20.: Hydrogen Peroxide

H20 : Water

A\ 4

Figure 43. Example of colour change from stablee-green colour (left) to clear (right), due
to inhibition of ABTS’* by antroxidants.
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Figure 44. Representative twpoint standard curve used for determining TAS concentrations
in serum samples.

Absorbency of the samplesssimeasured at 37°C and a wavelength of 600 nm. According to

thema n u f a guidelmes raldb ssmples were assessed within 14 days of blood sampling.
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Analytical variance was determined by analysing quality control (Totaldxmtiant Status
Control NX2331 Randox Laboratories Ltd, Antrim, UK) samples ten timddisquality control

values were within the quality control range for TAS (1i26.88 mmol.L!), suggesting the
spectrophotometer and the assay were valid and reliable; analytical varianfoeingato be

6.71%. The accuracy of the assay was 94.27% when comparing the ten quality control samples
to the expected quality control concentration. Assay linearity was reported to be 2.5 famol.L

thus all experimental samples were within the upper tletelimit of the assay.

Intra-assay variation for serum samples and MTCJ was determined by repeatedly analysing the
same samples ten timeQverall intraassay and MTCJ CV were 3.49% and 1.26%,
respectively. Intrandividual variability for pre and postxercise serum samples were found

to be 2.94% and 5.12%, respectively for this ph&se. and postexercise inteindividual

CVés were 4.72% and 5.56%, respectively.

4.2.4.2.4. Triglycerides Assay

Refer to general methodologgction 3.6.4or details orperforming triglyceride analysis.
Overall intraassay CV was 4.96% and serum-faned postexercise intr-individual CV were
7.91% and 11.50%, respectively. Paad postexerciseimai ndi vi dual CVbés wer

5.47%, respectively.

4.2.4.2.5. Total Bolesterol Assay

Refer to general methodologgction 3.6.%0r details on performingptal cholestercanalysis.
Intrarindividual CV was 1.77% for prexercise serum samples, 3.66% for pogrcise
samples and 1.99% for overall inliasay CV. Preand postexercise inteindividual CV were

4.96% and 6.16%, respectively.
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4.2.4.2.6. HDL Assay

Refer to general methodologgction 3.6.60r details on performing HDL analysis.
Overall intraassay CV was 4.66% and serum-faned postexercise intrandividual CV were
1.17% and 1.76%, respectively. Pesnd postexercise inteindividual CV were 4.03% and

4.15%, respectively.

4.2.4.2.7. Total Cholesterol:HDL Ratio

Refer to general methodologgction 3.6.7or details on calculating TC:HDL ratio.

4.2.4.28. LDL
Indirect calculation of LDL was conducted using the formula outlindthumation 9Ahmadi

et al, 2008)

LDLanoI) L'I_'ot\lal l)10ITe$.t;] ) F-”D”)ldda 98 )

4.2.5. Data Analysis

Statistical analysis wagerformed using SPSS v22.0 (IBM, Chicago, USA) where data are
reported as mean standard deviation (xSDpata normality was checked using a Shapiro

Wilk test, upon violation of the normality assumption, analysis of variance (ANOVA) was still
conducted as the model is sufficiently robust to detect statistically significant differences
between means, in termstgpe 1 errorBlancaet al, 2017) Greenhous&eisser correction

was applied upon violati on OWAs(PM#®.05 Stadtisticals t est
significance was set &< 0.05. A withinrgroup 3way, 2 x 3 x 2 (condition x supplementation

X exercise), repeatedeasures ANOVA witlposthocBonf err oni 6s adj ust me
differences of body mass, BMI, HR, BP, gluco§AS, triglyceridestotal cholestergIHDL

and TC:HDL. Waist circumference, body composition and resting EE, RER, fat and

carbohydrate (CHO) oxidation were analysed using -way, 2 x 3 (condition X
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supplementation) repeatedeasures ANOVA design withos-hocBonf er roni 6s ad|]
A pairedsampled-testwas used to identify differences between individual data points within

conditions and between conditions for the corresponding time point.

Parameters measured during the FATMAX af@max tests, including MFO and power
output at FATMAX, FATMAX (%0/O2pea), RER at FATMAX, percentage of maximal HR
(%HRmay) at FATMAX andV!Ozpeax Were analysed using a 2 x 2 (condition x time) repeated
measureANOVA. A paired samplestestwas used to identify differences between conditions

for the first and second FATMAX tests.

Variables measured during the emaur submaximal exercise at FATMAX including, RER,
HR, RPE (overall), RPE (legs), EE, CHO oxidatifat oxidation and percentage contribution
of fat and CHO to total EE, were analysed using a 2 x 3 (condition x time) repeetsdres

ANOVA, when averaged for the final 50 minutes.

Partial EtaSquared £ ;) was used to report effesizes for ANOVA where effects were

2
partia
classified as small (0.60.08), moderate (0.09.25) and large (>0.2%Cohen,1988) Co hen & s
d effect size was used for pairsdmplest-test where effects were classified as no effect

(0-0.1), small (0.20.4), moderate (0B . 7) and high (00.8) (Cohen,

Testretest reliability was measured using Bladitiman plots(Bland and Altman, 1986&pr

MFO and %W/ O2pear during FATMAX tests and oreour submaximal tests conducted in pilot
testing. Reliability of MFO and Y¥0.pcakmeasured during FATMAX tests and eheur sub

maximal tests was performed in treree 11 participants recruited in this study. LoA between

the tests were calculated by plotting differences between corresponding measurements against
the mean of the measurements. Reference lines for the mean difference £1.96 SD are shown

on the plots. LoAfor the FATMAX test represented by MFO andV/@ppeak Were
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0.03[-0.137 0.20] g.min* and-0.49[-5.917 4.93] %\VOzpea respectively, indicating high
reliability of the test (Appendix 2). During the eheur submaximal exercise, LoA for MFO

and %W/Ozpeakwere-0.01[-0.117 0.09]g.mint and 0.49-2.931 3.83]%\VOpeax respectively,
suggesting high agreement and reliability for the FATMAX intensitying prolonged
exercise (Appendix 2). Additionally, agreement of fat oxidation rates during tHecomesub
maximal test and the FATMAX determination protocol was assessed. Fat oxidation rates
averaged for the final 50 minutes of the 4mair submaximd exercise test and mean fat
oxidation rates obtained during the final minute of the stage eliciting MFO in the FATMAX
determination test were compared (Appendix 2). The narrow limits of agreement
(0.00[-0.097 0.09]g.min?) indicatel a low degree of variation, therefore suggesting that the
onehour submaximal exercise at FATMAX demonstrated good agreement with fat oxidation

rates for the final minute of the intensity eliciting FATMAX (Appendix 3).

In order to determine whether inmEndent variables could explain the variance observed for
MFO, bivariate correlations were conducted between MFO values obtained during the final
minute of the stage corresponding to FATMAX at baseline and independent variables affecting
FATMAYX, including age, anthropometrics, body composition, dietary intakeéhgeax NO
significant correlationsR > 0.05) were found for any independent variables, thus regression

analysis was not performed.

4.3. Results

4.3.1. Exercise Results

4.3.1.1. Onéhour SubMaximal Cycling Tests

No significant interactions or main effects for condition and tife 0.05) were observed for
mean EE, percentage contributions of fat and CHO toveg, VICO,, HR, overall RPE, legs

RPE and serum glucose during draur cyclng at individual FATMAX; suggesting exercise

142



Chapter 4. MTCJ and FATMAX Exercise on Cardli@tabolic Markers in Healthy Humans

intensities and physiological

supplementation period (Table 4.2).

responses were similar

between conditions over the

Table 42. Mean =SD values of final 50 min for variables measudeaing onehour sub

maximal exercise at individual FATMAX throughout the study duration for PLA and MTCJ.

Pre Supplementation

Mid-Supplementation

PostSupplementation

CHO Oxidation  PLA 0.85 + 0.33 0.84 £ 0.27 0.89 + 0.25
(g-mirt?) MTCJ 0.98 + 0.25 0.88 + 0.29 0.99 +0.19
EE PLA 1.09+ 024 1.10+0.24 1.19+0.29
(kcalminl)  MTCJ 1.19+ 022 1.18+0.26 1.20+ 020
Contribution of ~ PLA 22.49 +17.11 23.33 +8.03 21.67 + 10.34
Fatto EE (%) MTCJ 19.88 + 8.03 24.06 + 10.96 20.51 + 7.37
Contribution of ~ PLA 77.51+17.11 76.67 +8.03 78.33 +10.34
CHO to EE (%) MTCJ 80.12 + 8.03 75.94 + 10.96 79.49 + 7.37
VO, PLA 1.16 + 0.26 1.16 +0.25 1.18 +0.31
(L.minl) MTCJ 1.25 +0.23 1.25+0.28 1.26 +0.21
VCO, PLA 1.00 + 0.25 1.00 + 0.24 1.03 £0.25
(L.min%) MTCJ 1.10 +0.21 1.08 +0.24 1.12 +0.18
RER PLA 0.87 + 0.05 0.87 + 0.03 0.88 + 0.04
(AU) MTCJ 0.88 + 0.03 0.87 + 0.04 0.89 + 0.03
HR PLA 114 + 17 112 + 18 113 + 17
(beats.miff)  MTCJ 116 + 9 116 + 14 115 +15
RPE (Overal)  PLA 10 + 2 10+ 1 10 + 2
(AU) MTCJ 11+ 2 10 + 2 11+1
RPE (Legs) PLA 10 + 2 10 + 2 11+1
(AU) MTCJ 11+2 11+2 11+1

AU (Arbitrary Units); CHO (Carbohydrate); EE (Energy Expenditure); HR (Heart Rate); MTCJ (Montmorency
Tart Cherry Juice); PLA (Placebo); RER (Respiratory Exchange Ratio); RPE (Ratings of Perceived Exertion);
VICO; (Volume of Carbon Dioxide ProductionyfO, (Volume of Oxygen Uptake).

Mean fat oxidation rates during the final 50 minutes of thehmme& cycling exercise at

individual FATMAX were not significantly different between conditions

(PLA: 0.25 + 0.10 g.mih and MTCJ: 0.26 + 0.09 g.minFu, 100= 0.35; P = 0.567,

/72

partial

= 0.034), time (PrSupplementation: 0.25 + 0.09 g.minMid-Supplementation:
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0.27 + 0.08 g.min, PostSupplementation: 0.25 + 0.11 g.mjrFe, 200= 1.22;P = 0.318,

h? 0.764,

partial

= 0.108) or interaction between condition and time, goy= 0.273;P

/72

partial

=0.027) (Figure 4.5).
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Figure 45. Mean (xSD) fat oxidation rates measured during final 50 minutes exercise at
individual FATMAX for PLA and MTCJ.

There were also no main effeci2 ¥ 0.05)for condition, time or interaction for mean CHO
oxidation rates. A sigificant main effect for time (Pr8upplementation: 0.88 + 0.04,
Mid-Supplementation: 0.87 + 0.04, P&ipplementation: 0.89 = 0.0&p, 20 = 4.14;

P =0.031, 42 = 0.293) was detected for mean RER but not between conditions or the

partial
interaction P > 0.05).Posthocanalysis identified a trend towards significance between mid

supplementation and pestipplementationR = 0.070).

4.3.1.2. FATMAX an¥¥O-max Determinabn Tests

I+

No significant differences between conditions (PLA: 0.26 0.05 ¢'mand

MTCJ: 0.23 * 0.04 gmif Fu, 10 = 2.79; P = 0.126, /%, = 0.22) or tine
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(Test 1: 0.25 + 0.08 g.mihand Test 2: 0.25 + 0.10 g.minFu,10= 0.06; P = 0.807,

A2 .= 0.01) were found for MFO during the FATMAX determination tests. A tendency

partial —
(teo)= 2.210; P = 0.052,d = 0.59) towards significance was observed between conditions for
MFO during the second FATMAX test (PLA: 0.28 + 0.12 g.thinand

MTCJ: 0.22 + 0.08 g.mi#).

No main effects® > 0.05) for condition, timeor interaction were detected for FATMAX
(YoVOupea) (Test 17 PLA: 42.77 + 8.69% and MTCJ: 45.94 + 9.28%, Test PLA:
45.28 + 12.07% and MTCJ: 47.91 + 11.52%), MFO (TestPLA: 0.25 + 0.08 g.min and
MTCJ: 0.24 + 0.08 g.mih Test 27 PLA: 0.28 = 0.12 g.mih and MTCJ:
0.22 + 0.08 g.mif), RER at FATMAX (Test I PLA: 0.87 + 0.04 and MTC.XD.88 + 0.04,
Test 2i PLA: 0.87 = 0.03 and MTCJ: 0.90 * 0.03), %ktRat FATMAX (Test 11 PLA:
60 £10% and MTCJ: 8 £ 7%, Test 2 PLA: 60+ 10% and MTCJ: 63 + 8%), power output
at FATMAX (Test 1i PLA: 66 + 20 W and MTCJ: 72 £ 18 W, Test PLA: 70 + 19 W and
MTCJ: 78 + 18 W) andVOppeak (Test 17 PLA: 36.10 + 5.17 mL.kg.min? and
MTCJ: 36.33 + 5.34 mL.kgmin?, Test 2i PLA: 37.07 + 5.77 mL.kg.mintand MTCJ:

36.94 + 5.89nL.kgt.min?). Values tended to be greater with MTC{ (5= 3.65;P = 0.085,

2 = 0.27) for RER at FATMAX, particularly during the second test (0.90 + 0.03)

partial —

compared to the first test (0.88 £ 0.04)o( -2.040; P = 0.068,d = 0.63). RER at FATMAX
was significantly greater({t)=-2.770; P = 0.020,d = 1.10) during the second test with MTCJ

(0.90 + 0.03) compared to PLA (0.87 + 0.03).

Pairedsampleg-testbetween conditions did not outline significant differencgs) ¢t -2.040;
P = 0.256,d = 0.63) for the shift in wattage for FATMAX; 3 participants incexhsvattage
with PLA whilst 4 participants increased with MTCJ. Thus, the shift in wattage between

conditions was considered negligible and not a limitation of the research.
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4.3.2. Anthropometric and Functional Variables

No interactions or main effects faondition and time were detected for anthropometric
measurements in Table 4B % 0.05). However, there was a tendency towards significantly
lower percentage body fata = 1.887;P = 0.08), d = 0.05) and fat mass) = 1.903;

P =0.08L, d = 0.05) values preo postsupplementation with PLA compared to no difference
with MTCJ for percentage body fatqfy = -0.841; P = 0.4, d = 0.02) and fat mass

(tao)=-1.386;P = 0.196, d = 0.04).

No interactions or main effects for condition, time and exerdtse 0.05) were obtained for

functional variables presented in Table 4.3, apart from a main effect of exercise for HR

(Fa.10= 25.493;P < 0.001,/42,..,= 0.718), aexpected.

partial —

The change in resting EE from the atiol postsupplementation trial was significantly different
between conditions {t)=-2.602;P = 0.026,d = 0.86) suggesting different responses during
days 1620 of supplementatiorA tendency towards sigiicance was detected with MTCJ
where resting CHO oxidation increased from niapostsupplementation but not with PLA

(teo)=-2.213;P =0.051,d=0.77).
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Table 43. Mean =SD for anthropometric, body composition and resting functional variables obtaineahpier posexercise in both conditions a
baselineand during pre mid- and postsupplementation trials.

Body Mass (kg)

BMI (kg.m?)

Waist Circumference

(cm)

Fat Mass
(kg)

Fat Free Mass
(kg)

Whole-body Fat
(%)

Trunk Fat
(%)

Resting HR
(beats.mirt)

SBP (mmHgQ)

DBP (mmHgQ)

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

Pre Supplementation

Mid-Supplementation

PostSupplementation

PreExercise PostExercise PreExercise PostExercise PreExercise PostExercise

75.75 + 13.38 75.37 +13.30 75.84 + 13.33 75.44 + 13.24 75.48 + 13.60 75.08 + 13.70

75.83 +13.36 75.47 +13.42 75.94 +14.15 7555+ 1425 76.05+13.81 75.70+ 13.85

24.48 + 3.30 24.39 + 3.30 2454 + 3.29 24.41 + 3.29 24.39 + 3.33 24.28 + 3.38

2453 +3.29 24.41 + 3.29 2457 + 3.61 24.41 + 3.61 24.60 + 3.48 2451 + 3.49

77.50 +11.30 77.30 £ 11.90 78.00 + 11.30

75.50 + 10.80 76.10 + 11.50 76.60 + 12.30

16.43 +8.21 15.96 + 8.46 16.05 + 7.97

1595+ 7.91 16.04 + 8.60 16.24 + 8.34

58.75+13.01 59.57 + 13.00 59.15 + 13.08

55.76 + 20.27 59.64 + 13.45 54.05 + 18.72

2191 +10.48 21.14 +10.45 21.37 +10.05

20.41 + 10.05 21.23 +10.50 21.47 +10.43

22.58 + 9.66 21.53 +9.59 21.98 + 9.37

21.85+9.29 21.65 + 9.58 21.95+9.70
65+ 8 74 + 12 62+6 79 + 16 65+6 80 + 10"
65+ 11 73+8 65+9 72 +11 64 +7 76 +7
117 + 16 115+ 10 115+ 13 121 +18 116 + 11 114 + 12
118 £+ 12 121 + 13 119+ 11 117 + 12 117 + 12 116 + 12
73+10 73+7 72 +10 75+9 72 +8 72 +10
74 + 10 75+ 10 72+9 75+8 72 +10 74 +7
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. PLA
Resting RER (AU) MTCJ

Resting EE PLA
(kcal.day?) MTCJ

Resting Fat Oxidatior PLA
(g.minth) MTCJ

Resting CHO PLA
Oxidation (g.mint)  MTCJ

0.83 £ 0.03
0.84 + 0.03

1718 + 274
1823 + 233

0.08 £ 0.03
0.07 £ 0.02

0.14 + 0.03
0.16 £ 0.05

0.84 +0.03
0.83 +0.03

1865 + 291
1825 + 294

0.07 £0.02
0.08 + 0.03

0.15+0.05
0.14 £ 0.05
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0.84 £0.04
0.84 +0.04

1745 + 279
1924 + 375

0.07 £0.03
0.08 £ 0.02

0.15+0.06
0.17 +0.06

AU (Arbitrary Units); BMI (Body Mass Index); CHO (Carbohydrate); DBP (Diastolic Blood Pressure); EE (Energy ExpenditufidgatRate); MTCJ (Montmorency Tart
Cherry Juice); PLA (Placebo); RER (Respiratory Exchange Ratio); SBP (SWyitmid Pressure).
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4.3.3. Glucose and TAS Biomarkers

No significant interactions or main effects for condition, time and exercise were detected for

glucose P > 0.05).

A main effect for time (B, 18= 11.137;P = 0.001,42, .., = 0.55) and a significant interaction

partial

(Fa, 9= 19.122;P = 0.002, 42, ... = 0.68) between condition and exercise were detected for

partial

TAS (Figure 4.6).Posthoc analysis revealed significantly lower concentrations {post
supplementation compared to msdpplementation. There was also a tendency towards
significance for the interaction between time and exercige 1= 3.466; P = 0.053,

h?

partial

= 0.28).

Preexercise TAS with MTCJ wasignificantly lower possupplementation (1.18 + 0.02
mmol.L'Y; 98.92% of baseline) compared to rsigpplementation (1.33 + 0.05 mmol;L
111.93% of baseline) by 11.45%. In comparison, values were statistically similar with PLA
(toy= 1.464;P = 0.177,d = 0.47) (Table 4.4). There was a tendency towards significance
(t@y=-1.998;P =0.077,d = 0.71) for the difference between gepplementation (1.17 £ 0.03
mmol.L'; 101.26% of baseline) and médipplementation (1.33 + 0.05 mmot;1111.93% of
baseline) values prior to exercise with MTCJ, but not for PL# £t-0.556; P = 0.585,

d = 0.24). After the onset of supplementation, the change in TAS duringameFATMAX
exercise was significantly differentagy= 2.291;P = 0.034,d = 0.64), where an average

increase of 1.75% was seen with MTCJ and a decrease of 5.17% with PLA.
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Figure 46. Mean (£SD) TAS concentrations presented at all measured time points for PLA
and MTCJ. *Denotesignificant difference between corresponding time point during-post
supplementation for MTCJ.
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Table 44. Mean +SD for all bloodbased biomarkers measured for PLA and MTCJ during e, postsupplementation, before and aftehttur FATMAX

exercise.
Pre Supplementation Mid-Supplementation PostSupplementation
Baseline PreExercise PostExercise PreExercise PostExercise PreExercise PostExercise
Glucose PLA 519 +0.71 5.15+0.56 5.47 +0.77 5.01 +0.57 5.33+0.70 5.13+0.86 5.52 +0.65
(mmol.L'}) MTCJ B 5.22 +0.86 5.33+0.52 5.21+0.73 5.39 + 0.56 5.07 £ 0.68 5.24 +0.82
Triglycerides PLA 05+0.3 0.5%+0.0 0.5+0.0 0.7+0.1 0.7+0.1 0.5%+0.0 0.6+0.0
(mmol.LY) MTCJ e 0.6 +0.0 0.6+0.1 0.6+0.1 0.6+0.1 0.7+0.0 0.6 +0.0
Total Cholesterol PLA 377 +0.67 3.25+0.03 3.20+0.10 296 +0.11 2.74 +0.16 3.29+0.05 3.17 £ 0.06
(mmol.LY) MTCJ T 3.11 +0.06 3.01 +£0.05 2.94 +0.20 2.75+0.21 3.40 + 0.07 2.94+0.20
1 PLA 1.30 +£0.08 1.23+0.13 0.92 +0.13 0.63+0.20 1.35+0.07 1.31+0.16
LDL (mmol.L™)  \ircy 1482083 7591012  1.00+0.13 079+032  0.660.23 1.43+0.12 1.28+0.14
TC:HDL (AU) PLA 228+ 0.16 1.98 +0.08 1.93+0.09 1.83+0.06 1.61 +0.18 2.06 + 0.06 1.98 +0.15
MTCJ 2.00+0.14 1.85+0.12 1.69+0.21 1.54 +0.12 2.21 +0.09 2.05+0.13
Haemoglobin PLA 143 + 15 142 + 14 142 + 15 143 + 17 143 + 14 139 +16 145 + 15
(g.L Y MTCJ - 144 + 16 146 + 17 146 + 17 148 + 18 142 + 16 144 + 13
) PLA 44 + 1 44 + 1 45+ 1 45+ 1 44 + 1 45+ 1
0,
Haematocrit (%) /1 a4zl 45 + 1 45 + 1 46 + 1 46 + 1 44 +1 45 + 1

AU (Arbitrary Units); LDL (Low-density Lipoprotein)MTCJ (Montmorency Tart Cherry Juice); PLA (Placeld®sS (Total Antioxidant Status)TC:HDL (Total Cholesterol

to HDL Ratio)
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4.3.4. Lipid Biomarkers

No significant interactions or main effects for condition, time and exercise were detected for

triglycerides and LDLP > 0.05).

A main effect for time only was found for HDL (R, 11.703= 7.098;P = 0.016,42, ., = 0.441).

partial

Posthoc analysis showed postupplementation concentrations were significantly lower than
mid-supplementationR < 0.001) (Figure 4.7). As with TAS, a significante)(t 3.123;

P = 0.012,d = 0.68) reduction in prexercise HDL concentrations was observed from-mid
supplementation (1.84 + 0.47 mmolL 114.48% of baseline) to pestipplementation
(1.56 + 0.34 mmol.t}; 98.62% of baseline) with MTCJ whereas no difference was found fo

PLA (tg)= 0.719;P = 0.490,d = 0.15) (Table 4.4).

Mean postexercise values fototal cholesterol(main effect for exercise: 9y = 8.951;

P =0.015,A;,,, = 0.5) and TC:HDL ratio (main effect for exercise;, &= 8.951;P = 0.015,
h.ia = 0.5) were significantly lower than pexercise values. In addition, botbtal
cholesterol(F 23, 111547 6.092;P = 0.026, /1%, = 0.404) and TC:HDL (&, 18= 10.995;

P =0.001, A}, = 0.55) demonstrated main effects for time, however no main effect for

condition, or significant interactions were detectec (0.05).
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Figure 47. Mean (xSD) HDL concentrations presented at alasoeed time points for PLA
and MTCJ.*Denotes significant difference between corresponding time point during post
supplementation for MTCJ.

4 .4. Discussion

This was the first study in any population to combine exercise and tart cherry supplementation
whilst examining cardignetabolic biomarkers. The main findings of this study were that 20
days of MTCJ supplementation did not significantly increase fat osidaiites at rest or
during FATMAX exercise, nor did it alter waist circumference, body composition or eardio

metabolic biomarkers comparedth® placebo condition

4.4.1. Metabolic Responses

The present study did not firstiatisticallysignificant differencesetween conditions for RER,

EE, fat and CHO oxidation rates, contrasting previously reported results regarding the effect
of dietary anthocyanin supplementation on substrate metabolism with ex€roweet al.
(2015)observed a 16% increase in fat oxidation with 7 days encapsulated, anthatgnin
New Zealand blackcurrant extract (NZBE) supplementation compared to placebo during

cycling exercise at 65%'0.max. Crucially,Cook et al. (2015) instructed participants to
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consume one NZBE capsule, containing 105 mg anthocyanins, 2 hours prior to commencing
exercise thus coinciding peak bioavailability and concentrations of anthocyanins, secondary
metabolites and phase Il conjugates in plasma and target tissues with the time of measurement
of substrate oxidation rates during exercise. Muscle oxygenation responses to Montmorency
tart cherry capsule consumption were improved with similar-tiefgendat supplementation
strategies, whereby shddrm (7 days) and acute (60 minutes) loading was provided to
coincide anthocyanin pharmacokinetics with measurement of physiological responses
(Morgan, Barton and Bowtell, 201RER during 10 minutes of steadtate exercise at ~65%
VOzpeakwas not different after consuming Montmorency tart cherry capsules (Morgan, Barton
and Bowtell, 2019), however the short exercise timeframe likely negated the ability to observe
significantly lower RER. This provides evidence that fat oxidation and gimgsiological
parameters can be improved with skiterm (7 days) and acute (2 hours before exercise)
supplementation of dietary anthocyanins. Highlighting the importance of timing of
consumption to maximise bioavailability and concentrations in plasmaaaget tissues.
Subsequently, the inclusion of an overnight fast may explain why Montmorency tart cherry

anthocyanins and its metabolites were not able to significantly augment fat oxidation rates.

Differences in fat oxidation responses to NZBE anthoicyaupplementation may be
explained by the different types of anthocyanins present compared to MTCJ. The main
anthocyanins in NZBE (350% delphinidir3-rutinoside and 20% delphinidir3-glucoside)

are derived from the anthocyanidin, delphinifitooket al, 201b), whereas cyanidin based
anthocyanins (cyanidiB-glucosylrutinoside and cyanidrutinoside) comprise 93% of the

total anthocyanin content in Montmorency tart cherries (Kirakosyal, 2009). It has been
previously reported that delphinidin based anthocyanins provide more effective- cardio
metabolic protection than cyanidin based anthocyafiverall et al, 2017) Additionally,

cyanidinis less stable in the gastrointestinal environment, although it is not dependent on gut
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bacteria for metabolism or absorption whereas delphinidin is dependent on gut bacteria
(Overall et al, 2017). Healthy individuals are expected to have greater diveasi
concentrations of 6égoodd gut bacteria, actin
their metabolitegHidalgo et al, 2012; Fernandest al, 2014) Since gut bacteria do not
modulate cyanidirbased anthocyanin metabolism and absorption, it is not surptisat
cardiometabolic markers or fat oxidation rates were not improved in the healthy participants

from this study.

It is feasible that consumption of a fruit extract (NZBE) in capsule form would not influence
substrate oxidation rates as much as supghsnin juice form (MTCJ) when ingested
immediately before exercise, given the likely differences in macronutrient content and
metabolism such as anthocyanin degradation and absorption rates. Perhaps this explains why
Cooket al. (2015)were able to observe greater fat oxidation with NZBBoket al. (2015)
reported NZBE anthocyanins contributed 30.70% of fat to total EE during exercise, whilst
MTCJ peaked during the mglpplementation test at 24.06% and averaged 21.48% throughout
the present study. Simail results were reported with the placebo, with the most likely
explanation being the high carbohydrate content of the MTCJ and placebo drinks, compared to
the capsules provided in the NZBE study which were completely devoid of carbohydrate. The
significart increase in resting EE was facilitated by upregulation of CHO oxidation, signifying
that the higher CHO content of MTCJ did induce greater glycolytic flux from day® 10
supplementation. This provides an explanation for the lower MFO rates and tpgecen
contributions of fat to total EE in the present study comparegiotik et al. (2015) MTCJ
contained fructose and glucose, thus the significant elevation in CHO oxidation at rest with
MTCJ during he final 10 days of supplementation may be due to fructose accumulation. In

support of these findings, €ngestion of glucose and fructose, as opposed to either alone, has
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been shown to significantly increase CHO oxidation rates in healthy partic{pantgens and

Jeukendrup, 2005)

4.4.2. AntioxidantResponses

The tendency towards significance for the 13.35% increase in TAS fresupptementation

to mid-supplementation with MTCJ, may explain the tendency for greater fat oxidation with
MTCJ during onehour FATMAX exercise between these time pointse Tricrease in oxygen
flux and therefore generation of ROS during exer(fadaket al, 2013) as a byproduct of

fatty acid oxidation at FATMAX, may have been mitigated by MTCJaxidiants. These anti
oxidants may have retarded mitophagy and pveskemitochondrial function, thus enabling
the continuation of fat oxidatioMontgomery and Turner, 2014Jhe 12.76% decrease in
TAS from midsupplementation to pesupplementation prior to exercise suggests TAS does
not increase linearly with further ingestiof MTCJ after 1Glays butreturns to baseline. As

far as the authds aware, this is the first study to demonstrate such an effect. Consequently,
this may have contributed to the different responses observed between conditions for HDL and
resting EE dung days 1620 of supplementation. Endogenously derived-axiilants are the
primary contributors to the antixidant balance; thus supplementation of exogenous anti
oxidants may inhibit synthesis of endogenous-axidlants in order to maintain a homesist
balance( Pol j s ak, Gu p ut . Thus,dit isMlalsible that the gyodtHeds) of
endogenous anbixidants was reduced during the final 10 days of exogenou®xadént
supplementation with MTCJ resulting in a net reduction of TAS. A potential increase in
oxidative stress from midto postsupplementation may have contributed to inefficient
oxidative metabolism and thus greater restingEHisard and Ravussin, 200@)hese findings

are supported byimmerset al. (2011) who reported significantly lower basal EE due to
improved mitochondrial function and therefore metabolic effigieafter 30 days resveratrol

supplementation, a potent aottidant, inhumans that were obese but otherhsalthy.
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Furthermore, the reduced synthesis/uptake of@aitiants may be a defensive mechanism
against an excessively elevated antidant balance which may affect hormetic responses.
Such is the complexity of the interactions of free radicals,oprdant spea@s, antioxidants

and the cellular mechanisms involved, that no one reason is liable to be responsible for this

potential antioxidant effect.

4.4.3. Lipid Responses

In relation to lipid responses, it is reasoned a lack of camditabolic dysregulation @s not
provide sufficient scope for a cherry intervention to further regulate earetabolic function

at rest(Kelley et al, 2006, 2 0 18 al, 2@08; Marenet AlaZF0E0) Despite the
addition of an exercise intervention, a similar reasoning can be applied to the presgnt s
given the healthy baseline lipid concentrations presented by the participants in this study. This
observation is further supported by rodents susceptible to dyslipidaemia responding
significantly better to cherry consumption than those without dysigmia(Seymouret al,

2008 2009; Wuet al, 2014) The initial physiological status of participants seems to influence

the efficacy of cherry interventions.

It is apparent accumulation of anthocyanins and their metabolites with-tdamg
supplementation likely did not occur in the present study. This is likely due to the poor
bioavailability, intestinal absorption and rapid elimination rates of anthocyé@vi@sachet

al.,, 2004) Alternatively, it may be that the anthocyanin and secondary metabolite
concentrations reached a cegjilevel below a physiologically relevant thresh(iagaet al,

2016) to affect serum lipids, thus explaining fmeercise HDL responses to MTCJ
consumption. A biphasic response was observed where @igmficant, yet clinically
relevant, increasen HDL from pre to mid-supplementation was followed by a significant

decline from mid to postsupplementation with MTCJ but not PLA. Based on data from
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epidemiological studies with middige and highisk subjects, suggesting an increase of

0.026 mmolL* could reduce the risk of coronary heart disease by 2% in if@bedonet al,

1989) the change in HDL from préo mid-supplementatiomayresult in a risk reduction of

12% with MTCJ. However, this finding should be interpreted with caution as the translation
across to healthy subjects of both sexes and the lack of statistical andllglisignificant
improvements for other lipid profile markers with MTCJ, renders the increase in HDL less
important. The decline from mido postsupplementation suggests that administering cherry
interventions longer than 10 days does not maintain teld\DL concentrations, but rather a

return to baseline as supported by findings fiGelleyetal.( 2 006 ) , Attalg20@8) Jaf ar i

Martin et al.(2010) and Lynret al. (2014)

Finally, limitations associated with this study include the overnight fast dietary restriction put
in place to reduce intraand interindividual variability, but at the expense of upholding
ecological védity. Secondly, previous research which demonstrated improvements in body
mass, fat mass and metabolic function required participants to exercise at FATHIAXEs

per week for 212 months(Brun, Romain and Mercier, 2011)yhus, MTCphytochemicals

were not able to compound upon any cellular and molecular adaptations promoting fat
oxidation which may have occurred with FATMAX training. Thirdly, the small sample size
did not assist the ability to find significant differences with MTE€pa@sthoc power analysis
suggested the study was underpoweredl (1= 0. 18; U = 0.05; n = 11)
interaction between condition and time (pmid-, postsupplementation) for fat oxidation
during onehour submaximal exercise. Adtonally, due to the differences in viscosity of the
placebo and MTCJ, 9/11 patrticipants correctly identified which supplement they were provided
when asked at the end of the study. Consequently, this may have contributed to the lack of
significance betwae conditions as participants could manipulate their activity during the

study. This highlights a limitation of juice concentrate as a form of supplementation and
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perhaps alternative forms such as capsules are preferable to uphold anonymity between

conditions.

Future work should attempt to elucidate the cellular and molecular mechanisms, in humans to
provide a basis upon which theories explaining the obtained responses can be either accepted
or refuted. This would provide crucial information by which supgetation strategies can be
altered to maximise the efficacy of MTCJ. Basedomok'set al. (2015)findings, it would be
appropriate to suggest that any effect of anthocyanin supplementation oid&tiooxs short

term and provides a rationale to acutely supplement MTC in future studies. The augmentation
of fat oxidation with acute supplementation may then contribute to mitigating the development

of cardiemetabolic symptoms in clinical populatiosisch as those with MetS.

4.5. Conclusion

This was the first study to examine the effect of cherry supplementation on fat oxidation rates
at rest and during exercise. Findings showed that MTCJ did not significantly increase fat
oxidation rates at rest or during FATMAX exercise. Additionally, sdaoycardiemetabolic
markers were also not significantly different with MTCJ supplementation, indicating this
intervention does not act as a CRM in healthy participants. Consequently, it is unnecessary for
healthy participants to supplement MTCJ to imgr@ardiemetabolic biomarkers. Previous
studies to report a significant response to cherry supplementation in #8egyatouret al,

2008 2009; Wuet al, 2014)and humar{ At a i eet all 2008a Mairtinet al, 2010; Kear

et al, 2016bc)studies occurred when initial values were abnormal, thus further research is

warranted in clinical populations, including MetS.
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Chapter 5

Effects of Montmorency Tart Cherry
Supplementation on CardieMetabolic Markers in
Participants with Metabolic Syndrome: a pilot study

Publication arising from this Chapter (Appendix 11): Desai, T., Roberts, M. and
Bottoms, L.(2019. Effects of Montmorency tart cherry supplementation on cargitabolic
markers in metabolic syndrome participamspilot study.Journal of Functional Food$7,

pp. 286-298.
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5.1. Introduction

Substantial literaturexists(Basuet al, 2009, 2011; Baset al, 2010; Basu and Lyons, 2012;
Stull et al, 2015; Amiot, Riva and Vinet, 2016; Vendramteal, 2016) as shown irsection
2.2.5.2.2.1 that highlights consumption of anthocyanitich dietary interventions are
beneficial for mitigating symptoms associated with Meat8spitefindings fromchapter 4.
Montmorency tart cherries (MTC) may be one such intervention not only rich in anthocyanins,
but also other phenolics resulting in being one of the most potent dietargxmtant
interventions when consumed in habitual portion s{gaset al, 2012) The antioxidative
properties of MTC may only be beneficial in the presence of @xidant balance, therefore

as oxidative stress is typical mumanswith MetS (ChivaBlanch and Badimon, 201,7%he
antioxidant hypothesis may be a potential mechanism by WHMIit® may improve MetS
symptoms. This study proceeded to explore the potential beneficial effects of MTC on cardio
metabolic function by addressing some of the issues encountechdpter 4. Specifically,
recruitment of participantaith MetS possessingome cardiemetabolic dysfunction rather
than healthy participants. Secondly, acute administration of supplements to coincide with the
pharmacokinetics of MTC phytochemicals as previously conducted by ktahé2016ab).
Based on findings from Kearet d. (2016b) this study acutely administered Montmorency
Tart Cherry Capsules (MTCC), for the first time in a clinical health study, and Montmorency
Tart Cherry Juice (MTCJ) and assessed responses on-idsed and functional cardio
metabolic markers. Lasgtl to determine whether the high carbohydrate content present in
MTCJ affects glycaemic, insulinaemic and lipaemic metabolisngomparingresponses to

the lower carbohydrate MTCC supplements for the first time.

As mentioned irsection 2.2.4MetS encompasses a cluster of cardigtabolic conditions
including insulin resistance, central adiposity, dyslipidaemia @nechypertension(Kaur,

2014) The presence of three or more of these symptoms combined, augments the incidence of
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chronic diseases such as CVD byoRl and T2D by Sold (Falkner and Cossrow, 2014).
Ultimately, this highlghts the strong association between MetS and higher ratbetiof

cardiovascular and total mortalififalkner and Cossrow, 2014)

Despite the difficulty in measuring MetS prevalence rates, it is accepted that global rates are
on the rise( O6 Nei | | aln 2015)Ola Dhe | UK c autrent indications suggest
approximately 25% of the population >20 years of age have NgdBteriet al., 2015)
equating to ~12 million individuals. In the United States [~35% MetS prevalendégatiéar

et al, 2015], low fruit and vegetable intake accounted for 15.1% of igltetlated cardio
metabolic deathgMicha et al, 2017) Therefore, fruit and vegetables rich in polyphenols,
especially anthocyanins, are attractive interventions against geasdabolic disease risk
factors (Vendramet al.,2016) such as in$in resistancéMuraki et al, 2013) dyslipidaemia

(Liu et al, 2016) hypertensionDel Rio et al, 2013)and central adiposit{Bertoiaet al,

2016) as supported by epidemiological evideriéets and Hollman, 2005; Wallace, 2011;

Cassidyet al, 2013)

Given the promising evidence provided above, the present study set out to determine whether
acute administragn of MTC could improve cardimetabolic function inindividuals with

MetS. To the authors knowledge, no study has been conducted assessing the responses of
humans withMetS to MTC supplementation, however individual aspects of the MetS cluster
have beerexplored in pathological populations. Keaeeal. (2016b) showed significant
reductions in systolic blood pressure (SBP) after acute ingestion of MTCJ wihgpestensive

males. AdditionallyMartin et al. (2010, 2011demonstrated significant reductions in serum
triglycerides, triglyceride/HDL ratio and VLDL concentrations after 4 weeks tart cherry juice
supplementation (230 mL.ddy in participants with central adiposity and dyslipiche:.

Moreover, Ataielafari et al. (2008) reported 6 weeks concentrated sour cherry juice
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supplementation improved HbAln females withT2D, along with total cholesterol and LDL

in those participants with hyperlipidaemia.

As previously eluded to isection 2.1.6.2the anthocyanin pharmacokinetics after consuming
whole Montmorency tart cherri¢Seymouret al, 2014)followed the general pattern and time
course of anthocyanin metabolis(Kay, Mazza and Holub, 2005parent anthocyanin
concentrations in plasma peaked Bours postngestion and excretion rates in urine peaked
6-8 hours postngestion. The pharmacolgtics of anthocyanins and metabolites derived from
powdered freezdried MTC are currently unknown when administered in encapsulated form,
but it is anticipated that their bioavailability may be enhanced. Hydroxypropyl methylcellulose
(HPMC) is a materialised to form the shell of capsules, and bothitro (Glube, Moos and
Duchateau, 2013)ndin vivo (Lown et al, 2017)studies have demonstrated disintegration of
HPMC 30 minutes pskingestion in the presence of intestinal fluid. This material has
previously been shown to delay the release of green tea catechins (Glube, Moos and Duchateau,
2013) and mulberry extract anthocyanins (Logtnal., 2017) which consequently delayed
glucose and insulin responses until 30 minutes after ingestion, coinciding with the
disintegration and dissolution of the capsule shell (Lewal.,2017).Capsules as a delivery
vehicle of phytochemicals to target tissues via systemic circulation are usdhdyaare
programmed to selectively degrade once in the gastrointestinal tract, therefore potentially
maximising bioavailability(Oidtmannet al, 2012) This is achieved due to protection of
phytochemicals by the exterior capsule shell against factors known to influence their
stability such as pH, temperature, light, enzymes (particularly in saliva) and $Rgéest

and Fredes2015) It has been previously eluded to amapter 2, that phytochemical,
particularly anthocyanin bioavailability is notoriously pgay, 2006) Subsequently, MTCC

was provided to assess whether encapsulation, and thus protection of MTC phytochemicals

from premature degradation, pot@fy maximises bioavailability and therefore their
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beneficial effects on cardimetabolic function. Finally, anthocyanin research on their anti
oxidant effect suggests that lower concentrations, based on the concept of hormesis, are more
effective at indaing cellular, molecular and thus functional changes to improve health
(Wallace, 2011)The delivery of a lower dose in this study (30 mL MTCJ) also has practical

and financial benefits to consume

Based around the pharmacokinetics of MTC phytochemicals, this study aimed to explore the
shortterm responses to acute supplementation of MTCJ and MTCC on cardiac
haemodynamics, arterial stiffness by pulse wave analysis (PWA), substrate metabolism and
various blooebased cardinetabolic biomarkers in humans with MetS. Given that these
subjects present at least three or more risk factors resulting in a holistic state of cardio
metabolic dysregulation, it was hypothesised that the MTC interventions Wwanvgdpositive
responses on various diagnostic caietabolic markers, in particular glucose, lipids and
SBP based on previous human studies with tart cherry supplementation é{ehr2016b;

Martin et al., 2010; AtaieJafariet al.,2008). Furthermore, it was hypothesised that MTCC
would be more effective than MTCJ or placebo in mediating these benefits, as MTCC would
induce essglycaemic, insulinaemic and lipaemic stress, and bioavailability of phytochemicals

was anticipated to be supetior

Pharmacokinetic studies comparing 30 and 60 mL MTC concentrate consumption in healthy
humans (Bellet al., 2014b; Keaneet al., 2016a), suggested a physiological dosgponse

effect of circulating parent anthocyanins and secondary phenolic acid mietsbblence,

Part B of this study aimed to compare whether a-tesgonse effect would be observed on
cardiometabolic biomarkers imdividuals withMetS. The rationale for this arm of the study
was based on previous literature reporting beneficiali@aascular responses to an acute

60 mL dose of MTC concentrate (Keaeeal., 2016bc). It was hypothesised that a dose
response effect would be observed for cardetabolic biomarkers in individualgith MetS.
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5.2. Methods
5.2.1. Part A

5.2.1.1.Participants

Eleven (6 males and 5 females) participants with Metabolic Syndrome (MetS)g5ddad

5.2) volunteered for this pilot study. All participants were screened for MetS prior to formal
inclusion onto the study according to the harmonisedraioutlined byAlberti et al. (2009)

where 3 of the 5 qualifying criteria [Waist Circumference: ethnicity and sex specific criteria,;
Fasting Triglyc é&rFasting $lighDebsity L6p6proteim &1.03 mmol:L

(men), <1.29 mmol.t ( wo me n) ; Bl ood Pressur e: 0130 mmH
Fasting GI uc oshadtob® fnet.Recruitmeent (Figure 5.1) was conducted via
word of mouth, flyers and email advertisements. Participants were excluded from the study if
they did not meet the criteria for MetS at screening, were smokers, pregnant, heavy alcohol
consumers (>14 units per week), current or previous diagnosis of chobhsease
(gastrointestinal, cardiovascular, hepatic or renal), or were on statins, hyperlipidaemic, anti
hypertensive, antliabetic, antinflammatory or steroidal medication. Verbal and written
information was provided to all participants regarding shedy purpose and procedures.
Ethical approval was obtained from the University of Hertfordshire Health, Science,
Engineering and Technology Ethics Committee and informed consent was provided by all
participants prior to enrolment. This study was registasea clinical trial on clinicaltrials.gov

(NCT03615885).
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Table 51. Selected bseline characteristics obtained during screening (n = 11).

Characteristics Mean £SD
Age (years) 49+ 12
Stature (m) 1.72+£0.11
Body Masgkg) 99.5+20.5
BMI (kg.m?) 335
Whole-body Fat (%) 3810
Trunk Fat (%) 34 +13
Fat Mass (kg) 41 + 17
Fat Free Mass (kg) 58 £ 15
Fasting Total Cholesterol (mmoi3). 3.83+0.91
Fasting Insulin (pmol.&) 115.67 + 73.75
HOMA2-IR (AU) 2.2+1.4
HOMA2-b ( %) 132.5+52.9
HOMA2-%S (%) 60.4 + 27.3

AU (Arbitrary Units); BMI (Body Mass Index); HOMAZR (Homeostatic Model Assessmeaf Insulin
Resistance);HOMA2-i (Homeostatic Model Assessment of pancredticell function); HOMA2%S
(Homeostatic Model Assessment of Insulin Sensitivity)
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Table 52. Individual baselinecharacteristicef MetS criteriaobtained duringcreeningn = 11).

Participant

Characteristics Mean + SD 1 2 3 4 5 6 7 8 9 10 11
Waist

Circumference ~ 106.0+ 134  102.2* 133* 93 90.8 119* 119* 95 104.1* 94 112*  104*
(cm)
Fasting Glucose g g3, 76 6.20* 5.33 6.72*  4.48 593  6.50* 6.21* 5.12 578 485  4.79
(mmol.LY)

Fasting

Triglycerides 19+ 05 1.9* 2.0* 2.6* 1.7* 0.9 1.5 2.6* 2.1* 2.0 2.1* 1.5
(mmol.L'})

Fasting HDL 1.3+ 0.3 2.23 1.25  122* 0094* 1.23* 083* 1.19% 130 1.06* 1.28* 1.01*
(mmol.LY)

SBP (mmHg) 132+ 9 122 146* 130*  130* 136* 143* 129 132%  142* 120 126
DBP (mmHg) 80 +9 67 90* 86* 87+ 79 91* 72 72 88* 67 85+

DBP (Diastolic Blood PressuxeHDL (High-density Lipoprotein)SBP (Systolic Blood Pressure).
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[Enrolment]

Assessed for eligibility (n = 43

Excluded (n= 30)
Not meeting inclusion criteria (® 27)
Declined to participate (n 3)

v

Randomisd (n = 13

[Allocation J l

\4

l

Allocated to Placebo interventign=5)
Receved allocated intervention (n¥5
Not recéved allocated intervention (n¥0

Allocated to MTCJntervention(n=4)
Receved allocatedntervention (n=2%
Not recéved allocated intervention (n=0)

Allocated to MTCCintervention(n=4)
Receved allocated intervention (n¥4
Did not recéve allocated intervention (n¥0

[Allocation }

Allocated to Placebmtervention(n=4)
Receved allocated intervention (n¥3
Not recéved allocated intervention (n¥1
(Participant dropped out for personal reason

Allocated to MTCJntervention(n=4)
Recevedallocated intervention (n34
Not recéved allocated intervention (n=0)

Allocated to MTCCintervention(n=5)
Receved allocated intervention (n¥4
Did not recéve allocated intervention (n31
(Participant dropped out for personal reason

[ Allocation }

Allocated to Placebo interventign=4)
Receved allocated intervention (n¥4
Not recéved allocated intervention (n¥0

Allocated to MTCJntervention(n=4)
Recevedallocated intervention (n34
Not recéved allocated intervention (n=0)

Allocated to MTCCintervention(n=3)
Receved allocated intervention (n¥3
Did not recéve allocated intervention (n¥0

[ Analysis }

A4

Analysed (n = 11)

Figure 51. CONSORT flow diagram of the participants recruited, screened, tested, analysed
and excluded during the course of the study.
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5.2.1.2. Procedures

5.2.1.2.1. Research Design

A singleblind (blinded to participant), placelmmntrolled, randomised, crossowsign was
utilised; each participant acted as their own control. During fhvedk study duration, all
participants completed 3 testing sessions during which one of three [placebo (PLA) or MTCJ
or MTCC] different supplements were provided each timen&hapter 4, a 14day washout
period Keaneet al., 2016b; Cooket al., 2015; Howatsoret al., 2012) was incorporated

between testing sessions and between the screening and first testing sessions.

Testing sessions lasted 6 hours and were identical irs tefrdesign and testing procedures.
Schematics of the overall study design and specific procedures during a testing aession
depicted in Figure 5.Baseline anthropometric (stature, body mass, waist circumference, body
fat percentage) and functionalWA, cardiac haemodynamics, RMR) measurements were
obtained prior to consumption of the supplement. Functional measurements were recorded at
30 minutes, 1, 2, 3,-4nd 5hours posbolus. Blood sampling was performed at baseline, 1,

3- and 5hours posbolus only.
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A)

Screening Testing Session 2

- 14 days Washout - 14 days Washout - 14 days Washout

Testing Session 1 Testing Session 3
B)
VBS VBS VBS VBS
BM AS AS AS AS AS AS AS
Stature  BP BP BP BP BP BP BP
wC CH CH CH CH CH CH CH

RMR RMR RMR

WREEN]

-1 -0.75 0 0.5 1 2 3 4 5
Time (hours)

Key:

AS — Arterial Stiffness; BC — Body Composition; BM — Body Mass; BP — Blood Pressure;

CH — Cardiac Haemodynamics; RMR — Resting Metabolic Rate; VBS — Venous Blood Sampling;
WC — Waist Circumference

I — Pre-Bolus
B — Post-Bolus

Figure 52. (A) Schematic representation of the overall study design. (B) Schematic
representation of the specific procedures during each testing session.
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5.2.1.2.2. Dietary Guidelines

Refer to general methodologgction 3.Zor further details on dietary guidelines employed in

this study.

All participants complied with dietary guidelines upon analysis for percentage contributions of
macronutrients to total energy intake [(protein 183%6), (CHO 45 + 56%), (fat 39 + 38%)],

total polyphenols (70 £ 83 mg) and anthocyanins (26 £ 22 mg).

5.2.1.2.3. Supplementation

This study acutely administered three different supplements including a placebo which acted

as the control condition and two experimental conditions, MTCJ and MTCC. The placebo was
composed of 30 mL commercially available frilétvoured cordial(Cherriesand Berries,

Morrisons, Bradford, UK mixed with 100 mL waterThe placebo drink was also matched

against MTCJ for energy content, taste and visual appearance by adding a flavourless
carbohydrate (Maltodextrin, My Protein Ltd, Northwich, UK), citric ad@{@6 Pure Citric

Acid, VB and Sons, UK), red and black food colouring (Morrisons, Bradford, UK),
respectively. MTCJ consisted of 30 montmorency tart cherry concentrate (Cherry Active,

Active Edge Ltd, Hanworth, UK) and 100 mL waté&o match the anthoeyin content of

MTCJ, participants consumed 10 Montmorency tart cherry capsules (Cherry Active Capsules,
Active Edge, Ltd, Hanworth, UK) with 130 mL water. Each capsule contained 435 mg of
freezedried Montmorency tart cherry skin powder, with Tabl& Beailing nutritional
analysis.Based on the ease of distinguishing between PLA and MTCHapter 4, further

anonymity of the supplementation was ensurezhapter 5by blinding the participants to the

source of anthocyanins. This was achieved by explagni t h at an-ricbant hoc
suppl ementd would be provided rather t han ¢
specific source. Further anonymity was placed by indicating to participants placebo capsules
may be provided. Only 2/11 participants corngdtlientified the interventions provided
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(intervention or placeboand none identified the interven

cherri esd6 ( eiRefareosectisnd&a moreoinformatiom dn supplementation.

Table 53. Nutritional information of each supplement provided.

Montmorency tart Montmorency tart Placebo
cherry concentrate cherry capsules (per130 mL)
(per 30 mL) (per capsule 435 mQ)

Energy (kcal) 102 1.3 102
Carbohydrate (g) 24.5 0.3 25.35
of which sugars (g) 17.9 0.1 25.32
Protein (g) 1.1 Trace 0.03

Fat (g) 0 Trace 0

of which saturates (g) 0 0 0
Fibre (g) 2.6 Trace Trace

Salt (g) 0 Trace 0

Total Anthocyanins

270 27 0
(mg)

5.2.1.2.4. Measures and Equipment

5.2.1.2.4.1 Anthropometrics

Refer to general methodologgction 3.5.for details on procedures of measuring stature, body

mass and waist circumference.

Refer to general methodologgction 3.5.2or details on procedures of measuring segmental

body composition.

5.2.1.2.4.2. Cardiac Haemodynamics

Refer to general methodologgction 3.5.3.%1or details on procedures for obtaining cardiac

haemodynamic measurements.
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5.2.1.2.4.3. Blood Pressure

Refa to general methodologyection 3.5.3.2or details on procedures for obtaining blood

pressure measurements.

5.2.1.2.4.4. Pulse Wave Analysis

Refer to general methodologection 3.5.3.3or details on procedures for obtaining PWA

measurements.

5.2.1.2.45. Resting Metabolic Rate

Refer to general methodologection 3.5.4for details on procedures for obtaining RMR

measurements.

In addition to values for RER and EE (kcal.dpyresting fat and carbohydrate oxidations rates

were also calculated at all tinpeints.

5.2.1.2.5. Blood Sampling and Analysis

5.2.1.2.5.1. Blood Sampling

Refer to general methodologgction 3.6.Tor details on blood sampling procedures.

Due to logistical difficulties, blood sampling through cannulation was not postiblefore
venous blood was sampled through 4 individual venepunctures (one at each time point: pre
bolus and 1, 3,-hours posbolus). A total of 5 mL venous blood was collected into serum

separation tubes for each sample.

Pilot work was initially conducted toafculate PVC from haemoglobin and haematocrit
obtained from whole blood sampled into EDTA tubes. Due to the resting nature of the study
and replicating total water consumption for each session, there was no dRan@e0b)in
plasma volume between timeipts (prebolus and 1, 3,-Bours posbolus) and sessions, thus

biomarker concentrations in assays were not corrected for PVC. In support of thiseKalane
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(2016b) sufficiently controlled PVC through replicating water consumption and thus did not

correct biomarker concentrations for PVC during thelrddir protocol.

5.2.1.2.5.2. Glucose

Refer to general methodologgction 3.6.2or details on performing glucose analysis.

Overall intraindividual and intetindividual CV were 1.93% and 13.43%&spectively.

5.2.1.2.5.3. Insulin and Insulin Resistance and Sensitivity Indexes

Refer to general methodologgction 3.6.8or details on performing insulin analysis.

Inter- and intraplate CV were 9.1% and 7.8%, respectively.

Refer to general methodologgction 3.6.8.Tor details on insulin resistance and sensitivity

analysis.

5.2.1.2.5.4. Triglycerides

Refer to general methodologgction 3.6.4or details on performing triglyceride analysis.

Overall intraindividual and inér-individual CV were 2.33% and 5.94%, respectively.

5.2.1.2.5.5. Total Cholesterol

Refer to general methodologgction 3.6.%0r details on performing total cholesterol analysis.

Overall intraindividual and intetindividual CV were 4.45% and 5.63%, resfively.

5.2.1.2.5.6. HDL

Refer to general methodologgction 3.6.60r details on performing HDL analysis.

Overall intraindividual and intefindividual CV were 3.63% and 6.12%, respectively.

5.2.1.2.5.7. Total Cholesterol:HDL Ratio

Refer to general methodologgction 3.6.7or details on performing TC:HDL analysis.
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5.2.1.2.5.8. LDL

LDL was determined indirectly using the Friedewald form(kiedewald, Levy and

Fredrickson, 1972)

5.2.1.3. Data Analysis

Statistical analysis was performed using SPSS v22.0 (IBM,aGbjcUSA) where data are

reported as mean standard deviation (xSDpata normality was checked using a Shapiro

Wilk test. Greenhous€&sei sser correction was applied upc
sphericity for ANOVAs(P < 0.05). Statistical significance was setRit< 0.05.Due to this

being a pilot study and the lack of prior data on the effects of MTC products in humans with

MetS from which to conduct power calculations, a minimum sample size of 10 was established

(Udaniet al, 2011)

To account for dayo-day physiological variances at goelus between conditiorfer each
variable, data was analysed as change frorphes for each time point measured poslus.
This enabled a fair assessment of the -po#its responses to each condition from-ipokis
across all variables. The pbelus time point was not incled as a covariate, as eway
ANOVA analysis indicated no significant differences between conditiBres ©.05) for all
variables at the prbolus time point, hence twway repeatedneasures ANOVA was

performed.

A within-group tweway, 3 x 6, condition (PA vs MTCC vs MTCJ) x time (30 minutes, 1, 2,
3, 4 and 5hours posbolus), repeatetheasures ANOVA design withosthoc Bonferroni
adjustment, measured differences for SBP, DBP, RMR, cardiac haemodynamic and PWA

parameters on change from fire@lus valuegor each condition.

Blood-based biomarkers were analysed using the same model but with a 3 x 3, condition (PLA

vs MTCJ vs MTCC) by time (1,-3and 5hours posbolus) design on change from grelus

175



Chapter 5. Acute Cardibletabolic Responses to Acute MTC Supplementation in MetS

values for each conditioA pairedsampled-testwas sed to identify differences between
individual data points within conditions and between conditions for the corresponding time

point.

Partial EtaSquared (Isamal) was used to report effect sizes for ANOVA where effects were

classified as small (0.60.08), moderate (0.6 . 25) and | arge (>0.25)

d effect size was used for pairedmpled-testand posthoc interaction comparisons where

effects were classified as no effect@Ql), small (0.20.4), moderate (0:6 . 7) and hi gh
(Cohen, 1998).

Bivariate correlations were performed between SBP and PWA parameters on change-from pre
bolus data for each time point measured {hodtis. Coefficients were classified as

weak(0.1-0.2), moderate (0-8.5), strong (>0.5) (Cohen, 1988).

5.2.2. Part B

5.2.2.1. Participants

Six (4 male and 2 female) participants with MetS (Tablé and 5.%from the original cohort

in Part Avolunteered for this additional arm of the study.
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Table 54. Baseline characteristics obtained during screening of all participants (n = €

Characteristics Mean +SD
Age (years) 53+13
Stature (m) 1.76 £ 0.13
Body Masgkg) 106.4 £ 25.0
BMI (kg.m?) 34+6
Whole-body Fat (%) 33+7
Trunk Fat (%) 31+12
Fat Mass (kg) 40 + 14
Fat Free Mass (kg) 57 +£16
Fasting Total Cholesterol (mmoi3). 3.86 £ 0.33
Fasting Insulin (pmol.1%) 104.50 + 20.04
HOMA2-IR (AU) 2.0+1.1
HOMA2-b  ( %) 106.1 + 41.1
HOMA2-%S (%) 64.6 + 35.2

AU (Arbitrary Units); BMI (Body Mass Index); HOMAZR (Homeostatic Model Assessmeaf Insulin
Resistance); HOMA-i (Homeostatic Model Assessment of pancreaticell function); HOMA2%S
(Homeostatic Model Assessment of Insulin Sensitivity)
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Table 55. Individual baselinecharacteristicef MetS criteriaobtained duringcreeningn =6).

Participant
Characteristics Mean = SD 1 2 3 4 5 6
Waist Circumference 109,64+ 13.9 102.2* 133* 119* 95 104.1* 104*
(cm)
Fasting Glucose 5.69 + 0.70 6.20* 5.33 6.50* 6.21* 5.12 4.79
(mmol.L})
Fasting Triglycerides 1 94 04 1.9% 2.0% 1.5 2.6% 2.1* 1.5
(mmol.L})
Fasting HDL 1.30 + 0.49 2.23 1.25 0.83* 1.19* 1.30 1.01*
(mmol.L'Y)
SBP (mmHg) 133 + 10 122 146* 143* 129 132* 126
DBP (mmHg) 80 + 10 67 90* 91* 72 72 85+

DBP (Diastolic Blood PressuyeHDL (High-density Lipoprotein)SBP (Systolic Blood Pressure).
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5.2.2.2. Procedures

The same procedures as in Part A were used during this arm, except for the supplement
provided. Additionally, due to an equigmt malfunction, RMR was not measuredhis arm.

5.2.2.2.1. Supplementation

This arm acutely administered MTCJ composed of 60 mL MTC conce(@htery Active,

Active Edge Ltd, Hanworth, UKjand 100 mL water (MTCJ60) (refer to Tables Sor

nutritional information comparing MTCJ60 to PLA, MTCC and MTCA¥ in Part A,
anonymity was achieved by explainingicht o par
suppl ement &6 woul d remce tarpcheoriesi ad thel specifit ssoutcenwas not
disclosed. Further anonymity was placed by indicating to participants placebo capsules may be
provided. Only 1/6 participants correctly distinguished between placebo and the interventions

provided.

Table 56. Nutritional information of 60 mL Montmorency tart cherry concentrate against
supplements previously provided.

MTC MTC MTC capsules Placebo
concentrate concentrate  (per capsule 435 (per130 mL)
(per 60 mL) (per 30 mL) mg)
Energy (kcal) 204 102 1.3 102
Carbohydrate (g) 49 24.5 0.3 25.35
of which sugars (g) 35.8 17.9 0.1 25.32
Protein (g) 2.2 11 Trace 0.03
Fat (g) 0 0 Trace 0
of which saturates (g 0 0 0 0
Fibre (g) 5.2 2.6 Trace Trace
Salt(g) 0 0 Trace 0
Total Anthocyanins 540 270 27 0

(mg)
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5.2.23. Data Analysis

The same statistical tests were performed a&sation 5.2.1.3with slight differences due to

study design.

As in Part Ato account for dayo-day physiologicavariances at prbolus between conditions
for each variable, data was analysed as change fro#oofue for each time point measured

postbolus.

A within-group tweway, 4 x 6, condition (PLA vs MTCC vs MTCJ vs MTCJ60) x time (30
minutes, 1, 2, 3,-4and 5hours posbolus), repeatetheasures ANOVA design withosthoc
Bonferroni adjustment, measured differences of SBP, DBP, RMR, cardiac haemodynamic and

PWA parameters.

Blood-based biomarkers were analysed using the same model but with a 4 x 3, condAion (P
vs MTCJ vs MTCC vs MTCJ60) by time (1, &d 5hours posbolus) design on change from
pre-bolus values for each conditioA. pairedsampleg-testwas used to identify differences
between individual data points within conditions and between condftiotise corresponding

time point.

Bivariate correlations were performed between SBP and PWA parameters on change-from pre
bolus data for each time point measured {hadns. Coefficients were classified as

weak (0.20.2), moderate (0-8.5), strong (>0.5) (Cohen, 1988).

Statistical analysis was only conducted on data obtained from the same six participants enrolled
in Parts A and BGiven the small sample size in this arm, individual physiological responses

were compared between interventions in addition to the aforementioned statistical analysis.
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5.3. Results

The presentstudy measured/ariablesrelevantto MetS, and asthe defining aspects insulin
resistanceseruminsulin and glucosewere regardedas primary endpoints.Other variables
focused on the other two main aspect®f MetS, cardiovascular dysfunction and

lipidaemia.Rawdatafor all variablesfrom PartA areprovidedin Appendix4.

5.31. Part A

5.3.1.1. Blood Biomarkers

Analysis of change from prdolus responses for serum insulin (Figure 5.3) showed a

significant main effect for condition (£ 20) = 3.653;P = 0.044, /12, = 0.27), time

2

(Fa.07, 1067= 13.411;P < 0.001, /7p

artial = 0.57) and interaction (£ 40)= 5.837;P = 0.001,

hsartial = 0.37). Posthoc comparisonson the interaction indicateBLA (60.84 + 54.34

pmol.L') increasedsignificantly more for the change from priolus to thour postbolus
compared to MTCG-9.86 + 22.78 pmol.tt) (P = 0.016,d = 1.70) A significantly different
response was also observed for the change frofh@us to 3hours posbolus between PLA
(-8.99 * 39.53 pmol.t) and MTCJ {48.80 + 50.01 pmol.t) (P = 0.028,d = 0.88).Posthoc
analysis on the main effect for condition showed PLA (12.01 + 41.60 ph)dhcreased
significantlymore @ = 0.039) than MTCJ-18.01 + 44.31 pmol.t). The change from-hour
to 3-hours posbolus was significant between PLA and MTCGoft= -2.295; P = 0.045,
d = 0.85) and between MTCJ and MTC@Goft= 3.361;P = 0.007,d = 1.06).The mean post

bolus change was lower in 9/11 participants with MTCC compared to PLA.
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Figure 53. Response curves for the mean (xSD) change in insulin concentrations from pre
bolus values to time points pdsblus for each condition. *Denotes significant difference
between PLA and MTCC atHour time point” Denotes significant difference between PLA
and MTCJ at hour time point®Denotes significant difference for change in insulin fro 1
hours posbolus between PLA and MTCJ against MT(STatistical analysiperformed bya
two-way, RM-ANOVA with posthocBonferroni adjustmentP < 0.05)

A tendency towards significance was observed for the interactipmoE 2.112;P = 0.097,

hsartial = 0.17) for LDL (Table 57). Statistical analysis fortotal cholesterol

(Fa.159, 11587~ 6.470;P = 0.023,/7§artial = 0.39), indicated a main effect for time onlyith

posthocidentifying differences betweentour(P = 0.(89, d = 0.62) and3-hours(P < 0.001,
d = 044) compared tdb-hours posbolus (Table5.7). No significant interaction and main
effects for condition or time were detected for glucose, triglycerides, HDL or TC:HDL

(P> 0.05) (Tablé.7).
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Table 57. Mean +SD dange from prdolus values t@ostbolus time points for selected bloo

based biomarkers per treatment condition.

Postbolus Time Points

1hr 3 hr 5 hr
PLA 0.35+1.67 -0.58 £ 0.85 -0.63 £ 0.67
Glucose
(mmol.L'Y) MTCC -0.11 £ 0.36 -0.22 £ 0.58 -0.28 £ 0.77
' MTCJ -0.22 +0.68 -0.79 £ 0.95 -0.72£1.22
Trial i PLA 0.1+0.2 0.1+04 02+04
rgyeerties MTCC 0.1+0.2 0.1+0.4 0.1+0.3
(mmol.L")
MTCJ -0.1+£0.3 0.0+0.2 0.1+04
Total PLA 0.04 £0.28 0.16 £ 0.47 0.29 £0.40
Cholesterol® MTCC -0.16 £ 0.51 -0.16 £ 0.59 0.15+0.64
(mmol.LY) MTCJ -0.05+0.25 -0.03+0.18 0.13+0.21
PLA -0.12£0.19 -0.10£0.16 -0.18 £ 0.19
MTCJ -0.07 £0.12 0.01+0.11 -0.09£0.17
PLA 0.27 £0.39 0.31+0.54 0.70 £ 0.64
TC:HDL (AU) MTCC 0.30+£0.72 0.07+ 0.55 0.39 £ 0.64
MTCJ 0.19+0.43 -0.04 £ 0.40 0.42 £ 0.62
PLA 0.25+049 0.36+ 0.9 0.70 + 056
LDL (mmol.L™?) MTCC 003+0.71 -0.07£ 085 006+ 0.66
MTCJ 0.08+ 052 0.12+0.33 024+ 0.66

AU (Arbitrary Units); HDL (Highdensity Lipoprotein); MTCC (Montmorency Tart Cherry Capsul&s)CJ

(Montmorency Tart Cherry Juice); PLA (Placebo); TC (Total Cholesterol). *Denotes significant main effect for
time with posthoc identifying differences between-Hour and5-hours posbolus.®Denotes significant main
effect for time withposthocidertifying differences between-Bours and 5hours posbolus.

5.3.1.2. Cardiac Haemodynamics

No significant main effects for condition, time or the condition by time interaction were
detected folSBP, DBP, MAP, SV, COCandTPR P > 0.05)(Table 58). However,individual
responses for the change from-padus to 2hours posbolus showed only 3/11 participants
with lower SBP after consumind’LA, while 6/11 participantbad lower SBP after ingesting
MTCC and 10/11 with MTCJThe mean change between P&+ 7 mmHg)and MTCJ

(-8 £ 6 mmHg)at 2hours posbolus was11 mmHg (Figure 5.4).
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HR responses revealed a significant interactedfect (Fuo, 1000 = 5.301; P < 0.00L,

/72

partial

= 0.35). Posthoc analysis displayed a tendency towards significance for HR at

30 minutes posbolus between PLA-{ + 3 beats.mih) and MTCC {5 * 5 beats.mif)
(P =0.080,d =0.27), where all 11 participants responded with lower HR atiBQtes post
bolus compared to piieolus with MTCC, whereas only 6 of 11 participants responded the

same way with PLA.
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Table 58. Mean £SD change from prévolus values to pogiolus time points foselected cardiac haemodynamic and PWA parameter

treatment condition.

Brachial DBP

(mmHg)

MAP
(mmHgQ)

Cardiac Output

(L.min"h)

Stroke Volume

(mL)

TPR

(mmHg-mint.L)

HR
(beats.mirt)

Aortic SBP
(mmHg)

PLA
MTCC
MTCJ

PLA
MTCC
MTCJ

PLA
MTCC
MTCJ

PLA
MTCC
MTCJ

PLA
MTCC
MTCJ

PLA
MTCC
MTCJ

PLA
MTCC
MTCJ

Postbolus Time Points

30 mins 1hr 2 hr 3hr 4 hr 5hr
3+4 5+7 5+5 8+8 5+7 4+6
1+9 4 +10 2+10 0+6 1+9 3+8
3+6 6+4 3+4 7+6 6+8 6+5
1+5 5+7 5+7 7+9 5+9 5+9
3+11 6+10 2+10 2+6 1+9 5+8
2+3 2+6 -4+5 4+7 4+8 -2+12
0.11 +0.96 -0.02 + 1.57 -0.31+1.32 -0.58 +1.03 -0.53+1.64 -0.35+1.44
-0.10 + 0.68 -0.24 + 0.99 -0.13+1.15 0.03+1.06 -0.31+1.48 -0.21 +1.37
-0.33+1.80 -0.46 + 1.46 -0.04 +1.98 -0.34+1.94 -0.62 +1.50 -0.61 +1.56
1+15 -1+19 -1+15 -5+19 5+24 2+24
6+11 -1+17 4+8 8+ 13 1+18 3+20
1+27 -4+ 19 1+27 -4 + 30 1+24 2+23
0.00+0.21 0.15 +0.37 0.14+0.31 0.26 + 0.46 0.16 + 0.27 0.09 +0.26
0.01 +0.17 0.09 +0.28 0.02 +0.37 0.08 +0.32 0.09 +0.39 0.12+0.34
0.08 +0.33 0.07 £0.27 -0.03+0.38 0.10+0.34 0.10+0.28 0.11 +0.35
-1+3 -3+x4 5+7 5+7 -7+8 17
-5+5 -4+5 4+7 -6+7 -5+10 -4+ 10
0+x5 -1+5 -5+6 -7+5 -7 +4 -8+6
1+7 3+8 4+9 2+11 4+8 5+5
2+5 4+9 4+ 14 2+10 2+8 4+6
-1+8 -1+8 2+7 1+4 2+7 3+7
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Aortic DBP PLA 0+6 0x7 3+14 35 4+7 2+7

(mmHg) MTCC 5+6 3+5 4+8 0+8 3+7 6+7
MTCJ 2+6 2+6 2+4 1+8 1+7 1+4
Pulse Pressure PLA 1+8 38 19 -1+8 0+6 35
(mmHg) MTCC 347 1+9 0+7 2+5 1+6 247
MTCJ 1+6 1+5 4+4 0+8 1+6 245
PLA 0+4 1+3 245 2+5 3+5 5+5

n$
Alxat(t}'?w MTCC 0+6 1+6 2+6 0+5 2+6 3+7
0 MTCJ 0+4 1+7 2+7 2+7 0+8 247
PLA 1+33 11 + 20 15 + 27 10 + 21 16 + 26 3+21
SEVR (%)  MTCC 15 + 23 9+16 17 +21 16 + 22 19 + 24 9+22
MTCJ 6 + 26 8 + 22 31+32 24 +31 21+31 12 + 20

Alx at HR75 (Augmentation Index at Heart Rate 75 bpm); DBP (Diastolic Blood Pressure); HR (Heart Rate); MAP (Mean Asgstiesd PmmHg (millimetres of Mercury);
mmHg (millimetres of Mercury); MTCC (Montmorency Tart Cherry Capsules); MTCJ (MontmoresautyCherry Juice); PLA (Placebo); SEVR (Subendocardial Viability
Ratio); TPR (Total Peripheral Resistance) *Denotes significant main effect for timpegithocidentifying differences betweentour and 2hours posbolus.”Denotes
significant main effet for time withposthocidentifying differences betweenHour and Shours posbolus.®Denotes significant main effect for time withsthocidentifying
differences between-Bours and 5hours posbolus.
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Figure 54. Mean (xSD) SBP, augmentation pressure (AP) and augmentation index (Alx)
response curves from respective-potus time points for each condition.
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5.3.1.3. Pulse Wave Analysis

A main effect fortime (F, s0 = 7.84; P < 0.001, hﬁartial = 044) only wasobserved for the

change in AP from prbolus. Posthocanalysis identifiedhechange in AP was lower bbth
1-hour(P = 0.@26, d = 0.63) and 2hours posbolus(P = 0.1, d = 081) against Shours post
bolus.However, individual responses showed 7/11 participants responded with lower AP at

2-hours posbolus with MTCJ, compared to 2/11 participants with REAgure 5.4)

2

Similarly, only amain effect fotime (Fs, so = 10.090;P < 0.001, /7,

ariias = 050) wasobserved

for the change in i from prebolus. Posthocanalysis showed Alx to be significantly higher
at 5hours posbolusthan all other posgbolus time pointsK < 0.05) except 4hours post
bolus Individual responses showed 9/11 participants reduced arterial stiffness at this time point

compared to prbolus with MTCJ, while only 2/11 responded in this manner with figure

5.4). There were no significant correlatiohse t ween SBP an &=®40% or( }

AP ()} #=0.2417) at3hpurs posbolus for MTCJ.

No significant main effects for condition, time or interaction were detected for aortic SBP,

aortic DBP, and pulse pressuRex0.05). A maireffect for time was detected for Alx at HR75

(Fs, 50 = 7.747;P < 0.00L, /1), = 0.44) and SEVR (F s = 3.903; P = 0.005,

hﬁamal = 0.28) (Table B). Posthoc analysis identified the change in AP was lower at

30-minutes(P = 0.87, d = 0.64), 1-hour (P = 0.001, d = 0.38 and 2hours posbolus

(P=0.001, d=0.67) compared t®d-hours posbolus.

5.3.1.4. Resting Metabolic Rate

Resting EE and BR did not show main effects for condition, time or interactiBr>(0.05)
(Appendix 4).No main effects for condition or interactioR & 0.05) were seen, however

significant main effects for time were observed for resting fgt 6= 18.096;P < 0.001,
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N} i = 0.64) and carbohydrate oxidations(fo) = 16.750;P < 0.00L, /7%, = 0.63).

Fat and arbohydrate oxidatiorwere found to be lower at all time points compared to

30-minutes posbolus @ < 0.05).

5.3.2. Part B

5.3.2.1. Blood Biomarkers

Analysis of change from piieolus responses for serum insulin (Figure 5.5) showed a

significant main effect fotime (Rx1.091, 5.454= 18.99;P = 0.006,/7§artial = 0.79) and interaction

2

(e, 30)= 4.046;P = 0.004, /1,

artial = 0.45). The difference betweerhburto 3-hours post

bolus with change from piigolus data was significant between MTCC and MTyH8.361;

P = 0.020,d = 1.34) and between MTCC and MTCJ6@) & 3.909;P = 0.011,d = 1.76).
Analysis of individual responses for mean postus changes from prbolus suggested a
greater reduction in insulin concentrations in 4/6 individuals with MTCJ60 compared to MTCJ.
Additionally, individual responses showed a greater reduction in insulin concentrations in 4/6

individuals with MTCJ60 compared PLA.
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Figure 55. Response curves for the mean (xSD) change in insulin concentrations from pre
bolus values to time points pdsblus for each condition®Denotes significant difference
between dhour time point. *Denotes sigitant difference for change in insulin from3thours
postbolus between MTCC and MTC®Denotes significant difference for change in insulin
from 1-3 hours posbolus between MTCC and MTCJ60.
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Change from prbolus responses for serum glucose conceatratidid not show any
significant main effects for condition, time or interacti®®™0.05).Change from prd&olus to
postbolus values for selected glycaemic, insulinaemic and lipid variables are presented in

Table 59.

Table 59. Mean +SD dange from prdolus values to podiolus time points for selected bloo
based biomarkers per treatment condition.

Postbolus Time Points

1hr 3 hr 5 hr

PLA 0.75 +2.23 -0.60 + 0.87 -0.49 + 0.56
Glucose MTCC -0.22 £0.37 -0.44 + 0.56 -0.49 + 0.41
(mmol.L'Y) MTCJ 0.08 + 0.49 -0.39 + 0.62 -0.35+1.10
MTCJ60 0.24 +0.74 -0.50 + 0.48 -0.43 +0.68

PLA 0.1+0.2 0.1+0.3 0.1+0.4

Triglycerides MTCC 0.1+0.2 0.1+0.2 0.0+0.3

(mmol.LY) MTCJ -0.1+0.2 0.1+0.2 0.2 +0.3

MTCJ60 0.1+0.3 0.3+0.6 0.3+0.6
PLA -0.16 + 0.25 -0.16 +0.17 -0.24+0.19
HDL MTCC -0.05+0.17 -0.03 + 0.06 0.04 +£0.17
(mmol.LY) MTCJ -0.04 +0.11 0.00 £ 0.14 -0.05+0.17
MTCJ60 -0.01 +0.09 0.04 +0.08 0.01+0.17
LDLA PLA 0.23 +0.63 0.41 + 0.56 0.63+0.44
(mmol.LY) MTCC 0.31 +0.47 0.34 +0.41 0.31+0.34
MTCJ -0.11+0.33 0.24 +0.30 0.33+0.43
MTCJ60 -0.12 + 0.47 -0.01+0.74 0.27 + 0.99
PLA 0.23 + 0.50 0.43 +0.67 0.85+0.61
TC:HDL* MTCC 0.33+0.82 0.20 + 0.46 0.38 +0.77
(AU) MTCJ -0.01+0.27 -0.07 + 0.53 0.30+ 0.48
MTCJ60 -0.24+0.26 -0.41+0.44 -0.14+0.2

AU (Arbitrary Units); HDL (Highdensity Lipoprotein); MTCC (Montmorency Tart Cherry Capsul&$)CJ

(Montmorency Tart Cherry Juide30 mL dose); MTCJ60 (Montmorency Tart Cherry Jai& mL dose); PLA
(Placebo); TC (Total Cholesterol). *Denotes significanain effect for time witiposthocidentifying differences
between 2hours and 5hours posbolus.”Denotes significant main effect for time wigosthoc identifying
differences betweentlourand 3hours against-hours posbolus.
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No significant interaction or main effects for condition or time were detectedofar
cholesterqltriglycerides and HDLK > 0.05) (Table ®). Individual responses demonstrated

a reduction irtotal cholesterofor all 6 individuals with MTCJ60 compared to MTCJ when
analysing mean pos$iolus change from p#eolus data (Figure 5.6). Mean pdilus change

from prebolus showed 5/6 individuals responded with higher concentrations of HDL after
MTCJ60 consumption eopared to PLA. Furthermore, 4/6 individuals responded with higher
HDL concentrations after MTCJ60 supplementation compared to MTCJ, while no change was

seen in 1 individual.

1.20
1.00 - =0—PLA
0.80 1 T MTCC
0.60 - T =@=MTCJ
0.40 1 —@—MTCJG0

ol
—

-0.20 A

-0.40 A

-0.60 A

Change from Prebolus for Total
Cholesterol Concentration (mmol.L1)

-0.80 A

-1.00 -
1hr 3hr 5hr

Postbolus Time Points

Figure 56. Mean (xSD) change in total cholesterol centrations from pr&olus for all
conditions.

No main effects for condition or interaction were obser¥ed (.05) for TC:HDL ratio (Table
5.9), however individual responses showed mean-pokts change from préose improved
in all 6 individuals with MFCJ60 compared to MTCJ, and in 5/6 individuals with MTCJ60

compared to PLA.

No significant main effects for condition or interaction were found for LIBL>(0.05)

(Table 59).
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5.3.2.2. Cardiac Haemodynamics

A significant interaction effect wasbserved fothe change i®BP (Fis, 75= 1.842;P = 0.044,

hiartial = 0.27) with posthoc comparisons identifying a tendencl & 0.088) towards
significance between PLA (4 + 8 mmHg) and MTGED1(x 6 mmHg) at zhours posbolus
(Figure 5.7). No other main effects for time or condition were detected with SBR.05).
Examination of individual responses showed 4/6 participants had lower SBP with MTCJ

compared to MTCJ60 when averaging change frorbphes across all postolus tme points.

Statistical analysis did not detect any main effects for condition, time or interaction for DBP,

MAP, TPR, CO and SVR > 0.05) (Table 3.0). Heart rate responses only demonstrated a
significant main effect for time (§ 25= 13.274;P < 0.001, hﬁartia, = 0.73) with 30-minutes

postbolus decreasing more tharh8urs posbolus P = 0.037, d = 0.75). Additionally, heart
rate at thour postbolus reduced significantly more tharh@urs P = 0.006, d = 0.31),

3-hours P = 0.022, d = 057) and 4hours posbolus P = 0.036, d= 057).

24 1 —0—PLA
MTCC
15 - ~@=MTCJ

] T i —e—MTCJ60

Change from Prebolus for SBP (mmHg)

30 min 1hr 2 hr 3hr 4 hr 5hr
Postbolus Time Points

Figure 57. Mean (£SD) change in SBP from guelus for all conditions.
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Table 510. Mean £SD change from préolus values to pogiolus time points for selected cardiac haemodynamic parameters per tre
condition.

Postbolus Time Points

30 mins 1hr 2 hr 3 hr 4 hr 5hr
PLA 4+5 6+8 6+7 8+10 4+8 6+7
BrachialDBP  MTCC 349 0+10 246 2+6 0+10 0+4
(mmHg) MTCJ 3+5 6+4 3+4 8+6 6+6 3+6
MTCJ60 0+5 0+7 247 1+9 6+6 4+9
PLA 3+5 9+6 6+7 9+11 6+ 10 8 +10
MAP MTCC 2+11 3+9 3+7 1+7 1+9 3+5
(mmHg) MTCJ 142 244 414 544 2+8 4+13
MTC60 1+5 1+8 0+8 1+9 4+10 4+9
_ PLA 244 344 544 7+6 7+7 746
Resting HR — \1cc 617 416 6+8 817 6219 77
(beats.mirf) MTCJ 1+5 3+6 747 8+6 8+5 10+5
MTCJ60 1+3 0+5 442 544 6+7 4+4
PLA  -035+091 -013+217 -055+1.61 -0.42+0.67 -0.76 £ 0.84 -1.19 +0.80
Cardiac Output MTCC ~ 0.22£0.44 012107  026+048  0.06+0.91 .0.13 + 1.16 0.06 + 0.72
(Lmin) MTCJ  -030+1.66 -048+182 -043+152 -0.32+1.62 -0.53 + 1.40 -0.65 + 1.44
MTCJ60 0.31+2.47  062+3.05 -056+253 -1.22+2.28 -1.08 + 2.04 0.01 +3.23
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PLA 5417 9+ 2 6+ 17 1+ 9+ 18 11+ 20
Stroke Volume ~ MTCC 4+7 4+21 9+4 12+ 15 6+ 17 13 +13
(mL) MTCJ 3+ 19 4+2 2+ 24 13+ 27 4+23 3+ 25
MTCJ60 8+ 28 11+31 1+28 6+ 17 6+ 26 12+ 23
PLA 000+021  015+037 014+031  0.26+0.46 0.16 +0.27 0.09 +0.26
TPR MTCC  001+0.17  0.09+028  0.02+037  0.08+0.32 0.09 + 0.39 0.12 +0.34
(MmHg-min™L)  \yitcy 008+033  007+£027  -003+038  0.10+0.34 0.10 +0.28 0.11+0.35
MTCJ60 -0.19+026 -013+034 001+026  0.04+0.28 0.11+0.26 -0.06 + 0.38

DBP (Diastolic Blood Pressure); HR (Heart Rate); MAP (Mean Arterial Pressure); mmHg (millimetres of Mercury); MTCC (Mocyni@erCherryCapsules); MTCJ
(Montmorency Tart Cherry Juice); MTCJ60 (Montmorency Tart Cherry Juice 60 mL); PLA (Placebo); TPR (Total Peripheral esistanc
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5.3.2.3. Pulse Wave Analysis

No main effects were found for aortic SBP> 0.05) (Table 8.1). However, 5/6 individuals
responded with lower aortic SBP after MTCJ60 consumption compared to PLA when assessing

mean posbolus change from p#eolus.

Pulse pressure showed a tendency towards significance for the interaction feain ef

2

(Fas, 75= 1.690;P = 0'071'hp

ariial = 0.25) (Table 3.1). Individual responses highlighting all

6 participants had narrower mean plslus pulse pressure with MTCJ60 compared to BLA
30 minutes posolus Moreover, hdividual responses showed 4/6 participants with narrower

mean posbolus pulse pressust 4hours posbolus withMTCJ compared to PLA.

Similar to pulse pressure, individual responses for Alx sugge#tefdadticipants had more

compliant arteries with MTCJ60 compared to PLA wlaaalysingmean posbolus change

2

from prebolus.A significant interactioreffect (F(s, 75)= 1.943;P = 0.032,/7p

artial — 0-28)

was observed with Alx (Table Bl); with differencesshowingMTCJ (3 £ 11%])to increase

more tharMTCJ60 (2 + 6%) at30 minutegpostbolus P = 0.015,d = 0.57).

2

A main effect for time was found for AP §f5= 5.994;P = 0.001,/7p

artial = 0.55) although

individual responses indicated all 6 participants responded with lower AP with MTCJ

compared to PLA at-Bours posbolus (Table 511). Finally, a main effect of time was
observed for SEVR (F 25 = 3.947;P = 0.009,/7§artiall = 0.44). No other main effects for

condition or interaction were foun®& ¢ 0.05) (Table 3.1). Posthocanalyses were unable to

detectdifferences for the main effect for time with AP and SEVR.
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Table 511. Mean £SD change from pe-bolus values to podiolus time points for selectédVA parameters per condition.

PLA
Aortic SBP MTCC
(mmHg) MTCJ
MTCJ60
_ PLA
Aortic DBP MTCC
(mmHg) MTCJ
MTC60
PLA
Puls((ZFL’Jr)essure MTCC
MTCJ
MTCJ60
PLA
Alx at HR75 MTCC
(%) MTCJ
MTCJ60
PLA
MTCC
0
Alx (%) MTCJ
MTCJ60

Postbolus Time Points

30 mins 1hr 2 hr 3hr 4 hr 5hr
6+4 6+9 8+7 9+8 9+5 8+3
1+6 6+11 5+17 1+11 1+9 3+6
1+9 -1+10 5+7 1+3 2+9 4+9
-1+4 -3+7 1+6 3+7 4+7 2+8
12 + 13 10+ 12 14 + 12 12 + 16 11 +10 11 +12
1+3 1+8 -4+8 -1+6 3+8 -3+6
-3+6 5+5 1+4 2+9 -2+6 2+5
-1+5 0+8 1+8 1+9 4+10 3+9
6+7 -4+8 -6+11 -3+5 -2+5 -3+7
0+7 5+8 1+5 0+3 -2+8 0+9
2+7 -6+5 4+ 4 -1+6 0+4 2+2
-2+6 -3+7 0+7 2+8 0+5 -1+ 4
1+4 0+4 5+5 4+5 5+6 6+5
3+7 -2+5 -2+8 1+6 2+7 3+9
2+4 1+9 3+7 -2+8 2+8 5+8
-1+5 -1+9 2+9 2+8 3+10 4+11
2+4 2+5 6+6 5+7 7+8 6+6
0+8 2+8 1+6 3+7 5+9 6+9
3+5 3+11 -2+8 1+7 6+9 7+8
-2+6 2+8 -1+10 3+9 4+10 4+11
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Augmentation PLA 2+2 2+5 3+5 5%5 5t4 64
Pressure MTCC 1+4 3+5 2+4 2+3 3+4 5+6
(mmHg) MTCJ 2+4 0+5 -2+3 1+6 2+6 54

MTCJ60 -1+3 -1+3 3+3 2+2 32 2+4
PLA -6 + 43 8+25 13+ 32 10+ 18 15+ 28 1+21
SEVR (%) MTCC 13+ 28 4+ 20 17 + 22 15+ 23 13 + 23 11+28
MTCJ 10 + 32 14 + 27 41 + 40 30+41 20+ 32 21 +10
MTCJ60 -1+£9 -2 + 26 8+17 8+23 -5+31 -5+16

Alx at HR75 (Augmentation Index at Heart Rate 75 bpm); Diastolic Blood Pressure (DBP); mmHg (millimetres of Mercury); MOr@@orency Tart Cherry Capsules);
MTCJ (Montmorency Tart Cherrduice); MTCJ60 (Montmorency Tart Cherry Juice 60 mL); PLA (Placebo); Systolic Blood Pressure (SBP); SubendocardiaRatdility

(SEVR).
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5.4. Discussion

Cardiometabolic responses to MTC had not previously been examined in humans with MetS,
thus providing an aim for this study. Since the inception of the present stldysoret al.

(2017) published an abstract outlining the effects of chronic supplementation of MTCJ on
cardiac haemodynamics, arterial stiffness and blmskdcardio-metabolicbiomarkers in
humans with MetSHowever, the present study examined the camtkétabolic responses of
humans with MetS to an acute bolus of MTCC, 30 and 60 mL MTCJ in a randomised, placebo

controlled trial, thus adding further noveltytbfs research.

The hypotheses were partially accepted as the key findings demonstrated significantly lower
postprandial responses to insulin with MTCJ compared to Rl a blunted insulin response

with MTCC compared to PLA -hour postbolus. In accordace with previous research (Keane

et al.,2016b),individual responses show&BPto belower with MTCJ compared to PLA,
2-hours posbolus. Individual responsedsoshowed MTCJ60 consumption increased HDL.
Finally, responses between MTCC and MTCJ werestatistically different, thus refuting the
hypothesis that MTCC may be superior than MTCJ; although physiological differences were

apparent at particular time points for certain markers.

5.4.1. Metabolic Responses

Findings from the present research showi@ mean posbolus change forinsulin was
significantly lower with MTCJ{18.02 + 44.31 pmol.t) than PLA (12.01 + 41.60 pmot),
and significantly lower than PLA att3ours posbolus.Also, insulin responses betwePhA
and MTCC were physiologically differemthere the mean change from pb®lus across all
postbolus time points increased with PLA but decreased by 20.61 pfulith MTCC.
However,acaveabf these findingss that theywerelikely influenced bythe high carbohydrate

content (99.88% of which sugars) in the placebo, where maltodextrin was added to match the
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energy content of the placebo to MTCJ. Consequently, this provoked a contrived response with
the placebo on insulin, making comigans against MTCC and MTCJ difficult. Nevertheless,

as this was the first study to assess acute glycaemic and insulinaemic tolerability to MTCC and
MTCJ consumption, it is possible to discern novel findings. A blunted insulin response
throughout the #hour postbolus period with MTCC was observed, as the 10 capsules ingested
contained only 1 gram of -carbohydraté&dditionally, in alignment with MTC
pharmacokineticgKeaneet al, 2016b) absolute insulin concentrations ah@urs posbolus

were similar between MTCC (77.42 + 3.04 pmd).land MTCJ (76.53 + 8.95 pmol}). This
highlights the roleof MTCJ phytochemicals in reducing insulin to a similar concentration as
MTCC, despite differences in glycaemic load. Remarkably, data from Part B also showed
similar absolute insulin concentrations for MTCC (76.74 *+ 41.39 pmpl.IMTCJ

(70.15 + 39.28 pmol.tt) and MTCJ60 (82.97 + 14.21 pmot) at 3hours posbolus. This
indicates the absence of a doesponse effect with MTC phytochemicals but also a boundary
level at which insulin concentrations could be reduced to. Interestingly,sithiéar
concentrations suggest no difference between the delivery of MTC phytochemicals in capsule
or juice form, indicating no enhancement of phytochemical bioavailability with capsules.
However, MTC interventions effectively blunted insulin responsesnwiarent anthocyanin

and secondary metabolite plasma concentrations were likely at their greatest.

The high glucose load in the placebo elicited a significantly higher insulin secretion response
1-hour postbolus compared to MTCC. Additionally, MTC antlyanins may have inhibited
glucose absorption across the apical membrane of enterocytes into systemic circulation via
suppression of SGL-I (Alzaid, 2013) Furthermore, findings from Part B would support the
mechanism that saturation of anthocyanins andrskary metabolites at a threshold (Wallace,
Slavin and Frankenfeld, 2016) around02mg, limited uptake and subsequently SGLT

activity. This likely explains the similar glucose concentrations between MTCJ and MTCJ60,
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despite MTCJ60 possessimpuble the total carbohydrate and sugar conteikewise,
insulinaemic and glycaemic responses to 7 days of New Zealand blackcurrant powder (NZBP)
supplementation suggested a 14.3% reduction in fasting insulin compared to @Wikeohs

et al, 2017) Crucially, the authors measured fasting insultholir postconsumption of the

final bolus, implying an acute effect of NZBP on insulidillems et al. (2017)ascribed the
decline in insulin to improved insulin sensitivity. A similar mechanism may be cited to explain
MTCJ and MTCC rgsonses, given baseline HOMAR (2.2 £ 14) and HOMA2%S

(60.4 £ 27.3% values indicated insulin resistan(@ueiroz et al, 2009)and low insulin
sensitivity, respectively. Lower insulirombinedwith normal glucoseconcentrationsnay
suggest MTCJ and MTCC improved insulin sensitigijillemset al, 2017) Such as response

may subsequently r e v e nt  pcallmlacotexeity(Ariot, iRiva and Vinet, 2016thus
reduci ng t lealsbly avertthgeaxcess msulin secretidivaradoet al, 2016) The
direction of the insulinaemic response provides evidence that MTCC may be a more tolerable
intervention for individuals with dysfunctional glycaemic control and insulin resistance, such
as type 2 diabetics. Moreovét,is possible tat shortterm inprovements in insulin control

with MTC interventions, may develop into lotgrm adaptations with consistent use.

5.4.2. Cardiovascular Responses

The most noteworthy cardiovascular response was the reduction in SB®w@isZosbolus
with MTCJ comparetb PLA, in both Parts A and B. This finding was consistent with previous
literature assessing SBP with cherry interventigfant et al.,2015a; Keanet al, 2016bc;
Chai et al, 2018) Keaneet al. (2016bc) observed significantly lower SBP with MTCJ
compared to PLA for the first-Bours afte ingestion, with peak reductions of 7 mmHg at
2-hours posbolus (Keaneet al, 2016b) and 6 mmHg atHour postbolus (Keaneet al.,
2016c¢). Similarly, the present study observed the greatest reduction inR88BmKQ) also at

2-hours posbolus, suggesting MTCJ modulates SBP at this time point as it likely coincides
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with parent anthocyanin and metabolite pharmacokinetics (Keaaé, 2016b). Likewise,

sweet cherry juice also had its greatest effect on SBBA mmHg) zhours posprandially,

in old and young adult&ent et al, 2015b) with the authors attributing the improvement to

the parent anthocyanins but not phenolic mettdsmlas peak metabolite concentrations did
not coincide with the time course of the observed effect. Interestingly, modulation of SBP with
MTCC did not occur, despite administration of the same total anthocyanin content. Based on
Keaneet al. (2016b)explaining PCA and VA from MTCJ, likely exertéde dampened SBP
response, it may be that these metabolites were not present at physiologically relevant
concentrations within systemic circulation with MTCC, potentially due to the variable
mechanics of capsule shell disintegration impeding anthocyariaboism. Since data from

Part B seems not to indicate a dossponse effect for SBP, it is less surprising that the mean
reduction in SBP across thehbur postbolus period was greater in 4 of 6 individuals with

MTCJ than MTCJ60.

Hypertension and isolatl systolic hypertension increase CVD r{#leresinet al, 2017)
however, mean SBP reductions of at lea8trBmHg ove 5 years has been linked with a lower
risk of coronary heart disease and stroke b22% and 3510%, respectivelyCollins et al,
1990) Bundyet al.(2017)also reported a reduction in SBP >5 mmHg was clinically relevant
and associated with lower CVD/mortality risk. Thus, the magnitude of change with MTCJ
indicates clinically relevant reductions in SBRean difference between MTCJ and PLA at
2-hours posbolus of-11 mmHg Consequently, this emphasises the highly potent hypotensive
properties of MTCJ and the effect of a lower MTCJ dosage compakezhteeet al. (2016b)

This finding is of high importance as approved -duyfpertensive drugs, with associated
harmful side effects, lower SBP by a comparable magn{fBdenlage and Hasford, 20083
MTCJ, which currently has no known side effects. A limitation of examiningeacardio

metabolic responses is low ecological validity and biological significance of the results
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(RodriguezMateoset al, 2013) However, longterm studies supplementing téeaneet al,
2016c)and sweetKent et al, 2015a)cherries have also been shown to lower SBP, although

only in subjects presenting elevated baseline SBP.

The present study demonstratadividual response®r arterial stiffnessvere improvednly

at 2hours posbolus with MTCJ compared to PLA. However, pulse pressure, AP and TPR as
indicators of vascular stiffness were not significantly improved with MTCJ. Furthermore, Alx
or AP were nosignificantly correlated to SBP athdurs posbolus with MTCJ; modulation

of arterial stiffness does not explain the reduction in SBP at that time point. These findings
align with previous research pertaining to supplementation of MTCJ on artefrss{t.ynn

et al, 2014; Keaneet al, 2016b; Johnsoet al, 2017) The rapid effect of Alx and AP
improvement with MTCJ60 may be explained by its pharmacokinetics, where Keahe
(2016a) showed significantly greater serum PCA and VA concentratiboarlpostbolus of

60 mL MTCJ compared to PLA.

A chemical mechanis involving NO and/or ACE inhibition may explain BP responses. Keane

et al.(2016b) were unable to demonstrate augmented plasma nitrate/nitrite concentrations after
60 mL MTCJ consumption, rendering N@ediated vasodilation less likely. Conversely,
Kirakosyan et al. (2018) demonstrated MTC extract to inhibit ACE, potentially explaining
reductions in SBP (MTCJ), aortic SBP and narrower pulse pressure (both with MTCJ60) from
the present study; future work should assess ACE inhibition in humans. Howevemitanto
stimulation of eNOS and ACE inhibition should not be ruled out. Aortic SBP can be used for
assessing the effectiveness of diypertensive treatments with respect to cardiovascular risk
factors(McEniery et al, 2014) supporting MTCJ60 as @otentially safe yet effective anti

hypertensive intervention.
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MTCC induced vasodilation may have facilitated greater vemeturn thus explaining HR,

SV and CO responses 2@ minutegpostbolus. A similar mechanism was provided ®gok

et al. (2017) in response to acute, encapsulated NZBE supplementation. The observed
response with MTCC was remarkable, as disintegration of the capsule shell réguiriesites

(Lown et al, 2017) indicating an immediate response after dissolution. Subsequently,
provision of MTC in liquid form (MTCJ) may facilitate faster abgarp of phytochemicals
(McGhie and Walton, 2007; Bohn, 201#han MTCC. However, the lack of response with
MTCJ would suggest eithextensive degradation by salivary amyl@samonpatana, 2012)
and/or a delayed uptake of secondary metabolites and phase Il conjgatesde®t al,

2014) This delayed uptake of metabolites may be theliratiéng step.

In agreement with responses observed participants with MetS during the present
investigation,Johnsoret al. (2017) reported 12 weekMTCJ consumption tended to lower

total cholesterdbut had no significant effect on other lipids. Despite-sgmificant statistical
differences, individual responses in Part B of the present study showed all 6 participants had
lower mean posbolus totd cholesterolconcentrations after 60 mL MTCJ consumption
compared to 30 mL MTCJ. This suggestdal cholesterolmay be more sensitive to

improvement at higher phytochemical concentrations.

5.4.3. Limitations and Future Work

As with all research, certalmitations are apparent. Firstly, the artificial effect of the placebo

on glycaemic and insulinaemic responses influenced the data and nullified comparisons against
MTC interventions. This was an oversight on the part of the researcher, despite the initia
intention to calorie match the placebo against MTCJ. Subsequent studies should match the
placebo for relative percentages of macronutrients to total energy or utilise a water placebo if
aiming to evaluate the intervention as a whole, including detrimeffiégets of juices such as
sugargPeluso and Palmery, 2014)
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Secondly, as this was a pilot investigation the sample size was small limiting conclusions.
However, this pilot investigation served its purpose in indicating null responses and potential
benefits of MTCC, MTCJ and MTCJ60 consumption on camdéabolic mekers in
participants withMetS. This preliminary data serves to inform the design of future clinical
trials with larger sample sizes to determine whether there is any clinically relevant benefit of

MTC consumption.

Third, the phytochemical pharmacokirstiof MTCC was and remains unknown. Thus, there

is a necessity to address this gap to enable better understanding of the data from this study and
future work incorporating MTCC. Additionally, any advantageous responses observed with
MTC interventions may é due to a residual synergistic effect of habitually consumed
polyphenols, as this study aimed to uphold ecological validity by permitting habitual
polyphenol intake. The beneficial responses observed with MTCJ and MTCJ60 compared to
MTCC and PLA, may be eonsequence of other nutrients, such as fibre which was shown to
reduce SBPtotal cholesteroand posfprandial glucose and insul{rlodgson, 2004)aligning

with findings from the present study. Although much attention has been given to the beneficial
effects ofanthocyanins and their metabolites, the synergistic influence of other phytonutrients

within MTC require consideration.

Finally, acute cardianetabolic responses were monitored during this study, however to
enhance ecological validity and clinical relaga, data from longegerm responses humans

with MetS is required

5.5. Conclusion
This research is the first to present data that acute administration of MTC interventions in
capsule and juice form can modulate certain camgtabolic markers in humarwith MetS.

Further evidence is provided that MTCJ is an effective;rfigwintervention for lowering SBP
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in various populations and should be considered for individuals with isolated systolic
hypertension. Future work should consider monitoringn@dr ambulatory BP responses to
MTCJ.Chapter 4indicated a limited effect of MTCJ in healthy humans, therefore pathological
populations should be studiddespite recruiting humans with MetS in this study, the effects
of MTC seemed to only apply to certain variables which were abnormal at baseline. The
physiological responses to each MTC intervention differed depending on the reeetaioolic
marker examinedalthough there were no statistical differences between MTCC and MTCJ. A
doseresponse effect was not apparent, however individual responses sudyESt#ED may
reduce atherosclerotic and cardiovascular r@&nsequently, recommendations for which
MTC intervention is most suitable should be based on the eaneliabolic marker that requires

mo st attenti on, wi th consi deanetabblic loealth.o f t he
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Chapter 6

Effects of Short Term Continuous Montmorency
Tart Cherry Juice Supplementation in Participants
with Metabolic Syndrome: a pilot study
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6.1. Introduction

In keepingwith the themes of this thesis, the present chapter examined the effects of 7 days
continuous MTCJ supplementation in humans with M&tsapter 5 highlighted for the first

time that MTC interventionmay exertbeneficialeffects on certaicardiometabolc markers

in humans with MetS. In acknowledgement of some of the limitations wétrapter 5, this
chapter aimed to assess cardietabolic function and potential mechanisms more conclusively

in order to further understanding of these responses in thisybar population.

The prevention of CVD and T2D would be a major step in retarding the current exponential

rise in global prevalence and incidence rd&orld Health Organisation, 2017; Cled al,

2018) MetS augments the incidence of CVD byoRl and T2D by Hold (Falkner and

Cossrow, 2014)Dietary interventions to prevent and mitigate MetS are sought after as they
can conveniently be i mpl e ménthdécgadins,iarsublassan 1 ndi
polyphenols, and their metabolites possess potentoztative and antinflammatory

properties and have been shown to improve MetS symp@imeet al, 2018) Furthermore,
section2.2.5.2.2.1lhighlighted improvements in cardimaetabolic function after consumption

of anthocyanirrich interventions in humans with MetS.

Montmorency tart cherries are rich in phytochemicals including anthocyanins, however their
bioefficacy may be attriied to downstream metabolites and synergisms with other nutrients
within MTC, which may also induce health benefkganeet al, 2016abc; Kirakosyaet al,

2018) Insulin resistance is key to the underlying pathophysiology of MetS and anthacyanin
mediated improvements in g and glucose metabolisfBelwal et al, 2017)can ameliorate
many of its associated symptoniBsuda, 2008)Willems et al. (2017) reported 7 days
continuous consumption of anthocyamich NZBP likely increased insulin sensitivity in
healthy individuals. Furthermey chapter 5 suggested the MTC interventions may have

elicited improvements in insulin sensitivity atldus p a n ¢ r ecalltfunaion fibased on
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glycaemic and insulinaemic responses observed amongst particiyiiinidetS Thus, to test
this hypothesis th@resent study assessed surrogate markers of insulin sensitivity, insulin

resi st ance -aell unctpmaaiter sherarm,icantinbous MTCJ supplementation.

Chapters 4and5 discussed provision of small artkidant dosages, based on the conoépt

hormesis, may be more effective at inducing cellular, molecular and thus functional changes to
improve health; as supported Wallace (2011) and Wallace, Slavin and Frankenfeld (2016)

Greater mprovements of functional and blob@sed cardianetabolic biomarkerpreviously

measured irchapter5may be i nduced after multiple days
oxidant dosage. Thus, a 30 mL dose of MTC concentrate (270 mg anthocyanins) was provided

for 7 days, ashapter 5did not indicate any further improvements in candlietabolic function

with 60 mL MTC concentrate or MTCC. Additionally, the lower dosage is thought to retain

more anthocyanins and secondary metabolites in systemic circulation for longer; maximising

their bioactive propertigSeymouret al, 2014) Lastly, the lower dosage is more economically

viable for consumers, making this research more ecologically valid.

Centred aroundhapter 5, cardiemetabolic responses were also observest ah acute bolus

of MTCJ, on the ' day of supplementation, when bioavailability of MTC phytochemicals are
thought to be greatest. Subsequertis may explairthe clinically-relevant reduction in SBP

at 2hours postonsumption of tartKeaneet al, 2016b)and swee(Kentet al, 2015b)cherry

juice, due to the pharmacokinetic profile dfeir anthocyanins and secondary metabolites. A
caveat of recommending MTCJ as an intervention for managing hypertension is that greater
clinical evidence is required which can be applied to normal-tlaihg conditions. This can

be achieved through Zdour ambulatory blood pressure monitoring (ABPM), instead of the
lab-based BP measurements obtained by previous studies involving cherry interventions
(Ataie-Jafariet al.,2008; Kelleyet al, 2013; Lynnet d., 2014; Kentt al.,2015ab; Keanet

al., 2016bc; Johnsoet al, 2017; Chaet al, 2018) which can be affected by phenomena such
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as white coat syndron{élodgkinsoret al, 2011) Moreover, 24hour ABPM is deemed to be
the reference standard for accurate assessment of cardiovascular risk i(Hadigksnsonet

al., 2011; Hermidaet al, 2015) Hence, this study measuredt2zdur ABPM before and after

7 days of MTCJ supplementation, $t®teet al. (2017)demonstrated a trend towards reduced
SBP after 7 days blueberry juice supplementatieurthermore,chapter 5 corroborated
findings from previous literature of swe@ent et al.,2015ab)and tart(Keaneet al, 2016a;
Keaneet al, 2016b; Chaet al, 2018)c h e r r i-lgpedensavenproperties, specifically in
participants withMetS; however, the mechanism of action has yet to be elucidated. &eane
al. (2016b) were unable to demonstrate increased NO bioavailability, Wwnilstet al.(2014)
Keaneet al.(2016b) and data frochapter 5did not indicate significant modulation of arterial
stiffness with MTCJ. Therefore, an alternative mechanism involving ACE inhibition was
hypothesised in the present study, sitdeakosyanet al. (2018) observed 88.7% ACE

inhibition in vitro with MTC extract.

The presenstudy aimed to expand updohnson'®t al. (2017)study by examiningardio
metabolic responses after shtatm (7 days), continuous MTCJ supplementation and acute
responses to a singbmlus, in humanwiith MetS The study also aimed to provide data using
clinically-relevant methodologies and explain mechanismactbn for observed responses
with MTCJ. It was hypothesised that MTCJ would improve glycaemic and insulinaemic
function through increasing insulin sensitivity. Moreover, MTCJ would maintain reductions in
SBP 2hours postonsumption and lower 2dour SBPafter 7 days supplementation, through
ACE inhibition. Lastly, 6 days prior loading of MTCJ would improve acute carttabolic

responses more than a single, acute bolus.
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6.2. Methods

6.2.1. Participants

Twelve (6 males and 6 females) participants witetébolic Syndrome (Talde.1 and 6.2)
volunteered for this pilot study. All participants were screened for MetS prior to formal
inclusion onto the study according to the harmonised criteria outlin@dbleyti et al. (2009)

where 3 of the 5 qualifying criteria [Waist Circumference: ethnicity and sex specific criteria,
Fasting Triglyc érFastng $lighDedsity L6pdproteim 6:1.03 Immadl:*

(men), <1.29 mmol.t ( wo me n) ; Bl ood Pressur e: 0130 mmH
Fasting Gl uc oY kadto®& mesEthinaimapproval was obtained from the
University of Hertfordshire Health, Science, Engineering and Technology Ethics Committee

and informed consent was provided by all participants prior to enrolment. This study was

registered as a clinical trial on clinicaltrials.gov (NCT03619941).

Refer tochapter 5, section 5.2.1.1for further details regarding recruitment (Figure 6.1) and

exclusion criteria.
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Table 61. Selected bseline characteristics obtained during screening (n = 12).

Characteristics Mean +SD
Age (years) 50 £ 10
Stature (m) 1.73+0.12
Body Mass (kg) 94.1+23.1
BMI (kg.m?) 31+7
Whole-body Fat (%) 39+11
Trunk Fat (%) 32+10
Fat Mass (kg) 41 + 17
Fat Free Mass (kg) 55+ 17
Fasting Total Cholesterol (mmoti). 417 +1.21
24-hour SBP (mmHgQ) 128 + 10
24-hour DBP (mmHQ) 77+8
Fasting Insulin (pmol.&) 118.99 + 68.14
HOMA2-IR (AU) 22+1.4
HOMA2-b  ( %) 137.9+495
HOMA2-%S (%) 63.2 £ 40.5
ACE (pg.mLY) 8627 + 8702

AU (Arbitrary Units); BMI (Body Mass Index)HOMAZ2-IR (Homeostatic Model Assessmeaf Insulin

Resistance);HOMA2-b (Homeost Atsise s Muoda retl
(Homeostatic Model Assessment of Insulin Sensitivity)

o fcell fumaction)r EBIQMARWS
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Table 62. Individual baseline characteristics MetS criteriaobtained during screening (n = 12)

Participant
Characteristics Mean + SD 1 2 3 4 5 6 7 8 9 10 11 12
Waist
Circumference  101.0+19.3 102* 125* 80* 85 125.4* 119+ 88* 82* 74.5 100* 104* 127+
(cm)

Fa(S“”QFL'”l)COSG 532+ 1.04 6.15* 4.89 5.42 420 6.90* 6.38* 394 4.90 395 504 526 6.08*
mmol.L

Fasting
Triglycerides 16+023 1.7% 2.0* 1.2 1.8«  2.2* 1.3 1.7+ 1.9~ 1.8  1.7* 1.1 1.3
(mmol.L'Y)
Fasting HDL 141+ 032 1.95 1.32 138 169 1.09 131 119 158 1.88 152 1.01* 1.01*
(mmol.L'Y)
SBP (mmHg) 135+ 16 122 131*  131*  158* 149+  161* 104  131*  136*  135*  131* 125
DBP (mmHg) 77+8 66 75 88+ 91* 85+ 70 75 70 g5+ 79 69 76

DBP (Diastolic Blood PressuxeHDL (High-density Lipoprotein)SBP (Systolic Blood Pressure).
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[ Enrolment } Assessed for eligibility (n = 39)

I Not meeting inclusion criteria (n = 23]

v

Excluded (n = 24)

Declined to participate (n = 1)

Randomised (n = 15)

[Allocation} l

Allocated to Placebo intervention (n = 8)
' Received allocated intervention (n = 7)

' Not received allocated intervention (n = 1
(Participant dropped out for personal reasol

I

Allocated to Placebo intervention (n = 7)

' Received allocated intervention (n = 6)

' Not receivedallocated intervention (n = 1)
(Participant dropped out for personal reaso

|

Allocated to MTCJ intervention (n = 7)
Received allocated intervention (n = 7)
Not received allocated intervention (n = (

Allocated to MTCJ intervention (n = 7)
Received allocated intervention (n = 6)
Not received allocated intervention (n =1

(Participant dropped out for personal reasons)

|

[Analysis} Analysed (n = 12)

Figure 61. CONSORT flow diagram of the participants recruited, screened, tested, analysed

and excluded during the course of the study.
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6.2.2. Procedures

6.2.2.1. Research Design

A singleblind (blinded to participant), placefrontrolled, randomised, crossover design was
utilised; each participant acted as their own control. During theedk study duration,
participants completed both testing sessions during which placebo (PLA) or Montmorency Tart
Cherry Juice (MTCJ) supplemts were consumed for a continuous period of 7 days. As in
chapters 4and5, a 14day washout periofHowatsonet al, 2012; Coolet al, 2015; Keane

et al, 2016b)was incorporated prior to crossover to the opposing condition.

Participants attended 4 testing sessions in total, in the labor8tdrgmatics of the overall

study design and specific procedures during a testing semsatepicted in Figure 6.Zhe

first testing session lasted 1 hour; baseline anthropometriairéstabody mass, waist
circumference, percentage body fat), functional (PWA, cardiac haemodynamics, RMR) and
fasting bloodbased biomarkers were measured. Participants were then provided with
supplements to consume over the next 6 days at home, withahddse on the7day being
consumed in the laboratory during testing session two. Testing session two lasted 6 hours;
anthropometric, functional and fasting blebdsed biomarkers were measured prior to
consumption of the supplement (6 days pmgiplematation), after which functional
measurements were recorde@@iminutesl, 2, 3, 4and 5hours posbolus. Blood sampling

was performed at p#golus, 1, 3 and 5hours posbolus only. Testing session three was the
same as session one, however paditip were provided with the opposing supplement to
which they consumed between sessions one and two. Lastly, session four was identical to

session two.
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A)

Screening Testing Session 1 24-hour ABPM  Testing Session 3 24-hour ABPM
7% Day of Suppl. 7% Day of Suppl.

14 days 14 days
‘Washout Washout

24-hour ABPM Testing Session 2 24-hour ABPM Testing Session 4
B)
VBS VBS VBS VBS

BM AS AS AS AS AS AS AS

Stature  BP BP BP BP BP BP BP
wC CH CH CH CH CH CH CH
BC RMR RMR RMR RMR
-1 -0.75 0 0.5 1 2 3 4 5

Time (hours)
Key:

AS — Arterial Stiffness; BC — Body Composition; BM — Body Mass; BP — Blood Pressure;
CH — Cardiac Haemodynamics; RMR — Resting Metabolic Rate; VBS — Venous Blood Sampling;
WC — Waist Circumference

I = Pre-Bolus
I = Post-Bolus

Figure 62. (A) Schematic representation of tlewerall study design. (B) Schematic
representation of the specific procedures
supplementation.
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6.2.2.2. Dietary Guidelines

Refer to general methodologgction 3.Zor further details on dietary guidelines gioyed

in this study.
All participants complied with dietary guidelines upon analysis for percentage contributions of
macronutrients to total energy intake [(protein 14 £ 22%), (CHO 48 = 40%), (fat 38 + 41%)],

total polyphenols (62 £ 70 mg) and anthocyan(®0 + 17 mg).

6.2.2.3. Supplementation

This study acutely administered two different supplements including a placebo which acted as

the control condition and one experimental condition, MTCJ. MTCJ consisted of 30 mL
Montmorency tart cherry concentrate (Cherry Active, Active Edge Ltd, Hanwdkhand

100 mL water. It was identified th&iTC concentrate contained glucose (55.73% of total

sugars) and fructose (44.27% of total sugaid)e placebo was composed of 30 mL
commercially available fruitlavoured cordial (Cherries and Berriddprrisons Bradford,

UK) mixed with 100 mL water. The placebo drink was matched against MTCJ for percentage
contribution of carbohydrate to total energy and contribution of sugars to total carbohydrate,
energy content, taste and visual appearance by adding deftp$totein Ltd, Northwich,

UK), fructose (Fruit Sugar, Morrisons, Bradford, UK), cornflour (Morrisons, Bradford, UK),

citric acid (100% Pure Citric Acid, VB and Sons, UK), red and black food colouring
(Morrisons, Bradford, UK)Nutritional analysis of bih beveragess detailed in Table 6.3

Anonymity of the supplementation was ensured by blinding the participants to the source of
ant hocyanins. This was achieviedhbyuppglpée memi &
be provided rather than disclosingphtmorency tart cherries as the specific source. Only 2/12
participants correctly distinguished the supplements provided (intervention or placebo)

none identified the intervention as.Referherryo

to section 3.3for more information on supplementation.
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Table 63. Nutritional information of each supplement provided.

Montmorency tart Placebo
cherry concentrate (per130 mL)
(per 30 mL)
Energy (kcal) 102 102
Carbohydrate (g) 24.5 25
of which sugars (g) 17.9 18
Glucose (g) 9.98 10.03
Fructose (Q) 7.92 7.97
Protein (g) 11 0.5
Fat (Q) 0 0
of which saturates (g) 0 0
Fibre (g) 2.6 Trace
Total Anthocyanins (mg 270 0

6.2.2.4. Measures arfeiquipment

6.2.2.4.1. Anthropometrics

Refer to general methodologgction 3.5.for details on procedures of measuring stature, body

mass and waist circumference.

Refer to general methodologgction 3.5.2or details on procedures of measuring segmental

body composition.

6.2.2.4.2. Cardiac Haemodynamics

Refer to general methodologgction 3.5.3.%1or details on procedures for obtaining cardiac

haemodynamic measurements.

6.2.2.4.3. Blood Pressure

Refer togeneral methodologgection 3.5.3.2or details on procedures for obtaining blood
pressure measurements.
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6.2.2.4.4. 2shour Ambulatory Blood Pressure

In addition to clinic blood pressure measurements in the laboratory using an automated
sphygmomanometer,4zhour ambulatory blood pressure monitoring (ABPM) (Meditech
ABPM-04, Meditech, Hungary) was also conducted through an oscillometric m&iodh,

Keszei and Dunai (1998have clinically validated the use of ABPOA monitors against

British Hypertension Society guidelines. MoreovRBPM-04 monitors have been used in
interventional studies participantwith MetS(Johnsbnet al, 2010) ABPM provides a more
accurate representation of blood pressure as measurements are obtained under normal daily
living conditions, negating white coat syndrome; and mean pressures are taken from multiple
readings over a 2hour periodthus ABPM has become the reference standard for measuring

BP noninvasively and diagnosing hypertensigiodgkinsoret al, 2011)

Participants underwent a familiarisation period of wearing the ABPM device prior to data
collection. A day before and after the 7 day supplementation period, participants were fitted
with a 24hour ABPM on the nomominant arm(Drawz, Abdalla and Rahman, 2012he
ABPM was programmed (CardioVisions Software 1.15.2, Meditech, Hungary) to take seading
every30 minutesduring the day (07:0@2:00) and every hour during the night (22@RQ00)
(Guptaet al, 2008; Stullet al, 2015) Participants were encouraged to follow their normal
daily living pattern but maintain similar activities during each day oh@dr ABPM
measurement, and were advised to keep still and relax theirlamewer the monitor recorded
measurementglgwe et al, 2017) A minimum of 14 dagtime readings and 7 nigime
readings were considered for a valid-ttur ABPM ( O 06 B reti a, n2003) Dietary
consumption during 2hiour ABPM measurements coincided with the enforcedydietary
guidelines, thus participants were instructed to keep the same dietary intake alayd| of

measurement.
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The following data was obtained from the ABPM monitor: meah@d4r, daytime and night
time SBP, DBP, MAP and P@Fagardet al, 2008) The difference between mean day and

night SBP, DBP, MAP and PP was also calculated.

6.2.2.4.5. Pulse Wave Analysis

Refer to genel methodologysection 3.5.3.3or details on procedures for obtaining PWA

measurements.

6.2.2.4.6. Resting Metabolic Rate

Refer to general methodologection 3.5.4for details on procedures for obtaining RMR

measurements.

In addition to values for RER and EE (kcal.d@yresting fat and carbohydrate oxidations rates

were also calculated at all time points.

6.2.2.5. Blood Sampling and Analysis

6.2.2.5.1. Blood Saniph

Refer to general methodologgction 3.6.Tor details on general blood sampling procedures.

Refer tochapter 5, section 5.2.1.2.5.for specific details regarding blood sampling within this

study.

6.2.2.5.2. Glucose

Refer to general methodologgcton 3.6.2for details on performing glucose analysis.

Overall intraindividual and intedindividual CV were 2.13% and 10.05%, respectively

6.2.2.53. Insulin and Insulin Resistance and Sensitivity Indexes

Refer to general methodologgction 3.6.8or details on performing insulin analysis.

Inter- and intraplate CV were 6.1% and 5.5%, respectively.
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Refer to general methodologgction 3.6.8.1or details on insulin resistance and sensitivity
analysis.

6.22.54. Triglycerides

Refer to general methodologgction 3.6.4or details on performing triglyceride analysis.

Overall intraindividual and intefindividual CV were 2.94% and 5.45%, respectively.

6.2.2.55. Total Cholesterol

Refer to general methodologgction 3.6.%0r details on performing total cholesterol analysis.
Overall intraindividual and intetindividual CV were 4.45% and 5.63%, respectively.
6.2.2.56. HDL

Refer to general methodologgction 3.6.60r details on prforming HDL analysis.

Overall intraindividual and intefindividual CV were 4.22% and 5.04%, respectively.

6.2.2.57. Total Cholesterol:HDL Ratio

Refer to general methodologgction 3.6.7or details on performing TC:HDL analysis.

6.2.2.58. LDL

LDL was determined indirectly using the Friedewald formykriedewald, Levy and

Fredrickson, 1972)

6.2.2.59. AngiotensiA-Converting Enzyme Assay

Human ACE (CD 143) (peptichdipeptidase A, EC 3.4.15.1) protein concentrations were
measured according t o nserondaapes n duplicabes usigguai d e | i
96-well ELISA [Human ACE ELISA (CD 143) ab119577, Abcam, Cambridge, UK]; based on

the O0sandwich i mmunoassaydo principle.

An ACE specific mouse monoclonal antibody was-@oated onto 9évell plates. A 7point
standard cwre (Figure 6.3) was generated after serial dilution of lyophilised recombinant

human ACE standard @800 pg.mLY). Following serial dilution, 100 pL of standards (50000,
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25000, 12500, 6250, 3125, 1562.5, 781.25 pgtahd blank control containing no pristg

and serum samples were then added to wells and incubated for 90 minut&s @€@nbi

H12 Hybridisation Incubator, FINEPCR, South Kored)biotinylated detection polyclonal
antibody from goat, specific for ACE was then added (100 pL) to eaclanatliihcubated for

60 minutes at 3T, followed bywashing with phosphate buffered saline buffer (0.01 M,

pH 7.4). Secondary enzynrlieked antibody, AvidinBiotin-Peroxidase Complex (100 puL),

was added to each well and incubated for 30 minuteg°a}, Bnbound conjugates were then
washed away with phosphate buffered saline buffer. The colour developing agent, TMB, was
then added (90 pL) to visualise the HRP enzymatic reaction and the plate incubated for 20
minutes at 37C in the dark. Catalysis ofMIB by HRP produced a blue colour product. After
incubation, acidic stop solution (QQuL) was added to each well, producing an immediate
colour change from blue to yellowhe plate was then immediately read on a plate reader
(Mul ti skanE F Comdterc Therpd Sciengific, RIBA) at 450 nm to obtain
absorbances of each well. ACE concentrations (pg)miere then calculated using the
standard curve according to Bdema mber t 6s | aw. The intensity

directly proportional to themaount of human ACHproteinin the sample.

A linear standard curve was generated (Figure 6.3) using standard curve fitting software
(SigmaPlot, Systat Software Inc, San Jose, USA). The kitasgay using a quality control

and intraassay precision, rangand sensitivity were 2.1% (quality control), 7.5%,
780-50000 pg.mttand <5 pg.mt, respectivelyinter- and intraplate precision wer&2.3%

and 9.2%, respectively. A common sample measured on each plate was used for determining

inter-plate CV.
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Figure 63. Representative sevgroint standard curve used to determine ACE concentrations
from serum samples.

6.2.3. Data Analysis

Statistical analysis was performed using SPSS v22.0 (IBM, Chicago, USA) déuiereare

reported as mean standard deviation (xSD). Data normality was checked using a Shapiro

Wilk test. Greenhous€ei sser correction was applied upc
sphericity for ANOVAs(P < 0.05).Statistical significance was setfak 0.05. Based on data

from chapter 5 for the interaction effect between condition (PLA and MTCJ) and time for
seruminsulinaprioipower ( Ub == 00.0%) dnalysis indicated
be sufficient to detect a significant differenpee-post 6 days supplementation for serum

insulin. Therefore, a minimum of 12 participants were recruited assuming a 20% dropout rate

(Nogueiraet al, 2012)

A within-group tweway, 2 x 2, condition (PLA vs MTCJ) x time (Pt®ad and Postoad),
repeateemeasures ANOVA design withposthoc Bonferroni adjustment, measured
differences for all bloodbased biomarkers, cardiac haemodynamic, PWA, RMR a#tw@ar

BP parameters.
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To account for dayo-day physiological variances at goelus between conditions for each
variable, data was analysed as change frorbphes for each time point measured plostus
during testing sessions 2 and 4. This enabled a fair asssisefrthe posbolus responses to
each condition, from prbolus across all variables. The fir@us time point was not included
as a covariate, as omeay ANOVA analysis indicated no significant differenc&s>0.05)
between conditions for all variableg the prebolus time point, hence twway repeated
measures ANOVA was performed. A witkgmoup tweway, 2 x 6, condition (PLA vs MTCJ)
x time (30 minutes, 1, 2, 3; 4nd 5hours posbolus), repeatetheasures ANOVA design with
posthoc Bonferroni adjstment, measured differences of cardiac haemodynamic, PWA and
RMR parameters on change from jo@us values. Bloothased biomarkers were analysed
using the same model but with a 2 x 3, condition (PLA vs MTCJ) by time @nd5hours

postbolus) desigron change from prbolus values for each condition.

Comparisons between acute responses observed after MTCJ consumgapténs 5and6

were conducted to determine any differential effects after 6 days of prior Iqatisqoter 6)
compared to a singleacute bolugchapter 5). A 2 x 3, supplementation strategy (acute v

6 days loading) by time (1; &nd 5hours posbolus) mixedmodel ANOVA was performed

on change from prbolus data for all bloocthased variables except ACE. The same madsl|

used for all cardiac haemodynamic, PWA and RMR parameters but with a 2 x 6,
supplementation strategy (acute v 6 days loading) by time (30 minutes, 1; and,3hours

postbolus) design.

Partial EtaSquared (7§ania|) was used to report effect sizes for ANOVA where effects were

classified as small (0.60.08), moderate (0.6@. 25) and | arge (>0.25)

d effect size was used for pairedmples-testand posthocinteraction comparisons where
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effects were classified as no effect@Ql), small (0.20.4), moderate (0:6 . 7) and hi gh

(Cohen, 1998).

Bivariate correlations were performed to check for relationships between ACE and all cardiac
haemodynamic, PWA and 2®ur BP parameters on changeoni pre to post
supplementation data for PLA and MTCJ. Bivariate correlations were also performed between
the aforementioned variables on change fromhwmies data for each pebblustime point

Coefficients were classified as weak (0.2), moderate((3-0.5), strong (>0.5) (Cohen, 1988).

6.3. Results

Based on results frowhapter 5, serum insulin was regarded as the primary endpoint for the
present study. HOMAZR, acute SBP and 2dour SBP were regarded as secondary variables.
Tertiary endpoints focused on other aspafts MetS including hyperlipidaemia,

hyperglycaemia and cardiovascular dysfunction.

Posthoc power analysis indicated sufficient powerf(1 = 0. 9 9 ; U = 0.05;
significant main effect forthe interaction letween condition and time (ppost 6 days
supplementation) for insulin, HOMAIR and 24hour SBP. Acute SBP also demonstrated

sufficientpower (Ib = 0. 8 6 ; Uto detet a Sighificannteractioriefiedt

6.3.1. Blood Biomarkers

6.3.1.1. Gluose

Responses to glucose pre and post 6 days supplementation (Figure 6.4) demonstrated a

2

significant interaction effect (£ 11)= 5.534;P = 0.038,/7p

artial = 0.34) and main effect for

2

time (R, 11)=8.077;P =0.016,/7,,

ariias = 0-42) only Posthocindicated a significant difference

between PLA and MTCJ at peeipplementation time poinP(= 0.023 d = 2.85).Fasting

glucose was significantlfta1)=3.506 P = 0.005, d = 056) lower 6 days after supplementation
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(5.40+ 0.95mmol.L'Y) compared to prsupplementation5(90+ 0.86 mmol.LY) with MTCJ.
Individual responses showed 10/12 individuals with lower fasting glucose after 6 days

supplementation of MTCJ compared to PLA.

Mixed-model ANOVA demonstrated a tendency for the main effect of supplementation
strategy(F(, 21= 4.289;P = 0.051,/75artial =0.17, where a single acute bolus induced a larger

reduction in glucose from pieolus compared to 6 days prior loaditgdividual responses
showed 8/11 participants with lower glucose concentrations for the meahghastchange
from baseline after a singtwlus of MTCJ. In comparison, 4/12 participants responded in this
manner after 6 days consumption of MTQMoreover, at dhour postbolus glucose
concentrations after 6 daj4TCJ consumptionncreasedn 11/12 participantscompared to

4/11 participants afteacute MTCJ supplementation (Figure 6.5)
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Figure 64. (A) Glucose(B) Insulin,(C) HOMA2-IR and(D) HOMA2-%S responses before and after supplementation of PLA and MTCJ. Bar
graphs depict mean (xSD) group vedufor each condition, pre and post 6 days supplementation. Lines depict individual responses for all 12
participants. *Denotes significant difference between conditions at respective time‘peimbtes significant difference between-paad post
supplenentation time points for MTCJStatistical analysis performed kg two-way, RM-ANOVA with posthoc Bonferroni adjustment

(P <0.05).
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Figure 65. Mean (£SD) change from pi®lus responses for glucose after MTCJ
supplementation with 6 days prior loading compared to a single, acute bolus.

6.3.1.2. Insulin

Insulin responses to 6 days supplementation (Figureolyshowed a significant interaction
effect (R, 11)= 7.293,P = 0.021,/7§artiall = 0.40). Pairwise comparisons indicated a significant

difference between PLA and MTCJ at {s@pplementation time poinP(= 0.049 d = 0.41).
However, physiological responses showadter 6 days e mean change prdo post
supplementation wag7.05 + 42.42 pmol.t with PLA and-12.42 + 30.50pmol.L with
MTCJ. Moreover, ndividual responses showed 10/12 individuals with lower fasting insulin
after 6 days supplementation of MTCJ comparedltd,, indicating a tendency for lower

fasting insulin after MTCJ consumptiecompared to PLA
Similar to glucose, serum insulin only demonstrated a main effect of time2(E 16.828;

P < 0.00L, hiartial =0.61) on change fropre-bolus data (Table 8). Posthocshowed insulin

to be significantly higher at-thour postbolus compared to botht®urs P = 0.006, d =1.27)
and 5hours posbolus P = 0.004, d = 1.34). Insulin responses were not significantly different

between MTCJ supplementation strategies or the strategy by time interaction-(naiget
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ANOVA) (P > 0.05), however there was a main effect for timg f5= 26.151;P < 0.00Q1,
hiartial = 0.56) (Appendix 8)Posthoc showed insulin to be significantly higher ahaur

postbolus compared to both®urs P < 0.00L, d = 1.56 and 5hours posbolus ¢ < 0.001,

d=1.42).

Table 64. Mean +SD changefrom prebolus values to podiolus time points for selected bleo
based biomarkers per treatment condition.

Postbolus Time Points

1 hr 3 hr 5 hr
Glucose* PLA 0.47 £ 0.96 -0.09 + 0.60 0.12 £ 0.66
(mmol.LY) MTCJ 0.48 £ 0.36 -0.27 £ 0.51 -0.25+0.55
Insulin* PLA 9.70 + 44.24 -32.34 £37.38 -38.82 +41.38
(pmol.LY) MTCJ 27.26 +42.20 -2853+29.30 -32.20 £ 32.60
Triglycerides* PLA 0.2+0.2 0.3£0.3 0404
(mmol.LY) MTCJ 0.0+£0.2 0.2+0.1 0.3+0.2
HDL PLA 0.00 £ 0.05 -0.02 £ 0.08 -0.03 £ 0.08
(mmol.LY) MTCJ -0.01 £ 0.05 0.00 £ 0.04 -0.04 £ 0.07
LDL PLA 0.34+£0.41 0.50 £ 0.53 0.65 £ 0.53
(mmol.LY) MTCJ 0.06 £ 0.49 0.20 £ 0.29 0.12+£0.39
TC:HDL PLA -0.01 £0.10 0.13+0.35 0.17+0.44
(AV) MTCJ 0.08 £ 0.40 -0.06 £ 0.28 -0.07 £ 0.44
ACE PLA 447 £ 4048 581 + 1801 376 £ 1776
(pg.mL?Y MTCJ 420 + 1929 332 + 2325 22 + 3250

ACE (Angiotensinl-converting Enzyme)AU (Arbitrary Units); HDL (High-densityLipoprotein); HOMA2-IR

(Homeostatic Model Assessmepnf Insulin Resistance)HOMA2-b (Homeostatic Mo d el As
p a nc r edltfunction)hpHOMA2%S (Homeostatic Model Assessment of Insulin Sensitivity); LDL (Low

density Lipoprotein)MTCJ (Montmoracy Tart Cherry Juice); PLA (Placebo); TC (Total Cholesterol). *Denotes
significant main effect for time witlposthoc identifying differences between-Hour and both -®iours and

5-hours posbolus.

6.3.1.3. HOMA?

As with insulin, HOMA2IR (F, 11)= 8.115;P = 0.016, 77}, = 0.43) and HOMA®%S

(Fa,11)=6.332,P = 0.029,/7§artial = 0.37) demonstrated a significant interaction after 6 days

supplementation (Figure 6.4), with pairwise comparisons showing a significant difference
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between PLA and MTCJ at peeipplementation time point for HOMAR (P = 0.039

d = 0.43). Idividual responsefor HOMAZ2-IR showed insulin resistance increased in 10/12
participants with PLA, whereas insulin resistance was reduced in 8/12 partieiftan&days
MTCJ consumption.Moreover, HOMA2-%S showed 9/12 participants increasadulin

sensitivity with6 days continuousITCJ consumption2/12 increased with PLA.

A main effect for time (k, 1= 7.720;P = 0.018,/75artial = 0.41) only was observed for

HOMA2-b  wi t-post 6 days supplementation data (TablB).6Posthoc analysis
highlighted greater pancreatib-cell function possupplementation compared to pre
supplementatio(P = 0.018,d = 0.37). No significant main effects were found on change from

pre-bolus data foHOMA2-b P ¢ 0.05).

Table 65. Meanx SD responses for selected blebdsed biomarkers before and after 6 days
supplementation of PLA and MTCJ.

PreSupplementation PostSupplementation

HOMA2-b* PLA 131 +43 152 + 49
(%) MTCJ 132 +53 148 + 56
Triglycerides PLA 1.2+0.1 1.3+0.1
(mmol.LY) MTCJ 1.4+0.1 1.3+0.1
ACE PLA 8706 + 8748 9334 + 10363
(pg.ml_'l) MTCJ 10161 + 11474 9127 £ 10915

ACE (Angiotensinconverting Enzyme); HOMA® ( Homeost ati ¢ Model -cAlssessment
function); MTCJ (Montmorency Tart Cherry Juice); PLA (Placeb®enotessignificantmain effect for time.

6.3.1.4. Lipids

Reponses ttotal cholesterohfter6 days supplementation showed significant main effects for

2

time (Rg, 11)= 5.097;P = 0.045,/7Ioartial = 0.32) and interaction (F11)= 5.700;P = 0.036,

hﬁamaﬂ = 0.34) (Figure 6.6)Posthoc identified asignificant difference between PLA and

MTCJ at presupplementationR = 0.03Q d = 2.14). Total cholesterol was significantly
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(tany = 3.724 P = 0.003, d = 0.39) lower 6 days after supplementation (4.1.8 mmol.L)

compared t@re-supplementation (4.5 £@mmol.LY) with MTCJ.

A significant interaction effect was observed for HDLu(R1y = 5.212; P = 0.043,

hﬁamaﬂ = 0.32) and LDL (g, 11y = 7.004; P = 0.023, hﬁartial = 0.39) after 6 days

supplementation (Figure 6.6). A significant difference between PLA and MTCJ was found at
postsupplementation time point for HDIP(= 0.049 d = 0.42), while presupplementation

was significantly different for LDLR =0.031, d = 0.42. LDL was significantly(t11) = 3.681;

P = 0.004, d = 021) lower 6 days after supplementatich71+ 1.62 mmol.LY) compared to

pre-supplementation3(07+ 1.69 mmol.LY) with MTCJ.

Individual responses showed 6/12 participants increased HDL concentrations after 6 days
MTCJ supplementation, whereas 2/12 increased with PMéreover 10/12 participants

reduced LDL concentrations after MTCJ supplementation, compared to 5/12 with PLA.
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Figure 66. (A) Total cholesterolB) HDL, (C) LDL and (D) TC:HDL responses before and after supplementation of PLA and MTCJ. Bar graphs
depict mean (£SD) group values for each condition, pre and plastsGsupplementation. Lines depict individual responses for all 12 participants.
*Denotes significant difference between conditions atgugplementation time point. “Denotes significant difference between conditions-at post
supplementation time pointDenotes significant difference between-paed postsupplementation time points for MTCStatistical analysis
performed byatwo-way, RM-ANOVA with posthocBonferroni adjustment < 0.05).
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A main effect for conditiorfF, 11)= 5.38; P = 0.041,/7§artial = 0.33)showed otal cholesterol

concentrationsncreased significantly more with PLA than MT@&J the mean change from
pre-bolus (Figure 6.7) Individual responses for the change from-potus showed 10/12
participants with lower total cholesterol concentrations -Abds posbolus after MTCJ
consumption compared to PLA. Similarly, 7/12 participants responded with lower total

cholesterol cong#rations 5hours posbolus with MTCJ compared to PLA.
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Figure 67. Mean (xSD) change in total cholesterol from-podus forPLA and MTCJ

Change from prdolus data indicated a significant main effect of conditiqn {f= 5.874;

P =0.034,/2,i = 0.35) and time (g 22)= 4.110;P = 0.030,/72,o; = 0.27) for LDL, with

higher LDL concentrations at pgaipplementation compared to pespplementation
(P =0.03,d=0.08) (Table 64). No main effects for condition, time or interaction were found

for HDL or TC:HDL ratio with change from pileolus data® > 0.05) (Table &1).

Mixed-model analysis showed the change fromlprkis at Shours posbolus tended to be

2

significantly different (main interaction effectpfa)= 2.592;P = 0.087,/7p

i = 0.11), with
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total cholesteratoncentrations increasing after a single acute MTCJ bolus, whereas a decrease
was observed after 6 days prior loading (Appendixli®jividual responses showed 9/11
participants to have highestal cholesterotoncentrations than baseline ai&urs posbolus

after consumption of a single, acute bolus of MTé@inpared t&/11 participants after 6 days

prior loading.

A main effect of time only was found for HDL with mixe@dodel analysis between acute and

2

6 days prior loading strategiesd{bky = 4.117;P = 0.023,/7IO

arial = 0.16) (Appendix 8).

Posthoc comparisonshowed HDLconcentrationsvere significantlylower at 5hours post
bolus compared to-Bours posbolus(P = 0.037, d = 0.70. No main effects for mixedhodel

analysis were found with LDLR(> 0.05) (Appendix 8).

After 6 days supplementatiom imteractioneffectwas observed for TC:HD{F, 11)= 13.681;
P= 0.004,/7§artial = 0.55) (Figure 6.6)2osthoccomparisons showed PLA to bignificantly

higher than MTCJ at prsupplementation time poinP(= 0.011, d= 2.67).TC:HDL ratio was
significantly (ta) = 2.690 P = 0.021, d = 030) lower 6 days after supplementation
(3.47 + 1.28 mmol.1Y) compared t@re-supplementation (3.11 + 1.13 mmob)lLwith MTCJ.
Mixed-model analysis did not indicate any main effectssfgplementation strategy, time or

the interaction fol C:HDL (P > 0.05) (Appendix 8).
No significant interaction or main effects fmndition and time were observed for triglycerides
with prepost 6 days supplementation dd®a>0.05) (Table &). However, change from pre

bolus data showed main effect of time (g, 22)= 11.649;P < 0.00L, hiartial = 0.51)anda

2

tendencyfor a significant interaction (g, 22)= 3.148;P = 0.063,/7p

artial = 0.22)(Table 64).

Posthoccomparisons for the main effect of time showed triglyceride concentrations increased
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more at 3hours(P = 0.020, d = 1.50) and 5hours posbolus(P = 0.010, d = 2.50 compared

to 1-hour postbolus.

A main effect for time only was foundwith mixedmodel analysis for triglycerides

(Fe, 21y = 5.901; P = 0.006, hﬁamm = 0.22) (Appendix 8).Posthoc analysis showed

triglyceride concentrations increased more 4o8rs posbolus compared to-fhour post
bolus (P = 0.012, d = 0.9)). Individual responses showed all 12 participants to have higher
triglyceride concentrations than baseline dtoBirs posbolus after 6 days prior loading of

MTCJ, whereas only 7/11 participants responded in this manner after a single, acute bolus.

6.3.1.5. ACE

ACE did not show any main effects for condition, time or interaction pigpost 6 days

supplementation data (Tablépor change from prdolus data (Table &) (P > 0.05)

6.3.2. Cardiac Haemodynamics

No main effects for condition, time or interactiere detected for SBP, DBP, MAP, HR, SV,
COandTPR P > 0.05) for prepost 6 days supplementation data (Appendix 6). Despite there

being no main effects for condition or time, a tendency towards significance was detected for

2

the interaction ([, ss)= 2.128;P = 0.076,/1,

ariial = 0.16)with SBP.Individual responses for

the change from prbolus to 2hours posbolus showed 4/12 participants decreased SBP with
PLA (4 £+ 13 mmHg) while 10/12 participants reduced with MTQJF = 10 mmHgQ)

(Figure 6.8).
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Figure 68. Mean (xSD) change in SBP from gvelus forPLA and MTCJ

Mixed-model analysis indicated only a main effect for time with SBR, b = 5.469;

2

P < 0.00L, /7,4a = 0.21), DBP (. 21) = 3.026;P = 0.014, /15, = 0.13), MAP

(Fe, 21y = 3.802; P = 0.003, /12,40 = 0.15) and HR (F, 21) = 27.038;P < 0.00L,

N2 a1 = 0.56) (Appendix 9).

There were no main effects for condition, time or interaction on change frebolu® data
with DBP, MAP, CO and TPRR(> 0.05) (Appendix 6). Responses to CO, SV and TPR did
not indicate sigriicant differences for the main effect of supplementation strategy, time or

interaction with mixeemodel analysisK < 0.05) (Appendix 9).

6.3.3. Pulse Wave Analysis

No significant main effects for condition, time or interaction weegected for aortic SBP,
aortic DBP, AP, pulse pressure, Alx, Alx at HR75 and SEPR (0.05) for prepost 6 days

supplementation data (Appendix 6).
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No main effects for condition, time or interactioR ¥ 0.05)were found for aortic SBP
However, ndividual responses for the change from-podus to 2hours posbolus showed
4/12 participants decreased aortic SBP viRibA (3 £ 9 mmHg) while 9/12 participants

responded with lower aortic SBP after consunMifCJ (-4 £ 8 mmHg) (Figure 6.9).

Change from Prebolus for Aortic SBP
(mmHg)

-10 - =0—PLA
-12 4 MTCJ

30 min 1hr 2 hr 3hr 4 hr 5hr
Postbolus Time Points

Figure 69. Mean (xSD) change in aortic SBP from4m@us forPLA and MTCJ

Main effectsfor time with mixedmodel analyses were found for Alx {F1 = 5.885;

2

P < 0.0, A2 = 0.22), AP (R, 21 = 8.238;P < 0.0QL, /15, = 0.28) and SEVR

2

(Fe, 21)= 6.363;P = 0.001,/7;

artial = 0.23) (Appendix 9).

There were no main effects for condition, time or interaction on change frebolu® data
with aortic DBP and pulse pressur® ¢ 0.05) (Appendix 6). No main effects of
supplementation strategy, time or interaction with miremtiel analysis were found for aortic

DBP, pulse pressure or Alx at HR# % 0.05) (Appendix 9).
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6.3.4. Resting Metabolicdke

No significant main effects for condition, time or the condition by time interaction were

detected for resting energy expenditure after 6 days MTCJ consunmptod.(5).

Significant interaction effects were found for restingRR(F, 11y = 10.045;P = 0.009,

2

hﬁamal = 0.48), fat oxidation rate (F11)= 9.394;P =0.011,/7;

artial = 0.46) and carbohydrate

oxidation rate (f, 11)= 5.644,P = 0.037,/7§artiall = 0.34) between PLA and MTCJ after 6 days

supplementation (Figure 6.1®osthocidentifiedasignificant difference between conditions
at presupplementation time point for fa® & 0.024 d = 0.68) and carbohydrat® & 0.027,
d = 0.81)oxidation ratesRER was significantl\ti1) = 2.823 P = 0.017, d = 0.70) lower
6 days after supplementati@83 + 0.04tompared to prsupplementatiofD.86 = 0.04with

MTCJ.

237



Chapter 6. Effects of Shefterm Continuous MTCJ Supplementation in MetS

A A B 045 - *
0.98 -
0.96 = 0.4
0.94 o £
sl 2 035 |
092 \O =i
091 5 03
5 0.88 - =
< 0.86 - = 025 1 AN
& 0384 ~ s ., ! 4
0.82 - ‘_‘:___:. \ % 0.2
0.8 1 -<\ = 0153 ! 7 —
0.78 A ~e E —_—
0.76 - — 2 01
0.74 = — . L B
O 0.05 PR
0.72 -
0.7 0
Pre Post Pre Post Pre Post Pre Post
PLA MTCT PLA MTCT

*

S0 012
=
£ o1- W>
=
= 0.08 - . ; %i
< — )

-‘-h““

o= i .
=]

0.04

0.02

Pre Post Pre Post
PLA MTCT

Figure 610. (A) Resting FER, (B) Carbohydratéxidation andC) Fat Oxidation responses before and after supplementation of PLA and MTCJ.
Bar graphs depict mean (xSD) group values for each condition, pre and post 6 days supplenmenéstidepict individual responses for all 12
participants. *Denotes significant difference between conditions aymelementation time pointDenotes significant difference between-pre
and postsupplementation time points for MTCStatistical analyis performed by two-way, RM-ANOVA with posthocBonferroni adjustment

(P <0.05).
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A significant main effect for time rdy was observed for resting energy expenditure

(F,55=2.788;P = 0'026’h§artial = 0.20), FEER (Fs, 55 = 43.536;P < 0.00L, hﬁama, =0.80),
fat (Fs, s5= 14.183;P < 0.00L, hiartial = 0.56) and carbohydrate§Fss)= 15.936;P < 0.001,
hiartial = 0.59)oxidation on change from pi##olus datdAppendix 7)

2

Mixed-model analyses for restingER (Fs, 21) = 37.794;P < 0.00L, /7p

artial — 0.64), fat
(Fs. 21)= 17.798;P < 0.0QL, /1o = 0.46) and carbohydrate§f1) = 20.075;P < 0.00L,

hﬁartial = 0.49) oxidation indicatedignificant main effea for time and supplementation

strategyonly (Appendix 9).No significant main effects for supplementation strategy, time or

interactionwere foundfor resting energy expenditu( > 0.05) (Appendix 9).

6.3.5. 24hour ABPM

2

A significant interaction (f, 11) = 9.941;P = 0.016, /7p

atiar = 0.59) and main effect for

2

condition (R, 11)= 7.916;P = 0.026, /7,

artial = 0.53) wasobserved for mean 2dour SBP

after 7 days of supplementation (Figurel§. A significant difference between PLA and MTCJ
was identified withposthoc analysis at the postupplementation time poinfP(= 0.024
d = 0.44). Individual responses showed 11/12 participants reducbdW@4SBP after 7 days

MTCJ supplementation, compared to 2/12 with PLA.
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(P <0.05).
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Likewise, mean 2hour DBP only showed significant main effects for condition

(Fa, 11y = 12.321;P = 0.010, hﬁamal = 0.64) and interaction (f11)= 12.789;P = 0.009,

hﬁamaﬂ = 0.65) (Figure 6.1). At presupplementationR = 0.049 d = 0.14) and post

supplementationR = 0.008 d = 0.66) time pointsposthoc comparisonsdlemonstrated a
significant difference between PLA anMTCJ. Individual responses showed 10/12
participants reduced mean-Bdur DBP after 7 days MTCJ supplementation, compared to 2/12

with PLA.

2

A significant interaction (f, 11)= 6.236;P = 0.041,/7p

artial = 0.47) and tendency towards

significance for the main effect of condition{k1)= 5.122;P = 0.058,/7§artial = 0.42) was

detected for mean Z2dour MAP (Figure 6.1). Posthoc analysis indicated PLA was
significantly higher than MTCJ at thppstsupplementation time poinP(= 0.01Q d = 0.58).
Individual responses showed 9/12 participants reduced melaol2MAP after 7 days MTCJ

supplementation, compared to 1/12 with PLA.

A tendency towards a significant interaction effegt, (h= 3.9%; P = 0'086’h;2)artial =0.36)

was found for mean 2Bour pulse pressure. No main effects for time or condition were detected

(P > 0.05).

Mean daytime SBP demonstrated a tendency towards significance for the interaction

(Fa, 1= 4.499;P = 0.072,/7§artial = 0.39) and a significant main effefor condition only

(Fa,11)=6.507;P = 0.038,/7§artial =0.48) (Table @). Three of 12 participants were found to

have lower mean dayme SBP with PLA after 7 days supplementation, whilst 11/12

participantswerefound to have lowemean daytime SBPwith MTCJ.
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2

Significant main interaction (R, 11y = 5.725;P = 0.048, /7,

arial = 0.45) and condition

2

(Fa, 11)= 5.876;P = 0.046, /7,

artial = 0.46) effects were observed for mean-time DBP

(Table 66). Pairwise comparisons for the interaction effect showed significantly higher mean
day-time DBP with PLA compared to MTCJ at pastpplementation tie point £ = 0.02Q
d = 0.67). Individual responses showed 8/12 participants had lower meameayBP after

7 days MTCJ supplementation, compared to 2/12 with PLA.

There were no significant main effects for condition, time or interaction with meatinaay

MAP (P > 0.05) (Table &). A main effect for time was observed for mean-time pulse

2

pressure (fr, 11) = 13.661; P = 0.008, /1,

atiar = 0.66) with posthoc showing pre-

supplementation to be higher than psgpplementatiorfP = 0.008, d = 042) (Table 66).
Analysis on nightime SBP, DBP, MAP and pulse pressure demonstrated no significant main

effects for condition, time or interactioR ¢ 0.05) (Table @).

2

Theday-night difference for SBP (E11)=7.355,P = 0.030,/7p

artial = 0.51) and pulse pressure

(F, 1p=7.199;P = 0'0311h[§artial = 0.51) only showed a significant main effect for condition,

where PLA was larger thalWlTCJ (Table 6). Daynight differences for DBP and MAP

indicated no significant main effects for condition, time or interacton (.05) (Table ).
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Table 66. Mean+ SD daytime, nighttime and daynight differences fron24-
hour ABPM responses before and after 7 days supplementation of PLA and

Pre Supplementation PostSupplementation

Day SBP PLA 132 +8 133+ 8
(mmHg) MTCJ 132 +9 127 + 11
Day DBP PLA 79+7 81+ 7
(mmHg) MTCJ 79+6 76+ 6
Day MAP PLA 92+8 97 +7
(mmHg) MTCJ 92+10 94+7
Day PP PLA 53+6 51+5
(mmHg) MTCJ 53+5 50+ 8
Night SBP PLA 113 +13 117 £ 7
(mmHg) MTCJ 117 £ 12 117 + 13
Night DBP PLA 68+9 69+8
(mmHg) MTCJ 69 + 10 68+8
Night MAP PLA 82+11 85+7
(mmHg) MTCJ 81+14 84+ 11
Night PP PLA 46 + 8 48 +5
(mmHg) MTCJ A8 +7 49 +7
D/N SBF* PLA 19+ 12 16 + 6
(mmHg) MTCJ 15+ 10 10+8
D/N DBP PLA 11+8 12+8
(mmHg) MTCJ 10+9 9+7
D/N MAP PLA 10+8 13+7
(mmHg) MTCJ 11+ 11 10+9
D/N PP PLA 7+7 4+4
(mmHg) MTCJ 5+5 1+3

DBP (Diastolic Blood Pressure); D/N (Day/Night Difference); MAP (Mean Arterial Pressure); mmHg
(millimetres of Mercury); MTCJ (Montmorency Tart Cherry Juice); PLA (Placebo); PP (Pulse Pressure); SBP
(Systolic Blood PressurejDenotes significantmain effect for condition.®Denotes significaninain effect for

time. ®Denotes significanmain effect forinteraction ~Denotes significant difference between conditions at
corresponding time point.
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6.3.6. ACE Correlations

Bivariate correlations did natveal any significant relationships between ACE and cardiac
haemodynamic, PWA or 2dour BP parameters with change from -pr® post
supplementation daté® (> 0.05) or change from p#eolus data for either PLA or MTCJ

(P >0.05).

6.4. Discussin

In succession to the research carried oahapter 5, this study aimed to examine blebdsed

and functional cardimnetabolic responses to an acute bolus of MTCJ but also tetehort
continuous (7 days) MTCJ supplementation in a human, MetS population. The present study
was the first to assess-Bdur ABRV responses and measure ACE concentragangvq to

explain cardiovascular responses to cherry (sweet or tart) consumption, in a human trial. The
hypotheses of the study wepartially accepted amdividual responses suggested a tendency

for potentialimprovements in the underlying pathophysiology of MetS, insulin resistance and
sensitivity, after 6 days MTCJ consumption compared to FEAdIngs also indicated a
significant reduction in glucoséptal cholesterobnd LDL concentrations/ith concomitam

lower restingRER valuesafter 6 days MTCJ consumption compared to POAgreat clinical
relevance, MTCJ significantly improved -Bbur BP after 7 days consumption compared to
PLA. However, the present study was unable to confirm the hypothesis thainAiGEon

was responsible for the aftypertensive effect of MTCJLastly, individual responses
indicated6 days prior loading of MTCtb improvetotal cholesterotoncentrationscompared

to a single, acute bolus; althouBER and glucose individual responsese improved with a

single, acute bolus, suggesting the hypothesis was partially accepted.
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6.4.1. Metabolic Responses

Reductions in glucose concentrations after 6 days of MTCJ supplementation were observed
suggestig improved glycaemiéunction. As there was a tendency for lower fasting insulin
concentrations witboncomitanthormal fasting glucose concentratiptiss may be suggestive

of improved insulin sensitivityas mentioned bywillems et al. (2017) after 6 days
supplementation of MTCJ compared to RlAowever, HOMA2%S was not found to be
higher after 6 days MTQadtake, although 9/12 participants did repophgsiologicalincrease

in HOMA2-%S. Hence, with a larger sample size these findings mayoborate the
physiological theory postulated amapter 5, that MTCJ may confer improvements in insulin
sensitivity Willems et al. (2017)demonstrated a reduction in fasting insulin by 14.3% after 7
days consumption of NZBBnd attributed this to heightened insulin sensitivity. Similarly,
fasting insulin was reduced by 9.3% after 6 days consumption of MTCJ and reduced by 14%
when comparing against placelbodividual responses suggested insulin resistance tended to
be improvel after 6 days intake of MTGBIOMAZ2-IR change:0.27 £ 0.56ompared to PLA
(HOMAZ2-IR change: 0.48 + 0.78)likewise Willems et al. (2017) indicated 7 days
anthocyanirrich NZBP consumption tended to improve insulin resistaiogether,these
findings highlight shorterm continuous supplementation of cyanidMTC) and delphinidin

rich (NZBP) interventiongsnay have theapacity to improve insulin sensitivity/resistance in
healthy(Willems et al, 2017)and MetS populationsiowever, larger datasets are required to
justify these initial observations. Moreover,remains to be seen how long any beneficial
effects last, and whetharttermittent supplementation for®&days over a longer duration may
be a more physiologically effective, ecologically valid and economically viable

supplementation strategy.

Stoteet al. (2017)were ummble to show significant reductions in glucose, insulin and insulin

sensitivity after 7 days blueberry juice consumption due to normal baseline values. It was noted
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that glucose, insulin and HOMAIR were significantly higher with MTCJ than PLA at pre
suppgementation in the present study duehe high dayto-day interindividual variance of
individuals with MetS Thus, higher baseline values may have facilitategrovementsn
these markerdased on individual responsesmpared tdStoteet al. (2017) over 7 days.

Notably, analysis indicated no supplementation order effect for these markers.

Given that tart cherryconcentrate is naturally high in sugaccumulation of glucose and
fructose likely contributed to raised glucose concentratiahsl-hour postbolus by

0.7 mmol.L%, with 6 days prior loading of MTCJ compared to a single, acute Ohaiet al.
(2018)also showed a similar glucosesponse after 12 weeks MTCJ supplementaii@,

At ai e etlah {2@0B)ireported reduced HbA after 6 weeks tart cherry concentrate
consumption, and an 8% reduction in fasting glucose. Similarly, the present study showed
MTCJ significantly reduced fasting glucdsg 9%after 6 daysonsumptionhighlighting the
potential efficacy of tart cherry lavering hyperglycaemia in insulin resistant subjects.
However, a caveat of such a finding is that chronic consumption of dietary sources rich in
glucose and fructose facilitates extensive apical GRU&cruitmen{Fernandest al, 2015)
enhancing pogprandial glycaemic stregélzaid et al, 2013) The accumulation of fructose

and subsequent alterations in gut bact@ayne, Chassard and Lacroix, 20023y also
explainthe individual response dateheretriglyceride concentration&Schaefer, Gleason and
Dansinger, 2009)were greateat 3hours posbolus after 6 days prior loading of MTCJ
compared to the single bolus. Likewigghai et al. (2018) reported significantly higher
triglyceride concentrations with prolonged MTCJ consumptibechanistically, th@robable
improvements in insulin sensitivity (HOMAZS) with MTCJ may have been through
receptofinteractions, specifically increaseisulin-receptor substratd phosphorylation

prompting glucose uptake through increased GidJiTanslocatior{Belwal et al, 2017)
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The significant reduction iIRER after 6 days MTCJ supplementation, may be explained by
thetendency foheightenednsulin sensitivity; also suggested 8plversoret al. (2018)after

7 days blackberry feeding. The interaction between insulin sensitivity and fat oxidation may

be mediated by anthocyanmduced AMPK activatiofSolversoret al, 2018) MTC has been

shown to activate PPAR transcription factors, downstream of AMPK, in r¢8egtnouret

al., 2008 2009) and nematodéChapter 7) mod e | s . Therefore, acti ve
PGG1 U may a @referentiat oxidation of fat assubstrate whi | e PPAROD ag
may explainthe tendencies fdansulin sensitising effestof MTCJ in the present study. This

finding supports the hypothesis first proposedhiapter 4that MTC may act as a CRM.

As fasting glucose and insulin responsesen@mplementary of each other, the change after
6 days indicates MTCJ may normalise glucoregulatory coiiBelwal et al, 2017) in a
population with early insulin resistance (baseline HOMR22.2 + 1.4. The significance of
which may behighlighted when considerinmsulin resistance is the underlying cause of

impaired cardiemetabolic function irnumans witiVietS.

6.4.2. Lipid Responses

This studysuggestMTCJ mayimprove aspects ofthe lipid profilein individuals withMetS.

The significant reduction in total clesterol found in the present study agrees with findings
from At ai e etlah 2G0D8) ibut similar responses were not observed in other studies
providing tart cherriegMartin et al, 2010; Chaiet al, 2018) although a trend for lower
concentrations was observed in MetS ad(lthnsonet al, 2017) The reduction in total
cholesterol with MTCJ may be explaineglower LDL fractions after 6 days supplementation.
Similarly, reductions in LDL were reported Byt a i e et al.2D08)andChaiet al.(2018)

in subjects with elevated baseline LDL after tart cherry juice eopsan; aligning with
findings from other human trials supplementing anthocysan interventions that
hyperlipidaemia is a prerequisite to observe improvenm@iédlace, Slavin and Frankenfeld,
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2016) Clinically, LDL responses after 6 days MTCJ consumpti@y correspond to an 8%

relative risk reduction of major vascular evef88vermanet al, 2016)

Chapter 5 postulated a prolonged dampening effect due to accumulation, and likely greater
retention, 6 MTC phytochemicals in tissues and systemic circulafidns may explairthe
individual responses whetetal cholesterol concentratiomsere lowerat 5hourspostbolus,

after 6 days prior loading. This suggests total cholesterol was amenable to change in the
presence of greater tart cherry anthocyanin and secondary metabolite concentrations, as
supported by findings frodt a i e et al.§2D08)(720 mg.day anthocyanins for 6 weeks),
individual responses withG6mL MTCJ consumption irchapter 5 and 12 weeks MTCJ

consumption irhumans witiMetS (Johnsoret al, 2017)

The present study is the first to report significantly greater HDL concentrations after cherry
consumption compared to a control condition, however this result was more an effect of
reductions in HDL with placebo. Moreer, the change after 6 days MTCJ consumption was
not significant as baseline HDL was normal, agreeing with previous studies supplementing tart
cherries( At a i eetall 2008aMaitinet al, 2010; Lynnet al, 2014; Johnsost al, 2017;

Chaiet al, 2018)andchapters 4and5.

Bing sweet cherry consumption had no effect on TC:HDL ratio in healthy #Heltsy et al,

2006) In the present study,C:HDL ratio was found to be lower after 6 days consumption of
MTCJ andindividual responses showed 10/12 participants with lower TC:HDL ratias afte
MTCJ supplementation compared to 1f2ticipantswith placebo.Furthermore,TC:HDL

ratio was shown to be a good predictor of cardiovascular risk reduction when assessing
interventions (Millan et al, 2009) thus improvements in TC:HDL after 6 days MTCJ

consumptiorhighlight its clinical efficacy against cardiovascular events.
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Lastly, danges irthe lipid profile induced by MTCJ after 6 days indicate a state of lower
atherogenic and cardiovascular risk, aligning with findingsatients withMetS after MTCJ
consumption(Johnsoret al, 2017) and potentially explaining the improved-Bdur ABPM

responses in the current study.

6.4.3. Cardiovascular Responses

The efficacy of sweet and tart cherry interventions on improving blood pregsutieularly
SBP,had been demonstrated numerous timegarious population§ At a i estall 2008a r i
Kentet al, 2015ab; Keanet al, 2016bc) including MetS as shown ichapter 5. However,
these studies used Hiased measurements which is clinically inferior tehadr ABPM
(Hermidaet al, 2011; Hodgkinsomt al, 2011) Therefore, the present study was the first to
demonstrate reductions in meantsur SBP, DBP and MAP after cherry supplementation in
any population. Cocoa flavanols were also fountetluce dayime DBP, mean 2&hour SBP

and DBP in participants with features of Mé@assiet al, 2008)

A clinically significant reduction in mean Zdbur SBP was observed after 7 days MTCJ
consumption 6 mmHg); which would beassociated with prevention of &huse and
cardiovasclar mortality by 20%Banegast al, 2018) This finding adds greater clinical and
biological relevance to thandividual responseseported foracute SBP reductions in the
present studychapter 5and byKeaneet al. (2016b)after an acute, singleolus of MTCJ. In
this study, a reduction dfl mmHg was observed after 6 days MTCJ consumption compared
to PLA for acute SBRit 2hours posbolus. Comparative eductionsof 8 mmHgwere seen
with 7 days blueberry juice consumptioompared to PLAn individuals withpre- and stage

1 hypertensin (Stoteet al, 2017) highlighting the efficacy o6-7 days consumption of
anthocyanirrich juices (~276814 mg.day total anthocyanins). As irchapter 5, the
magnitude oficuteSBP reduction with MTCJ was comparableafiproved anthypertensive
drugs associated with harmful side effe@amlage and Hasford, 20091oreover, the
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2 mmHg reduction in mean Z#bur DBP after 7 days MTCJ consumptioould beassociated
with a risk reduction of CHD and stroke by 6 and 15%, respect{@dgket al, 1995) This
response was facilitated by significant gage DBP reductions with MTCJ, which has been

shown to be a significant predictor of CVD, CHD and strgtagardet al, 2008)

Despite supplementing a similar daily anthocyanin dosage as the present study (278)mg.day
Stull et al. (2015) reported no effect on 2dour BP after consuming anthocyaiich
(290.3 mg.day anthocyanis) blueberry smoothie for 6 weeks compared to PLA, in
individualswith MetS This finding supports the shadrm, lowrdose antioxidant hypothesis.
The pharmacokinetics of PCA and VA may explain dbatelab-basedSBP redudions with
MTCJ compared to PLA2-hours posbolus based on individual responsd$e hypotensive
effects of VA may also explain the 2%ur ABPM responses to MTCJ consumption as VA is
structurally similar to apocynin, a vasodilatory di{iRpdriguezMateoset al, 2013; Igweet

al., 2017) Lab-based DBP responses were similar to observatiormtegpby other MTCJ
supplementation studi€kynn et al, 2014; Johnsoet al, 2017; Chakt al, 2018) including
chapter 5. Differences between labased and 2thour ABPM may be due to the provision of
an additional bolus of MTCJ prior to ABPM and/or greater variability in measurementof lab
based BP monitoring compared to-2dur ABPM, due to phenomenach as white coat

syndromg Dr awz, Abdall a andetaRal3pan, 2012; O6Bri e

In comparison ti&Keaneet al. (2016b)(-7 mmHg) ancthapter 5(-11 mmHg), the magnitude

of acute, lakbased SBP reduction in the present studl§ (nmHg) was similar aéir 2hours
compared to lacebo Thus, indicating no additional benefit of 6 days prior loading of MTCJ

in individualswith MetS exhibiting earlyhypertension at baseline. This suggests an elevated
baseline SBP anithe attainment ad physiologically relevant threshold of phytochemicals are
required to elicit a reduction in SBP; beyond which further reductions are not observed.
Individual responses indicated lower aortic SBRoRrs posbolus of MTCJ compared to
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PLA. A similar mechanisn may be cited as the brachial SBP responsehaiugs posbolus,
through PCA and VA mediated endothelig@pendent vasodilation. Additionally, the
brachial andaortic SBP responses concur with a cresstional study highlighting
significantly lower brabial andaorticSBP with higher habitual anthocyanin intakésnnings

et al, 2012)

Aviram and Dornfeld (2001)demonstrated reductions in SBP were correlated with
significantly lower ACE activity after 2 weeks pomegranate juice consumptiotinefonore,
Kirakosyan et al. (2018) demonstrated 88.7% ACE inhibitian vitro, with MTC extract
applied in physiologically relevant concentrations. However, in the present study, as no
correlations were observed between serum ACE concentrations and changes in cardiovascul
parameters, ACE inhibition may not explain the hypotensive effects of MTCJ; potentially
because PCA and VA are weak ACE inhibit@ifédalgo et al, 2012) Moreover, the present
study would have benefitted from assessment of ACE activity rather than ACE protein
concentrations, to explain the hypotensive mechanism of MTCJ. Yet, individual responses
showed 8/12 participants had lower ACE concentrations 6 days after Ar&limption
compared to 4/12 with PLA. Overall, ACE inhibition may still explain the hypotensive effects
of MTCJ, however future research should incorporate more rigorous methodadlogies

elucidate mechanisms.

6.4.4. Strengths, Limitations and Future Work

Despite the mspectivenature of the study, a limitation would be the small sample size on
which conclusions are based, therefore larger clinical trials are re@sisedsingndividuals

with MetS,but also other clinical populations. Due to financial constraints surrogate indices of
p a n c r edltfunation, Bnsulin resistance and sensitivity were used. Future work should
consider using tolerance tests or hypsulinaemiceuglycaemic clampStull, 2016)to assess

the efficacy of MTCJ on pogirandial responsesvhich provides more ecologically valid
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conclusions. However, the present study addressed the artificial placebo effect encountered in
chapter 5 by using an energy and carbohydrate matched placebo to assess the impact of the

phytochemicals in MTCJ.

A key strengh of the study was the use of-Bdur ABPM as a clinically relevant measure of
assessing the effect of MTCJ on blood pressure and subsequently cardiovascular risk. Another
strength was the use of a dietary supplement made of a whole food; upholdingcatologi
validity due to the simplicity of incorporating such an intervention into habitual diets. Further
understanding of the efficacy of purified anthocyanins alone compared to a whole dietary
supplement on cardimetabolic markers is required, to inform tdigy and clinical practice.

Lastly, although not objectively measured, participants did not report any adverse effects from
MTCJ consumption indicating a degree of tolerance; a major benefit over pharmacological

interventions.

6.5. Conclusion

The presenstudy has provided novel findings and revealed for the first time the ability of an
MTC intervention (specifically juice) to significantly improve-Bdur BP, fasting glucose,
total cholesteroand TC:HDL ratio, andalsolower restingRER compared to a contrah any
human populationLDL concentrations were also found to be lowemidividuals withMetS

for the firsttime, after 6 days consumption of MTCJ compared to PMAreover,individual
responses aldgadicated tendencies famprovements irfasting insulinjnsulin resistancand
insulin sensitivity after consuming MT@r the first timein any human populatioogether,
these responses demonstrated clinically relevant improvements on aspects ehetabmic
function, emphasising theotentialefficacy of MTCJ in preventing further cardmetabolic

dysregul ation in an o6at raefiorkihe copprisdn detwieenn . Ar
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supplementation strategies with MTCJ on acute cartitabolic responses, demonstrated 6

days prior loading had a limited beneficial impact compared to a single, acute bolus.

This research was unable to confirm ACE inhibitias a mechanism of the hypotensive
properties of MTCJ, thus further work is required to elucidate mechanisms for BP responses,
but also other cardimetabolic improvements shown here. It remains to be seen how long the
reductions in 2sour BP last with MTGQ, however with further research MTEauld perhaps
replace or be used as an adjuvant to-laypertensive drugs in the future. Nevertheless, the
evidence presentasd promisingfor individuals with elevated cardiovascular risk particularly,

pre-hypertensn.
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Elucidating Mechanisms of Action of Montmorency
Tart Cherry Juice Using the Model Organism
Caenorhabditis elegans
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The study presented within this chapter was conducted in collaboration with Dr. Samantha
Hughes and colleagues at th6AN BioCentre, HAN University of Applied Sciences,

Nijmegen, The Netherlands. Contributions towards this study are highlighteagexi.

7.1.Abstract

Montmorency Tart Cherries, MTCR(unus cerasuk.) possess a high anthocyanin content as
well as one of the highest oxygen radical absorbance capaxdifiests at common habitual
portion sizes. MTC have been shown to contribute to radygiasma lipids, plasma glucose

and fat mass in rats and strikingly, similar effects are observed in humans. However, there is a
paucity of research examining the molecular mechanisms by which such MTC effects are
induced. Here, we show that when exposedMTC, Caenorhabditis elegansgisplay a
significant extension to lifespan, and these worms are healthier. Using RNA interference, it is
possible to silence genes involved in fat metabolism and provide insight into the molecular
pathways through which MT@cts. We have identified that MTC functions via the PPAR
signalling pathway, specificallghr-49 anddaf22. Our data provides encouraging evidence

that MTC may be operating as a calorie restncinimetic via metabolic pathways.

7.2.Introduction

Globally, approximately 1.75 billion peopleave MetS, a cluster of cardinetabolic criteria
including obesity, hyperglycaemia, dyslipidaemia and elevated blood préblmlubkovaet

al., 2012) MetS is often a precursor to type 2 diabetes and cardiovascular disease, which
together place a significant burden on health services and are the leading causes of reduced
lifespan andncreasednorbidity worldwide( O 6 Nes al,12016) Given the social challenges

faced by the prevalence of MetS, obesity, cardiovascular disease and diabetes, non
pharmacological interventions are desperately needed to safely preventitayatenthe

development of these diseases.
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Recentl vy, there has been renewed interest
particularly rich in polyphenols for health and exercise benefits, namely beetroqFeliceira

and Behnke, 2010purple sweet potatogkiu et al, 2010) blueberriegfWilson et al, 2006;
McAnulty et al, 2011) pomegranate juic€fromboldet al, 2011) green tegJowkoet al,
2011)and cherriegTraustadottiret al, 2009; Bellet al, 2014b) Ensuring a diet rich in such
foods results in significant health benefadiumans, specifically related to their amtidative,
antrinflammatory, antiobesity and anttancer propertie§Ghosh, 2005; Wwet al, 2006;
Seymouret al.,2009) Montmorency Tart Cherrie®funus cerasus.), MTC, possess a high
anthocyanin content and has one of the highest oxygen radical absorbance capacities of fruits
consumed at common habitual portion si@es et al, 2012) The health benefit of MTC is
likely due to the presence of polyphenols, mainly anthocyanins, which are conmfoamiyin

the skin of the fruit and are responsible for its dark red pigatientKhoo et al,, 2017)

Human studies have established that MTC hasimifdimmatory (Bell et al, 2014b) anti
oxidative(Bell et al, 2014b) antihypertensivdKeaneet al, 2016b)and antihyperuricaemic

(Bell et al, 2014b)properties. Correspondingly, rats fed MTC displayed significantly improved
lipid profiles and reduced fat mass, hyperinsulinaemia and hyperglycaemia comparecdto contr
animals(Seymouret al, 2008 2009) Additionally, tart cherries have been shown to have an
antidiabetic effect in diabetic rats, via the reductadrplasma glucoséTahsini and Heydari,

2012) Together, although this is promising evidence that MTC can thwart MetS development,
there is a paucity of research examining mechanishection by which these effects are
induced. Previous studies investigating the mechanisms underpinning MTC used animal models
and showed that MTC induced gene behiptaads si on
TNF-U(Seymouret al, 2008 2009) all major pathways involved in fat metabolism and insulin
signalling. It is likely that the phytochemicals in MTC may alter the transcripfiother genes

involved in the response to oxidative stré@ssakosyanet al, 2018) but these have yet to be
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fully elucidated. It is therefore obvious that a detailed understanding of the effect of MTC on

these, and other, pathways that lead to positive health effects is lacking.

Caenorhabditis elegans a powerful model organism to study the molecular pathways that
underpin human diseag®larkaki and Tavernarakis, 2010; Shaye and Greenwaltl])20

C. eleganss asmall, transparent nematode worm with a short life span of just 4 weeks, a large
brood size of 250 genetically identical offspring and simple anatomy. Strikingly, the nematode
has many welktudied molecular networks anddue systems that are also found in vertebrates,
including intestine, skin (cuticle) and a nervous (autonomic and sorsgitgm The worm

has beenfully sequenced and mappéd#iillier et al, 2005) with 80% of human genes
possessing homologues @ degans(Kaletta and Hengartner, 2008y addition, feeding
behaviour, nutritional uptake and fat metabolism are conserved beBvelagansaind humans
(Hashmi et al, 2013) Lastly, C. elegansis extremely powerful in terms of technical
methodology, such as RNA interference (RN@ishrafi et al, 2003; Kamath rd Ahringer,

2003; Rualet al, 2004) and together with easy access to a vast number of genetic mutants,
facilitates molecular pathway dissemination. Taken together, these factors emphasise the
translational relevance of this model species and itspakéo predict effects in higher animals

and inform clinical nutrition practice in humans

This studyexamiredthe response df. elegango various dilutions of MTC concentrate that

relate to the recommendetilution for human consumption. Due to theysificant genetic
homology between nematodes and humans, it is possible to silence genes involved in fat
metabolism in nematodes and observe the effect in the presence and absence of MTC. Such
single gene knockdown provides insight into the molecular matb\wy which MTC is able to

exert its health promoting effects.
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7.3.Materials and Methods

7.3.1.Strains and Maintenance of Worms

Strains were derived from the wild typ2 Bristol strain and maintained at ZD), as described
previously(Brenner, 1974)C. elegansvere maintained on Nematode Growdledia (NGM)
agar prepared according to standard proto@enner, 1974and plates seeded widP50

E. colias a bacterial food source.

To synchronise worm populations, gravid worms were washed from plates with M9 buffer
(Brenner, 1974)and dissolved using alkaline hypochlorite solution (4 mL 5% sodium
hypochlorite, 1 mL 4M sodium hydroxide, 5 mL gb) to obtain the eggs. Hypochlorite
solution was removed by washing the eggs three times with M9 buffer. Eggs werdaeftto
overnight at 15C in M9 buffer in the absence of a food source, giving rise to a population of
synchronised L1 larvae which could then be placed directly onto NGM to develop to L4 stage

at a similar rate.

7.3.2.MTC concentrate seeded NGM

Montmorency tart cherry concentrate (Cherry Active, Active HddeHanwell, UK) has a
recommended human consumption of 30 mL MTC concentrate mixed with 240 mL water,

daily. This is equivalent to a daily dose of 125mL™.

MTC was added directly to theooled molten NGM prior to pouring plates. The final
concentrations of MTCJ in the NGM plates were 16.mmll%, 66.7 uLmL?, 83.3 pLmL™,

116.77 pLmL? and 150 pLmL? in NGM. The pH of all preparations was checked,
substituting water for NGM. For each MTC spiked water sample, there was no change in pH

compared to the control.
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7.3.3.RNA interference

RNA interference experiments were performed using standard pro(dsbisfiet al, 2003;
Kamath and Ahringer, 2003NGM for RNAi was supplemented with 116.7 L of
MTCJ in NGM, similar to the recommended daily human dose, or 116rdlpt distilled

water as the control.

The RNAiclones were chosen based on their homology to human genes involved in different
aspects of fat metabolisfi\shrafi et al, 2003; Shaye and Greenwald, 2Q1C)ones were
obtained from the Vidal ORFeonimsed RNAI libraryRual et al, 2004)and those used in

this research arkisted inTable7.1. All nematode experiments were conducted using\tbe
strain. dsRNA was delivered by feeding to -agachronised L1 stage animals, which were
incubated at 2@ and phenotypes were observed 48 hours later, when control animals had
reachd the L4 stage. Control RNAIi was performed uditigl15bacteria transformed with an

emptyL4440vector.
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Table 71. List of worm genes, and their human homologues, used for RNAI analysis

Human Gene description

Worm gene name

Isoform 1 of Hepatocyte nuclear factcgdmma
gastric triacylglycerol lipase isoform 1

fatty acid desaturase 1

Isoform 1 of Tubby protein homologue

fatty acid desaturase 1

Isoform SCP»of Non-specific lipidtransfer protein
Elongation of very long chain fatty acids protein 3
One of the nematode cytochrome P450s

4-trimethylaminobutyraldehyde dehydrogenase

Isoform HNF4Alpha-2 of Hepatocyte nucledactor 4alph

highly similar to Krueppelike factor 5

SREBP

Lipase member M precursor

Glutaminytpeptide cyclotransferadike protein
Acyl-coenzyme A thioesterase 8

Fatty acyCoA reductase 1

Isoform 5 of Phospholipase B1, membrassociated
Acyl-coenzyme A thioesterase 8
Acyl-CoA:lysophosphatidylglycerol acyltransferase 1
Isoform 5 of Phospholipase B1, membrassociated

O-linked N-acetylglucosamine (&IcNAc)-selective N
acetytbetaD-glucosaminidase (@IcNAcase)

Acyl-coenzyme A thioesterase 8
Glycerol3-phosphate acyltransferase 3
Gene involved in fat metabolism

Neuronal acetylcholine receptor subitaipha7

nhr-49
lipl-1
fat-4
tub-1
fat-3
daf22
elo-4
cyp13A11
alh-11
nhr-80
kif-1
sbpl
lipl-4
H27A22.1
C37H5.13
fard-1
F09C8.1
F25E2.3
acl-12
T19D7.7

ogal

C17C3.3
M79.2
daf-7
eat2
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7.3.4.Lifespan Assay

To assess lifespan, wild typi2 worms were used. Animals were reareddd?b0seeded NGM

at 19C following standard protocols. When gravid, animals were bleached and the resulting
age synchronised L1 animals were placed onto seeded NGM. When animals were L4, this was
counted as Day O of the survival assay. During the reproductive period, the wemns w
transferred to a new plate and observed every day for death. Animals were scored as dead if
they failed to respond to a touch by a platinum wire. Survival curves were generated and data
analysed using the OASIS softwgianget al, 2011) For multiple analysi? < 0.0055 was

considered as significant (Bonferroni corrections).

7.3.5.Microscopy

To take images, worms were mounted onto 2% agarose pads in 0.1% sodium azide. Fluorescent
imaging was carried out using a Zeiss Imager.M2 microscope and photomicrogeehs w
taken using a x40 objective (Zeiss) and Zeiss Zen 2012 Blue Software. All images of animals

were compiled using Adobe Photoshop 7.0 and backgrounds merged.

7.3.6.0Obesity Assay

The obesity assay was adapted fritak et al. (2006) and Ashrafi et al. (2003) A stock
solution of Nile Red (Roth) was prepared at 0.5mig! in acetone and diluted in 1xPBS to
1 ug.mL?, both solutions were stored in the dark ¥ 4Nile Red was added to molten NGM
(1 mL of working solution in 50 mL NGM) and when solid the plates were seede@ withi
OP5Q Age synchronised L1 worms were added to the plates and allowed toptve4, at

which point the worms were sacrificed for microscopy.

Images were taken using the same gain and exposure settings of animals on the same focal
plane (around the grinder in the second pharyngeal bulb). Using ImageJ software, the

fluorescencen a 20x20 pixel box placed at the grinder was calculated, to give a value

261



Chapter 7. Elucidating Mechanisms of Action of MTCZLirelegans

corresponding to | evel of staining of the Ni
equivalent to the level of Nile Red staining, which are normalised to the contnoisvard

plotted.

7.4.Results and Discussion

7.4.1.Lifespan is increased following exposure to MTC

Studies have shown that downregulation of the evolutionarily conserved insulb/IGF
signalling pathway causes a metabolic shift away from glucose metabolism to lipid oxidation
and is associated with longevityan Heemst, 2010Here, MTC wasested to see if wasable

to extend lifespan, indicative of a positive effect on the insulin signalling pathway. Wild type
animals that were not exposed to MTC lived for a maximum of 17 days post L4, while animals
exposed to MTCdisplayed a significant increase in lifespan (Figutd, Table7.2). This
extension to lifespan was most significant at lower MTC dilutions, 16./ut of MTC, the
longestlived animal was 23 days old and at 380mL™?, the maximum lifespan was 20 days
(Figure7.1, Table7.2). Interestingly, the days at which 50% of the population died was only
extended for the worms exposed to 16.ZmL™* MTC. In addition, lifespan of animals at 66.7
and 33.3 uLmL* of MTC showed a similar lifespan to those of 16.7mL* MTC and lifespan

of worms exposed to 66.7 and 83.3.mlL™* of MTC were comparable (data not shown).

Together, datdrom this studyshows there is an extension to lifespan following exposure to
MTC, with lower dilutions more beneficial to the worms than elevated dilutions. It is possible
that a hormetic effect of MTC is occurring, where the benefit provided byxidéants in MTC,

is to scavenge free radicals more effectively, while at higher ctatiens the prepxidant
nature of MTC phytochemicals reverses some hgatiimoting effect{Blando, Gerardi and

Nicoletti, 2004; Konczak and Zhang, 2004)
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Such a lifespan extension as observed here is similar to that of blueberry polyphenols, which
were able to increase lifespan and delasiragin C. elegangWilson et al, 2006) This may

be related to the fact that despite tart cherries containing sugar, which would be expected to
reduce lifespan, the fruit is able to reduce glycaemic stress by modulating the insulin signalling
pathway(Seymouret al, 2009) Such a reduction in glycaemic stress may be mediated by the
presence of MTC anthocyanins, phenolic acids and/or their secondary metdoktlessyan

et al, 2009; Scazzocchiet al, 2011) which may reduce the concentration of ligands available

to activate the insulin signalling cascade.

Table 72. Statistical analysis of lifespan. Raw lifespan data was analysed using the OASIS
software(Yanget al, 2011) The control animals (no MTC exposure), lived for a maximum of

17 days, which was extended in all MTC exposed worms. Of the animals exposed to 16.7
uL.mL?* MTC, 50% mortality was extended from 10 to 13 days, and was the only dilution of
MTC to show thisFor each condition, over 100 animals were used, bar 1501t where 80
animals were used. For lifespan plots, Begire7.1

Age in days at:

MTC Concentration 50% mortality 100% mortality Bonferronip value
0 puL.mL? 10 17 -
16.7 pLmL? 13 23 0.0001
66.7 uLmL? 9 20 0.2358
150 pLmL? 8 20 0.0001
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Figure 71. Lifespan of worms was extended following exposure to MWWd type worms

lived for a maximum of 17 days post L4 (solid black lines). Animals exposed tql 6t *
displayed an extension to lifespan throughout (solid grey lines). In contrast, animals exposed
to 66.7uL.mL? (dashed black line) artbOpL.mL™ (dashed grey line) showed a faster death
rate compared to the control animals but did have a slight extension to maximum lifespan. For
each condition, over 100 animals were used, bar 1501t where 80 animals were used. For
statistical analysisee Tal# 7.2

7.4.2.Exposure to High MTC Dilutions Reduces Lipid Staining

Fat metabolism and lifespan are intertwined and likely to be directly co(kdeden, Flatt and
Aguilaniu, 2013) therefore the fat content of MTC exposed animals using the vital dye, Nile
Redwas measurefAshrafiet al, 2003; Maket al, 2006) Strikingly, animals exposed to the
lower doses of MTC (16.7 ummL™* and 66.7 uLmL™) displayed a significantly increased level

of Nile Red staining compared to contrdisgures 72 and7.3). In contrast, elevated levels of
MTC significantly reduced Nile Red staining (83.3.piL ™t and 116.7 plmL™). It is of interest

to note that worms exposed to the 116.7ZnpiL* dilution of MTC had a developmental delay

of 24 hours comgred to all other dilutions (data not shown).
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Long-lived daf-2 mutantC. eleganglisplay an increase in fat accumulation compared to wild
type animal{O'Rourkeet al, 2009) suggesting thahis is the cause of the increased lifespan
observe with low dilutions of MTC. Although MTC has an elevated carbohydrate content, this
would prompt the activation of transcription factors, such as -3Klkhat promote the
expression of antbxidant or detwification enzymegPanget al, 2014) thus allowing animals

to promote longevity, as shown in blueberi(@élson et al, 2006)(refer tosection 7.3.1L
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Figure 72. Representative images of worms exposed to MTC. In all cases, animals were grown
from L1 to L4 on NGM supplemented with increasing dilutions of MTC and the vital dye Nile
Red. At L4 stage, worms were mounted for microscopy and imaged using identicajssetti
Images were taken at the anterior of the animal, with the focal plane always on the valve of the
grinder. (A) Control animals, (B) 16.uL.mL? MTC, (C) 66.7 uL.mL' MTC,

(D) 83.3uL.mL* MTC and (E) 116.7uL.mL* MTC. Anterior is to the left, ventral to the
bottom. Scale bar is 5Q0m.
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Figure 73. Graph to show the relative fat staining in worms exposed to Mi&ges of worms
exposed to MTC were analysed using ImageJ and the values of Nile Red staining are
normalised to the control, and this value plotted. Control animals (black bars) show some Nile
Red staining of the upper intestine. There is a significané@se in fat staining in the animals
exposed to 16.{L.mL ™t and 66.7uL.mL™ MTC (dark grey bars) while those worms exposed

to 83.3puL.mL? and 116.7uL.mL* MTC (light grey and white bars) have a significant
reduction in fat staining. In all cases **Fs< 0.01 anch = 26.

7.4.3.MTC Acts Through the PPAR Signalling Pathway

Unravelling the pathways through which MTC acts, will shed light on the mechanisms by which
MTC provide their many health benefitds there is significant homology between the
mechaisms of fat storage and regulation@n elegansand mammalgAshrafi, 2007) it is
possible to elucidate which pathways are involved with MAGwumber of candidate genes

were choseiased on their homology to key human fat metabolism processes.

During the lifespan experiments, it was noticed that there was a small developmental delay in
the time it took animals exposed to elevated MTC dilutions to reach L4 stage compared to

controls.The majority of the genes tested showed a similar effect to the control RNAIQ

in the presence of MTC, in that all animals reached the L4 stage at approximately the same time.
However, 7 genedub-1, daft22, ele4, sbpl, lipl-4, H27A22.1andeat?2) that were silenced

in the presence of MTC showed a similar stage of development as the control in the absence of
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MTC i.e. a reversal of the delay (FigufelA). Strikingly, RNAI of nhr-49, lipl-1, fat3, ki1,
F09C8.1, C17C3.&nddaf7 caused an enhagment of the developmental delegused by

MTC alone(Figure7.4B).

A. Controls B. Recovery of developmental delay d%vglgg?w?gﬁg ﬁ;‘él(;;
14440 H27A22.1 shp-1 lipl-1
14440 + lipl-4 daf-22 g
116 74ImI MTC i

Figure 7.4. RNAIi knockdown affects development of animals exposed to MTC. Wild type
animals were placed onto RNAi NGM seeded with, or without, 116.Mutt MTC, and after

48 hours at 2T the developmental progress of the animals was compared. (A) Control animals
that are not exposed to MTC and are fed control RNAI (empty vedt( reach the L4 stage

(top panel). In contrast MTC exposed worms lag 1 day behind thexpmsed animals (bottom
panel). (B) Representative images of worms, which when genes of interestilenced in the
presence of MTC showed a recovery of the developmental delay. ShoHWR7a&22.1, sbf,

lipl-4 and daf22. (C) Representative images of animals where RNAI silencing of genes
enhanced the developmental delay. Two genes are shpwhandnhr-49.
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It wasfound that the RNAI knockdown alfaf-22,the nematode homologue of human SCP2, in

the presence of MTC reversed the developmental delay that is caused by exposure to MTC. In
contrast, in the presence of MTC RNAI knockdowmloi-49,the HNFAG/PPAR homologue,

further enhanced the developmental delay compared to the control. Such an effect is intriguing,
as bothdaf-22 andnhr-49function in the PPAR signalling pathwégurgeringet al, 2004;van

Gilst et al, 2005) which are central regulators of fat metabolism [reviewgiNimn, Bell and

Barter, 2007)) Strikingly, cyanidin3-O-b-glucoside and its metabolite protocatechuic acid,
also found in MTC, have been shown to activate PPARs thus providing an-sensitising

effect (Scazzocchicet al, 2011) Indeed, here we confirm that MTC influences the PPAR
pathway(Seymouret al, 2008)and thus is likely to operate as a calorie restriction mimetic

(Cortonet al, 2004)

It is striking that whersbp1 (nematode homologue of SREBE, Sterol regulatory element
binding protein) is silenced in the presence of elevated MTC dilutions there is a recovery of the
developmental deja In contrast, there is an enhancement of the MTC induced developmental
delay wherlipl-1 (a lysosomal lipase) is knocked down. Bstip1 andlipl-1 have recently

been shown to be regulated by the M&Xranscription factor, to modulate lipid metabolism

in nematodegMorencArriola et al, 2017) It is likely, that these genes form part of a complex
network modulating the response to carbohydrates (including glucose) and fat, as suggested

previously.

However, ultimately,regulation of longevity and lipid metabolism is complex, involving
multiple genes and signalling pathways and how longevity and fat accumulation are uncoupled

from diet remains elusive.
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7.5.Conclusion

To date, there is promising evidence that MTC can contribute to preventing MetS development,
although there is a lack cesearch examining the mechanism of action by which such effects
are induced.The datafrom this study providegncouraging evidence that MTC may be
operating as a CRM via metabolic pathways iamgishown herethat the nematod€. elegans

is a useful model for dissecting pathways that correlate to humans. Together, this data
highlights the use df. elegango dissect the molecular pathways through which MTC act and
will allow for further detailed pathway dissemination. Due to the largabau of genetic
mutants available, it is possible to replicate studies in nematodes that have defects in the insulin
signalling pathway to further understand how MTC might act to alleviate MetS symptoms.
Indeed, such data can then be used to design afadrpanore targeted longitudinal clinical

trials in humans withMetS. In addition, it is possible that genes identifiecCinelegansas

having a role in obesity or diabetes are likely to be implicated in human disease as well or, at

the very least, provideandidates for antbesity and anttliabetic drugs.
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8.1. Thesis Overview

Current and projected, global, prevalence and incidence rates of-oatiibolic diseases are
alarming. Hence, there is an urgent need to identify safe interventions to prevent the accentuation
of this major problem. This thesis constituted a seriesunfiest examining the efficacy of safe
lifestyle interventions, including dietary supplementation of Montmorency tart cherry juice and
capsules with and without FATMAX exercise, on cardietabolic function in healthiiumans

and those with MetSThe emphasisf the thesis was around preventing and reducing cardio
metabolic dysfunction using these interventions in populations susceptible to greater risk of
developing cardionetabolic diseases. Lastly, limited research had identified mechanisms for the
purportel benefits of MTC, therefore vario@s elegansnodels were used to identify mechanistic

pathways through which MTC may act.

8.1.1. Key Findings

This thesis tested the hypotheses outlinesettion 2.3.2This thesis identified numerous novel
findings andcorroborated previously reported results through the four experimental studies

conducted, including:

Hi: Montmorency tart cherry supplementation will significantly improve resting canéi@abolic
biomarkers compared to the placetmmtrolled condition, n healthy and MetS human

populations.

i.  MTC supplementation did not significantly improve carthetabolic markers compared

to the placebaontrolled condition, in healthy humans.

ii.  MTC supplementation significantly improved certain cangietabolic markers ecopared

to the placeb@ontrolled condition, in humans with MetS.
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H>: Montmorency tart cherry supplementation with FATMAX exercise will improve cardio
metabolic biomarkers compared to the placebotrolled condition, in a healthy human cohort

(Chapter 4).

iii.  Combination of 20 days MTCJ supplementation and FATMAX exercise did not augment
fat oxidation at rest or during exercise, nor did it improve camtabolic biomarkers in

healthy humans.

a. Continued supplementation of MTCJ beyond 10 days did not indwecamitant
elevation in total antoxidant status, rather levels returned to baseline. Hence,
shortterm antioxidant supplementation from MTCJ seemed to be more effective

at improving cardiemetabolic function and suggests MTCJ may be a hormetin.

Hs: A single, acute bolus of Montmorency tart cherry juice and capsules will improve acute cardio
metabolic biomarkers compared to the plaeebotrolled condition, in humans with MetS

(Chapter 5).

iv. A single, acute bolus of MTCJ and MTCC acutely improved certaidiczaetabolic

biomarkers in humans with MetS.

a. MTCJ induced a clinically relevant reduction in SBFhdurs after consumption
in individuals with MetS The magnitude of change was comparable to

pharmacological antiypertensive drugs.

b. MTCC and MTCJ reduced insulin concentrationg;hour and 2hours after
consumption, respectively. A health benefit of MTCC consumption was shown for
the first time in any human populatiddata also indicated potentialmprovement

in insulin sensitivity mediated by MOC and MTCJ.
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c. Acute cardiemetabolic responses were not statistically diffefegtiveenacute
MTCJ and MTCC supplementation in individualith MetS Physiological
responses indicated MTCC reduced insulin more than MT@Q&uf postbolus.

Although, MTCJ reuced SBP more than MTCC ah@urs posbolus.

d. Doseresponse effect was not appaneith MTCJ. However, individual responses
suggested HDL, TC:HDL ratio and arterial stiffness were improved after
consumption of 60 mL MTC concentrate compared to 30 mL Madi&entrate in

humans with MetS.

Has: Shortterm, continuous supplementation of Montmorency tart cherry juice in indiviaithls
MetS will improve cardiemetabolic biomarkers compared to the plaeebwotrolled condition

(Chapter 6).

v. Shortterm, continuoussupplementation of MTCJ improveckrtain cardiometabolic

biomarkers in individualsiith MetS

a. Revealed for the first time an MTC intervention improved fasting gludosa,
cholesterolTC:HDL ratio andowered resting RER any human population, after
6 days of MTCJ supplementati@ompared to a control group4-hour BP was

improved after 7 days of MTCJ supplementation.

b. Also, for the first time in individual&/ith MetS a reduction in LDL concentrations

wasobserved a#éir consuring anMTC intervention compared @ controlgroup.

c. Individual responses indicated physiological tendencies for improved fasting
insulin, insulin sensitivity and insulin resistance after 6 days of MTCJ
supplementation compared to the placebo grothumanswvith underlying insulin

resistance (MetS).
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d. Acute SBP following 7 days of continuous MTCJ supplementation was reduced
2-hours posbolus by a clinically relevant magnitude, corroborating results from
chapter 5, Keaneet al. (2016bc) and Kenet al. (2015) Moreover,individual
responses showed a physiologicatiuction inaortic SBP zZhours mstbolus

aligning with MTC anthocyanins and secondary metabolites pharmacokinetics.

e. However, 6 days prior loading of MTCJ had no further beneficial effect compared

to a single, acute bolus @cutecardicmetabolic responses.

f. Unable to confirm ACE inhiltion as a mechanism for hypotensive properties of

MTCJ, therefore further work is required.

Hs: Montmorency tart cherry acts as a calorie restriction mimetic and exerts its beneficial cardio
metabolic responses through evolutionary conserved mechanisttesire calorie restriction, in

C. elegangChapter 7).

vi.  Exposure to various dilutions of MTC concentrate resulted in a significant extension to

lifespan inC. elegansand these worms were healthier.

a. Elucidation of the molecular mechanisms of action suggested MTC operates
through the PPAR signalling pathway, corroborating findings féeymouret al.

(2008, 2009)

b. This study provided encouraging evidence that MTC may be functioning as a

calorie restriction mimetic via metabolic pathways.

8.1.2. Thesis Development

The opening studgChapter 4)in this thesis aimed to examine the effeiotombining FATMAX
exercise with MTCJ supplementation on fat oxidation rate, body composition and-cardio

metabolic biomarkers in healthy human participants. Rationale for this study was based on
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Venableset al. (2008)and Cook et al. (2015; 201B) demonstrating greater fat oxidation rates

with green tea polyphenols and anthocyamch blackcurrants, respectively.

Chapter 5 addressed some of the issues encountereltiaipter 4 and acted upon the null results
obtained in the first experimental study. Specifically, recruitmenpasticipants withMetS
possessingome cardiemetabolic dysfunction ichapter 5, rather than hetily participants, as in
chapter 4, as anthocyaninich dietary interventionfiave been shown tmnprove symptoms
associated with MetS in this populatiasu and Lyons, 2012; Amiot, Riva and Vinet, 2016;
Vendrameet al, 2016) Secondly, acute administration of MTCJ and MTCC to coincide with
MTC phytochemical pharmacokinesicas previously conducted Bganeet al. (2016b) MTCC
was provided to determine whether cardietabolic function could be improved due to its lower
carbohydrate content andtential to augment phytochemical bioavailability, compared to MTCJ.
Lastly, to establish whether a dassponse effect on cardimetabolic markers was apparent with

acute MTCJ supplementation.

Chapter 5 highlighted acute improvements in caraieetabolic function after acute
supplementation of MTC interventions, but no dosgponse effect. Consequenttyhapter 6
supplemented 30 mL MTC concentrate for 7 days, due to superior practicality, feasibility and
economic viability compared to MTCC and 60 mL MT@ncentrate. Based on findings from
chapter 4, Solversonet al. (2018)and Willems et al. (2017) it was reasoned shetgrm, low
dose, exogenous astkidant supplementation, would improve cardietabolic function. To
provide greater clinical relevanaghapter 6 assessed responses after 7 days continuous, MTCJ
supplementation. Thushapter 6 alsoenabled ascertainment of whether 6 days prior loading of
MTCJ enhances acute carditetabolic function compared to a single, acute bolus. Additionally,
chapter 6attempted to elucidaex vivq a mechanism of actidior the hypotensive properties of
MTCJobserved irthapter 5and byKeaneet al.(2016bc) through ACE inhibition; based on data
reported byKirakosyanet al.(2018)
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The last experimental chapi@&@hapter 7), undertaken in collaboration witheHAN University

of Applied Sciences, Nijmegeaimed to delineate the mechanistic pathways through which MTC
interventions may exert their careioetabolic effects. A model organisnGaenorhabditis
elegans was used to observe developmental responsesRIftAr of target genes of interest
associated with lipid and glucose metabolism. Then, in the presence and absence of various
dilutions of MTC concentrateresponses to lifespan and fat content were observed and
mechanisms subsequently discussed compagl/glopment readuts after RNAIi The lifespan
assay showed worms exposed to lower dilutions of MTC concentrate lived significantly longer
than those exposed to higher MTC dilutions and-exuosed worms. Paradoxically, the obesity
assay indicated greatigpid accumulation in the longetived worms exposed to lower dilutions,
compared to controls. Equally, worms exposed to higher MTC dilutions presented significantly
less lipid accumulation. In rodents, mild calorie restriction was shown to increasast(timet

al., 2010) A plausible explanation may be that due to lower nutrient availability, worms were
more efficient in extracting nutrients at lower MTC dilutions. Hence metabolism of carbohydrates
from MTC may have facilitatedidid accretion; and activated transcription factsteh as
SKN-1, that promote antixidant enzyme expressi@@GPx and glutathion&-transferase) and
subsequently longevitySykiotis et al, 2011) Moreover, improved extraction and thus
metabolism of MTC phytthemicalsmay have mediated lifespan extension. Overall, these
findings highlighted MTCmay be operating as a calorie restriction mimeia the PPAR

pathway, as previously shown in rodent mod8ksymouret al, 2008, 2009)

8.2. Common Concepts Throughout Thesis

Common emerging themes arising from this series of studies support the observations made in
response to MTC consumption. These concepts include thexaaint hypothesis based on the
action of MTC as a hormetin; the influence of baseline values on =poo MTC; the high

carbohydrate content of MTCJ and the supplementation strategy of MTCJ.
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8.2.1. Antioxidant Theorem

A consistent finding from this series of studies has showndose, shorterm, antioxidant
supplementation to exert beneficial effleon cardiemetabolic health. This was demonstrated in
chapter 4 where fat oxidation responses corresponded to totaloaitant status which was
elevated during the first 10 days of supplementation but returned to baseline between2fays 10
Chapter 6 showed provision of arvbxidants for a short time (~7 days) was effective at improving
aspects otardiometabolic function. Lastlychapter 7 postulated a hormetic effect of MTCJ, as
lower concentrations extended lifespan compared to higher concentratimhshastened death
rate; potentially through increased toxicity associated with highoaidant concentrations.
Lifespan extension with low antixidant concentrations support the CRM actions of MTC, and
other dietary hormetinfCalabreseet al, 2010) It is postulated that excessive exogenous anti
oxidant supplementation, inhibits endogenous-axitiant production to maintain a homeostatic
balance( Pol j s ak , Gu p 43). Havavdr, phvidion sf dowlose &@genous anti
oxidant concentrations heightens the total-aritdant balance but not as to induce toxic effects.
Therefore, enhancing the defence mechanism to stressors and mediating improved health
(Martucciet al, 2017) with MTC. In summation, this series of studies has put further scrutiny on
the effiacy of costly, prolonged continuous supplementation trialvesiose, shorterm, anti

oxidant supplementation was shown to be effective.

8.2.2. Carbohydrate Content of MTC

This thesis andChai et al. (2018) identified MTC concentrate to possess a high cartiaiy
content, potentially contributing to greater glycaemic, insulinaemic and lipaemic #tress
identified total carbohydrate accounted for 96% of total energy, of which 70% were sugars, in
MTC concentrate. Glucose and fructose contributed 55.738b 42h27% of total sugars,
respectively. Relative to the same anthocyanin content in 30 mL MTC concentrate, MTCC

provided approximately 8 and 18 times less total carbohydrate and sugars, respétdivedy.
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Chapter 5used MTCC to assess acute cantietabdic responses to acute supplementation of an

MTC intervention with a low carbohydrate load.

Accumulation of fructose with prolonged consumption of MTCJ may have negated its benefits by
exacerbating some of the deleterious effects of fructose such afigigipemia, hyperuricaemia

and lowgrade inflammatiofKarim, Adams and Lalor, 2012 ence, explaining the tendency for
improved LDL with MTCC compared to MTCJ anapter 5, and greateglucose andriglyceride
concentrations aftecontinuous MTCJ supplementati@mompared to a singlacute bolusin
chapter 6, as also reported bghai et al. (2018) Chapters 4 and 6 also showed heightened
carbohydrate oxidation, signifying MTCJ induced greater glycolytic dft&r continuous MTCJ

supplementation.

Despite MTC concentrate possessing a high carbohydrate content, the anthocyanins, phenolic
acids and/or their secondary metabolites may have modulated insulin signalling pathways, through
reducing the concentration of ligands available to activate thdinnsignalling cascade; as
discussed irchapter 7 with C. elegansReduced ligand availability may have been mediated
through anthocyanins inhibiting glucose absorption into systemic circulation via suppression of

SGLT-1 (Alzaid et al, 2013) therebre lowering insulin concentrations.

8.2.3. Influence of Baseline Values

This series of studies and many others in literature have repeatedly shown the influence of baseline
values on the efficacy of dietary interventions on candeiabolic markers. Thithesis reasoned

the lack of cardiemetabolic dysregulation, often does not provide sufficient scope for an MTC
intervention to further regulate cardmetabolic markers. Consequently, abnormal baseline values
are generally required to observe an effechwiTC. This is supported by chergigelley etal.,

2006 ; Ateaal 2008 Bdrtiaet dl, 2010; Lynnet al, 2014; Chaet al, 2018)and other

dietary anthocyanifieeding studies in humaiiBasuet al, 2009, 2010a, 2011; Stut al, 2015;
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Stoteet al, 2017; Wllems et al, 2017)and rodent§¢Seymouret al, 2008, 2009)

Chapter 4 recruited healthy individuals with normal baseline cardigtabolic values, hence
limiting the ability of MTCJ to improve cardianetabolic parameters and increase fat oxidation.
Therefore,chapters 5and6 recruited participantaith MetS possessingome cardiemetabolic
dysregulation at baseline. Indeed, candietabolic parameters abnormal at baseline were
improved with MTC interventions. Lipid profile and lddased BP changes were particularly
influenced by baseline values.dhapter 4, total cholesterol, LDL and HDL were within optimal
thresholds at baseline; therefore, no effect of the intervention realssed Likewise, in
chapter 6the observed reductions for total cholesterol, LDL and TC:HDL ratio after 6 days MTCJ
supplementation manifested as baseline values were not within their respective optimal thresholds.
As baseline HDL was normal, tlelhange after 6 days MTCJ consumption was not significant,
agreeing with previous studies supplementing tart chefridd a i eet al] 2008aMartinet al,

2010; Lynnet al, 2014; Johnsost al, 2017; Chaet al, 2018)andchapters 4and5. Longterm
studies supplementing anthocyanins from (aAt a i eet al, 2008; IChaiet al, 2018)and
sweet(Kent et al, 2015a)cherries lowered SBP, although only in subjects presenting elevated
baseline SBP. The ldiased SBPeductions reported iohapters 5and6, 2-hours posbolus of
MTCJ were similar tdKeaneet al. (2016a)in males withearly hypertensionemphasising the

requirement of elevated baseline SBP.

Given the influence of baseline values as shown ab@gellts fromchapters 5and 6 were
significantly affected by MetS diagnosis encompassing 5 diffendtetria. High baseline inter
individual variability amongsparticipants withMetS was observedhus diminishing statistical

power to detect differences between interventions and cof@i®t, Riva and Vinet, 2016)
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8.2.4. Optimal Supplementation Strategy

A major issue with identification of a recommended supplementation strategy using anthocyanin
rich interventions foindividuals withMetS, is the high variation between strategies utilised by
previous studies, as shown section 2.2.5.2.2.1.1High baseline intemdividual variability
amongst individualsvith MetS along withdifferences in dosagenatrix, food sourceduration

frequency and timing impede the ability to provide a general recommended strategy.

In keeping with the findings frorohapter 4, where TAS declined to baseline from days20D0of
supplementationchapter 6 supplemented MTCJ for 7 daybased on results demonstrating
improved cardiemetabolic function in anthocyanfeeding studiegStoteet al, 2017; Willemset

al., 2017; Solversost al, 2018) Indeed, improvements across various cand@abolic markers
were observed inhapter 6, suggesting the optimalrgth for MTCJ to enhance careietabolic
functionmay liearound 610 days; aligning with elevations in TAS. Howeuélis important to
understand thdbng-term cardiovascular protection provided by nutritional interventions may not
be realised with sheterm supplementatiofiairlie-Joneset al, 2017) Hence, he nul effects on
arterial stiffness inchapters 56 may be due to acushortterm supplementationsince

atherogenesis is a loigrm developmental proce@zairlie-Joneset al,, 2017)

This thesis has added to the literature by suggesting 270 rgoflaanthocyanins from MTC
interventions in juice or capsule form improweertaincardiometabolic markers. Such a daily
dose is significantly lower than other tart cherry studiest a i ect al, 2008& Keaneet al,
2016bc; Chaiet al, 2018)showing a beneficial effect of MTC on caréietabolic markers,
providing further support for the lowose antoxidant theorem. Results pertaig to the
minimum effective anthocyanin dosage required to improve canei@bolic function in
individuals withMetS were equivocaldection 2.2.5.2.2.1)1and the data presentedadmapters
5-6 has not fully clarified the issue&ection 2.2.5.2.2.identified components of Met®ere
improved after supplementation of different anthocyanin dosagesdividuals with MetS,
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Chapters 56 contrasted previous studiéBaronaet al, 2012ab)eporting improved SBP with
anthocyanin dosages <100 mg.daiMoreover, total cholesterol was found to be reduced with
anthocyanin do 3 @aseesal,Qa0% Basustql, 2D20k; GurroledDiaz et al,

2010; Jeongt al, 2014) howeverchapter 5indicated a trend towards lower total cholesterol with
540 mg.day (60 mL concentrate) anthapter 6 showed lower concentrations with 270
mg.day. Hone ver , ant hocyani Hwelessoamntensodulte bxitlativegtressa y
in individualswith MetS agreeing with the elevated TAS observed after supplementisg0
mg.day! (chapter 4)and aligning with the antixidant theorem postulated in this thesis. Although
statistical analysis was not performetapter 5showed only 60 mL MTC concentrate improved
HDL and TC:HDL ratio. Furthermorehapter 5indicated a beneficial effect of 60 nebncentrate

(540 mg.day) on central arterial pressure parameters compared to 30 mL concentrate (270
mg.day'). Concurring withJenningset al. (2012) that a higher consumption of anthocyanins is
associated with reductions in aortic blood pressure. Interestingly, twice daily supplementation of
30 mL MTC concentrate (total anthocyanins 540 mgXlay chapter 4 initially elevated anti
oxidant status buhis returned to baseline after 20 days. Split dosages of cherry juice was not as
effective at improving cardiovascular function compared to a single fikkrg et al, 2016b)

Thus, a single bolus of 60 mL MTC concentrate (total anthocyanins 540 mjwlay used in
chapter 5, part B, showing positive effects on cardiovascular function. Subsequently, single
dosages were maintaineddnapter 6, albeit with 30 mL MTC concdrate to conform to the low

dose hormetic effect.

Chapter 4 highlighted the importance of timing when consuming anthocyaciminterventions.

Based on the pharmacokinetics, maximising bioavailability of phytochemicals in plasma and target
tissues enhansethe bioefficacy of anthocyannch interventions. Given the rapid metabolism

and elimination rates of anthocyanifiglanachet al, 2005) acute supplementation may be

necessary to observe an effect on cameiabolic function with anthocyaniich interventions.
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This was corroborated ichapter 4 as the lack of acute MTCJ supplementation did not augment
fat oxidation during exercise, howar acute anthocyaninch blackcurrant supplementation
2-hours before exercise increased fat oxidation (&teok et al, 2015) Coinciding peak
bioavailability and concentrations of anthocyanins, secondary metabolites and oageghtes

in plasma and target tissues, with the time of measurement of variables greatly improves the ability
to observe an effect from anthocyamich interventions. Hence, acute supplementation was
incorporated intachapters 56, which corroborated @ervations where SBP declineeh@urs
postbolus of MTCJ(Keaneet al, 2016bc) This improvement likely coincided with MTC
pharmacokinetics whereconcentrations of plasma parent anthocyanins &oydin-3-
glucosylrutinoside and cyanidiBrutinoside)(Seymouret al, 2014)and secondary metabolites

(PCA and VA)(Keaneet al, 2016a)were significantly elevated.

Building on the pharmacokinetics of MT€hapter 5directly compared different forne MTC
interventions on health markers for the first time, in any human population. It was postulated MTC
capsules would increase phytochemical bioavailability, due to protection afforded by the capsule
shell againstactors known to influence phytochemictability such as pH, temperature, light,
enzymes (particularly in saliva) and sugéRebert and Fredes, 2013 cute cardiemetabolic
responses were not different between MTCJ and MTCC, suggesting phytochemical bioavailability
was notlikely to be aigmented with MTCC; however pharmacokinetic data is required to confirm
this. Subsequentlhapter 6implemented 30 in MTC concentrate due teuperior practicality,
feasibility and economic viabilityas an intervention strategy, compared to MTCC; but also
availability of pharmacokinetic data with MTC concentré@ell et al, 2014a; Keanest al,

20163)

Section 2.2.5.2.2 feviewed the effestofvariousdietary sources rich in different anthocyanidin
based anthocyanins on cardieetabolic functionBell et al.(2014b)identified cyanidin, malvidin
and peonidin to be the most abundant anthocyanidins in MTC concentrate; cyanidin accounted for
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the overwhelming majority of anthocyani(®@u et al, 2012; Bellet al, 2014b) Cyanidin was
reported to possess strong radical scavenging andh8athmatory properties, primarily due to

its secondary metabolites PCA and Y#ang, 2015)The findings inchapters 47 andKeaneet

al. (2016ab)support this notion and again align with #et-oxidant theorem. The reduction in
oxidative stress because of elevated-aniilant status, likely improved endothelial function and
therefore explains the positive cardiovascular effects observetaipters 56. Cyanidin and
malvidin-based anthocydns have been shown to exert improvements in endothelial function, SBP

and lipid profile inhumans witiMetS Gection 2.2.5.2.2.1) 1supporting results iohapters 56.

This thesis has highlighted the efficacy of various manipulations of supplemergatitegies

with MTC interventions, particularly MTCJ. No obvious differences between MTC juice and
capsules were seen, however juice seems to be most practical despite capsules appealing tc
individuals with insulin resistance due to its lower carbohydratgent. Secondly, in line with
antioxidant status, 40 days MTCJ consumptiaseemsto elicit the greatest cardionetabolic
improvements. A recommended minimum effective anthocyanin dosage was not identified,
however 270ng.day* induced diverse cardimetabolic improvemenis individualswith MetS

and 540 mg.dayindicated enhanced cardiovasculanction (central haemodynamics, arterial

stiffness and lipid profile).

Overall, results obtained frowhapters 56 agree with previous literatur@asuet al, 2009,

2010a, 2011; Basu and Ly®r012; Stulet al, 2015; Amiot, Riva and Vinet, 2016; Vendragte

al., 2016)that MTC as an anthocyaniith dietary intervention improves symptoms associated
with MetS. However, the synergistic action of other nutrients within MTC should not be
disregarded as they may confer greater canaabolic protection comparedttee solitary action

of anthocyanins alone. Further research is required to confirm findings from this thesis and provide
additional novel data, by manipulating strategies in otaléacilitate construction of an optimal
supplementation regimen faumans withMetS.
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8.2.5. Mechanisms of Action

Analysis of mechanisms of action in anthocyaf@eding studies is rare, therefore complete
understanding of their effects on cardi@tabolic responses is lacking. This thesis attempted to
decipher mechanisms of action in response to MTCJ, using h(@hapter 6) andC. elegans

(Chapter 7) models.

Keaneet al. (2016b) were unable to confirm nitrioxide or changes in arterial stiffness as
mediators of improved blood pressure, after acute MTCJ consumption. Sintlzalyters 56

were also unable to attribute reductions in SBP after MTCJ consumption to changes in arterial
stiffness. Moreoverchapter 6 was unable to demonstrate MTC mediated ACE inhibition to

explain SBP responses, despiteritro work suggesting otherwig&irakosyanet al, 2018)

Seymouret al. (2008, 2009previously used amal models to examine molecular mechanisms in
response to MTC supplementation. Given its comparable homology to the human ganome,
C. elegansnodelwas usedo further explain cardionetabolic responses to MTC concentrate at
the molecular levein chapter 7. In two distinct phyla (Nematoda and Chordate), MTC was shown

to operate via the PPAR signalling pathway, strongly indicating a similar mechanism in humans.

Chapter 7 specifically identified modulation of genes in the insulin signalling adsdo be
responsible for the metabolic benefits of MTC. Supported by literdBeeval et al, 2017;
Solversoret al, 2018) anthocyanirmediated AMPK activation, upstream of PPAR, may explain
the metabolic benefits of MTC consumption shown in hunf@hapters 56); future work should

test this hypothesis.

Clearly, more research is required, particularly in humans, to elacidathanisms of action
pertaining to the cardimetabolic benefits of MTC. Further work should examine the influence of
MTC on gut microbiota given its close relationship with cardietabolic health. Lastly, this thesis

revealed CRM properties of MTC, thanalysis of epigenetic mechanisms is warranted.
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8.3. Clinical Relevance

From the outset, this thesis intended to use MTC as a preventative intervention against cardio
metabolic disease. Hence, human participants recruitezthapters 46 were either hed#ty
(Chapter 4) or presented only borderline cardietabolic dysfunctio(Chapters 56). This

section summarislinical applications of MTC interventions, discussegiaviouschaptes.

Section 2.2utlined the global burden of cardimetabolic disease but also the efficacy and cost
effectiveness of lifestyle interventions, including physical activity and diet, in combating this issue
(Besnieret al, 2015) Recommendations for exercise and diet prescription in public health services
are limited compared to pharmacological dru@®eth, 2014; Nunan, 20163espite literature
showing enhanced cardinetabdic function after combined exercise and polyphenol
supplementatiorfVenables and Jeukendrup, 2008; Venalkelkeal, 2008; Besnieet al, 2015)
Specifically,chapter 4 showed FATMAX exercise and MTCJ consumption to induce clinically
relevant increases in HDL concentrations after 10 days supplemeniatimdividuals withMetS,
clinically relevant improvements in HDL and TC:HDL ratio were observed with acute 60 mL
consuumption (Chapter 5). Continuous 30 mL MTC concentrate consumptaso improved
TC:HDL ratio and reducedotal and LDL cholesterol(Chapter 6), highlighting lower

atherosclerotic and cardiovascular riskillan et al, 2009)with MTC concentrate consumption.

Insulin resistance is thought to be central to the underlying pathophysiology of MetS, therefore
findings presented ichapters 56 indicatinga tendency foincreased insulin sensitivity after
MTCJ and MTCC consumption require acknowledgement. Fasting insulin was significantly
reduced after acute consumption of MTCC, therefore may be advocated for individuals with poor
insulin sensitivity or insulin resistaace.g. MetS, diabetics. Shderm improvements in insulin
control may develop into lonagerm adaptations with consistent uae previously identified, MTC

has been shown to operate along the PPAR signalling pathway, théhefpneay be used as a
safer alternative to pharmacological drugs, such as thiazolidinediones, which improve insulin
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resistance through PPAR agoniéimgramet al, 2006)

Furthermore,chapter 6 demonstrated 6 days MTCJ consumpti@mded to reducénsulin
resistance, suggestimptential forholistic amelioration of cardimnetabolic dysfunction related

to MetS. This was corroborated by concurrent improvements of fasting glucose, lipid profile,
24-hourBP and resting substrate oxidatiorchmapter 6. However, the limitations of HOMA as a
surrogate for measuring insulin resistance and sensitivity are recognised. Therefore, future work
should consider using tolerance tests or hygetinaemiceuglycaemic clampgStull, 2016)to

assess the efficacy of MTCJ on ppsandial responses; providing more ecologically valid

conclusions.

Arguably, the most clinically relevant finding presented in this thesis was the significant reduction
in 24-hour BP(Chapter 6). Previous researghAt a i etal] 2008pKednet al, 2016ab; Chai

et al, 2018)and chapters 56, reported clinically relevant lowering of lddlased BP after tart
cherry juice consumption; but never with-Bdur ABPM, regarded as clinically superior than-lab
based measuremer{tdermidaet al, 2011; Hodgkinsort al, 2011) Chapter 6 also discussed

that 24hour BP responses were supported hg towdose antoxidant hypothesis and indicates
that augmentation of antixidant status after 7 days MTCJ supplementation may contribute to the
hypotensive effects. The hypotensive properties of other phytonutrients in MTCJ and habitual diet
should be onsidered, sincélassellundet al. (2012) reported no effect of purified anthocyanin
(640 mg.day) supplementation on 2dour BP. The high anthocyanin dosage, designed to
augment bioavailability, may have shifted the hormetic balance towards-@xigemt state,
therefore negating anthocyarmmediated benefits. Bioavailability may have been limited in
Hassellund'&t al.(2012)study, since other nutrients facilitate absorption of anthocy#Buwi,

2014) thus explaining benefits observed with whided dietary supplements ichapter 6 but

not with purified anthocyanins.
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Lab-based reductions in SBP showncimapters 56 may have been associated with a 38% and
23% reduced risk of stroke and coronary artery disease, respectively, eyearperiodCollins

et al, 1990) In chapter 6, a clinically significant reduction for mean -2ur SBP was observed
after 7 days MTCJ consumptiorb(mmHg);which would beassociated with prevention of -all
cause and cardiovascular mortality by 20B&anegaset al, 2018) To provide futher clinical
relevance for the hypotensive properties of MTC, future work should decipher the length of time

24-hour BP reductions can be maintained after discontinuing supplementation.

Remarkably, the magnitude of reduction int3ur and lakbased BRafter MTCJ consumption
(Chapters 56) was equivalent to antiypertensive drugghus practitioners shouldquery the
decision toprimarily prescrile pharmacological medication associated with harmful side effects.
Clinical decisioamaking would benefit fnm future research examining the safety, tolerability and
overall interactions between MTC interventions and pharmacological drugs in humans.
Subsequently, a clinical application of this may enable practitioners to prescribe hybrid strategies
as anadjunctive or replacement therapy to pharmacological drugs (e.g. half dose of MTC and
pharmacological drug, as opposed to a full dose of pharmacological drug alone), as a safer method
of managing diseases. Moreover, diagnosis and management of hypertensiomeasenmly

based on aortic rather than brachial pressiMe&nieryet al, 2014) Physiological reductions of

aortic SBPafteracute 30 ml{Chapter 6) and 60 mL(Chapter 5) concentrate consumption, lend
further supportthat MTCJ consumption could be a safe yet effective -Apgiertensive

intervention.

Ultimately, the clinically relevant results presented in thesis suggest MTC interventionan

be beneficial forindividuals withMetS, to prevent the development of cardietabolic diseases
that a&centuate mortality risk. Although not within the remit of this thesis, given these positive
results, future researcshould explore whether MTC interventions can reverse diagnoses in
populations with existing cardimetabolic diseases e.g. diabetes, atherosclerosis.
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8.4. Strengths and Limitations

The following section will identify and discuss overarching strengthdiamthtions associated

with the studies presented in this thesis. High ecological validity is crucial to enable application of
research into practice; therefore, the strengths and limitations inextricably relate to the degree of

ecological validity in eacktudy.

Due to the pilot nature of the studies conducted within this thesis, the small sample sizes in
chapters 46, compared to other dietary interventional studRasuet al, 2009, 2010a, 2011,

Stull et al, 2010, 2015; Lynret al, 2014) may be regarded as a limitation. Despite this, other
researct{Martin et al, 2010; Udangt al, 2011; RodrigueZaMateoset al, 2013, 2016; Cookt al,

2015; Kentet al, 2015b)has operated with similar sample sizes as thosehapters 46.
Nevertheless, clinical trials with larger samples sizes would enatnleappropriate conclusions

to be dravn with greater confidence.

This thesis placed a very strong emphasis on the effect of diet, specifically anthocyanins and their
metabolites, on cardimetabolic function. Naturally, dietary guidelines outlinedlmapters 46

likely influenced observed sponses. In an attempt to uphold ecological valitiisthesis did not

take afully reductionist approach; thus, participants maintained their normal habitual diet
including polyphenol consumption primarily through fruits and vegetables. Contrary to other
human anthocyanifeeding studie§Basuet al, 2010ab, 2011; Basu, 2011; Baratal, 2012ab;

Stull et al, 2015; Keaneet al, 2016ab)this was a strength ofhapters 46, as the residual
synergistic effect of MTC interventions with othdietarymicronutrients and polyphenols could

be assessed. However, this also limited the ability to completely attribute observed effects to MTC

interventians alone.

Additionally, dietary restrictions were enforced before each testing session to limiaimdrater

individual variability for measured variables. ¢hapters 46, participants used food diaries for
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dietary recall, however this method is A80% accuratéMertz et al, 1991) therefore, absolute
adherence to the same diet 3 days before each sessldmobbe guaranteed. The overnight fast
was another dietary restriction placed to limit inrad interindividual variability, at the expense

of upholding ecological validity. Moreover, the overnight fasly influenced the absorption and
bioavailahlity of MTC polyphenols, as fasting has been shown to augment polyphenol
bioavailability due to the absence of absorption inhibi{@®wshn, 2014) The pharmacokinetic
profile of MTC suggests an overnight fast may not have limited its bioefficacy, since appearance
of polyphenols and their @abolites at nM andM concentrationgFernandesgt al, 2015; Keane

et al, 2016a)were observed up to 48 hours poshsumption and not limited to just a few hours
after intakgDe Ferrar®t al, 2014; Seymouet al, 2014). Consequently, another limitation would

be the timeframe that variables wereo ni t or e d wds®&t lorig enough Jo study the
biological effects of phytochemicals after enterohepatic metabolism. Future work should consider
monitoring responsegeording to the pharmacokinetic profile of secondary metabolites and phase

Il conjugates and also after discontinuing supplementation.

Section 2.1.4utlined factors that affect bat¢b-batch variation of the polyphenol content within
foods. Due to limitd resources this thesis was unable to measure polyphenol content in each batch

of MTC juice and capsules used.

Another limitation was the theoretical calculation of LDL based on total cholesterol, triglycerides
and HDL concentrations using the formulaeFofedewald, Levy and Fredrickson, (197)d
Ahmadi et al. (2008). However, due to the resources available direct measurement of LDL was

not possible, but future researchers would be advised to follow this approach if possible.

Lastly, double or triple blinding would have made the study desighayters 46 more robust
However, a major strength of the human trials within this thesis was its research Gbaigers

4-6 employed crossover, randomised controlled trials; recended for medical resear(®ibbald
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and Roland, 1998and assessing dietaigterventions(Lucey, Heneghan and Kiely, 2016)
Furthermore, responsesdhapters 46 were observed in humamather than animal models, with
measurement ainically relevant diagnostidunctional and bloodbased biomarkerépplication

of research into practice was ensured through upholding ecological validity wherever possible; by
maintaining habitual dietand using safe, pragmatic, feasible and economically viable

supplementation strategies.
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The global outlook relating toardiometabolic disease is bleak and projected to become worse!
Therefore, it was important for the research within this thesis to contribute towards alleviating this

major problem and ultimately, prevent unnecessary deaths arising fromeat@ibolic dsease.

This thesis set out to usigestyle interventions to prevent the development of candédabolic
diseasedn healthy and MetS populations, susceptible to greater risk of developing-cardio
metabolic diseases. Lifestyle interventions have becomeeasingly popular amongst
policymakers and the public in the fight against dis€éAsenaet al, 2015) Subsequently, an
overarching aim of this thesis was to conduct ecologically valid research with simple application
to daily life. This was achieved through provision of a safe, readily available digt@mnyention
supplementary to habitual diet; used in conjunction with exercise. Specifically, this thesis
examined the effects of Montmorency tart cherries, with and without FATMAX exercise on
cardiometabolic biomarkers in healthy and MetS populationsvds envisaged that these
interventions would be used as preventative measures to lessen the global burden -of cardio

metabolic disease, and thus this thesis aimed to provide evidence for their use.

9.1. Contribution to Knowledge
The discoveries made in thithesis have contributed to knowledge and subsequently filled

numerous gaps in literature.

In summation, this thesis has shown MTCJ and FATMAX exercise was not effective in improving
cardiometabolic biomarkers in healthy individuals, however examinatforesponses within
clinical populations is warranted. More significantly, this thesis has highlightedds®, short

term antioxidant supplementation from MTCJ seems to be effective at improving certain aspects
of cardiometabolic function. Secondlyhe potent anthypertensive properties of MTCJ were
demonstrated in @opulation of humans wittMetS and confirm similar observations from

previous literature in otheslinical populations. Importantly, the improvement in-i2dur BP,
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demonstrated for thér$t time with a cherry intervention chapter 6, indicates MTCJ should be
considered as an a#itypertensive therapy in future clinicalals. Furthermorgpotential for
physiological improvements insulin sensitivity and insulin resistancenamansvith MetS and
underlying insulin resistanogas shown after consuming MTC interventiondich may beof

clinical value as it indicates MTC may be able to reverse MetS. Moretipat profile
improvements with MTCJ ana shift in substrate oxidation tovasraugmentation of resting fat
oxidation may enhance metabolic flexibility and further contribute to reducing insulin resistance.
The implications of such observations are notable, since health practitioners, clinicians and
researchermay be able texplat the benefits of MTC; to preveiind/or slowcardicmetabolic

dysregulation and promote healthy ageing through encouraging positive lifestyle changes.

Lastly, identification of the PPAR signalling pathway,dnelegansas the mechanism through
which MTC likely operates, enables mechanisased strategies using MTC to be formulated to
target broader aspects of cardi@tabolic dysregulation, owing to cretsdk between pathways.
Due to their specificity in mechanism ation, pharmacological interventions tend to treat only

a single component of cardinetabolic dysregulation; requiring consumption of multiple drugs
each with associated side effects. In contrast, as a single, natgaligring, safe intervention
with currently no reported side effects; this series of studies have shown MTC intervemdipns
clinically improve various cardimetabolic biomarkers in humans and perhaps be used as an

adjuvant to, or replace, pharmacological drugs in the future.

9.2. Future Research
Throughout this thesis, specific recommendations for future work have been detailed. This section

indicates directions that future research should pursue to further knowledge in this field.

Given the limited resources, only smsflale studies we conducted within this thesis.

Consequently, there is a need to conduct larger, 1oesttire, clinical trials in healthy, MetS and
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other clinical populations; to fully gauge the efficacy of MTC interventions on candtabolic

health. Furthermore, clioal trials witha longer duration (>6 months) of supplementation and
monitoring would provide ecologically valid and clinically useful information pertaining to the
effectiveness of MTC interventions on cartieetabolic health. Identification of an optimal
supplementation strategy is also required after consideration of the population being examined and
the target cardianetabolic condition to be improved. Overall, comprehensive, {scgke, long

term, examinations of the effect of consuming MTC intenagrgtin conjunction with habitual diet

is ultimately required; to draw accurate conclusions on the use of MTC interventions to improve

cardiometabolic function in various populations.

Chapters 4, 5and 6 monitored habitual dietary consumption through fabaries, to assess
compliance to dietary guidelines. Comprehension of the results from these studies would be
enhanced by future work conducting detailed statistical analysis of gasdabolic responses to

MTC interventions after consideration of habiltudiet, particularly total polyphenol and
anthocyanin intake. This would inform practitioners of the efficacy of MTC on candiabolic
function in relation to habitual dietary practices, thus assist in the decision to prescribe MTC

interventions on an dividual scale.

Across research in the field of polyphenols and health, there is an inherent lack of understanding
relating to mechanisms of action, which extends to MTC interventi@imspter 6 isolated ACE
inhibition to explain the antiypertensive progrties of MTCJ but was unable to confirm this.
Chapter 7 elucidated molecular mechanisms of actiaong the PPAR pathwawith dilutions

of MTC concentrate irC. elegans however for clinical benefit a similar study in humans is

necessitated.

Recommendains for future mechanistic studies that would enhance current understanding

include a comprehensive pharmacokinetic and pharmacodynamic analysis of MTCJ and MTCC in
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various populationgncluding MetS Analysis of the health effects related to compourets/ed

from MTC can be correlated if future work can identify compounds and the concentrations they
appear in biological samplédmiot, Riva and Vinet, 2016)Technological advances in recent

years have assisted the ability to detect the myriad of parent polyphenolic compounds and their
met abolites emanating from MTC. Subsequently
(Fergusoret al, 2016) metabolomicg¢Brennan, 2008and epigenomicéMathers, 2008)would

be useful tools for future research to correlate the health benefits of MTC to its polyphenolic
compoundsFurthermoresection 2.1.5.2.2mphasised the strong influence of the gut microbiome

on cardiemetabolic health and the role polyphenols play in that relationship. Given the recent
upsurge in gut microbiome research and the revelation that polyphenbbiistais based on an

i ndividual sd& ent gAmot Riyaandd/inal, 2006 Espib, Gonyafearias

and TomasBarberan, 2017)future workshould profile gut microbiome changes after MTC
consumption and correlate this to cardietabolic responses. Ultimately, this conforms to the
current ideol ogy o(PereaMadinesebah 2012) asatdvoutd meagate thei o n ¢
inter-individual variance observed ichapters 46 and enable prescription of specific dietary

strategies involving MTC on an individual cdsgcase basis.

Finally, the recommendations for future work outlined above cawmige further clarity and
understanding to the findings presented within this thesis. Although this thesis presents novel
discoveries and corroborates previous literature, more clinical evidence is undoubtedly required
to endorse MTC as an interventioraatst cardiemetabolic disease. Nevertheless, perhaps MTC
and exercise are preventative lifestyle interventions to call upon in the battle against cardio

metabolic disease. After all, prevention is better than cure, especially when there is no cure!
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Appendix 1

Table 111. Limits of agreement for FATMAX and MFO for the two protocols assessed during
pilot testing.

Protocol 1 Protocol 2
(15 W increments every 2 mins (10 W increments every 3 mins)
FATMAX (% of VVOzpeal) 4.50[-11.971 20.59] 4.26[-6.2071 10.50]
MFO (g.mirn?) -0.04[-0.237 0.14] 0.03[-0.13i1 0.20]

Table 112. Coefficient ofVariation for FATMAX and MFO for the twprotocols assessed during
pilot testing.

Protocol 1 Protocol 2
(15 W increments every 2 mins (10 W increments every 3 mins)
FATMAX 13.74% 6.17%
MFO 22.71% 16.21%
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Figure 111. Bland-Altman plot of MFO during the final minute of the stage representing
FATMAX. Limits of agreement 0.08-0.131 0.20] g.min. Bias (solid line) and 95% limits of
agreement (dashed lines).
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Figure 112. Bland-Altman pla of MFO during the final 50 minutes of the eheur submaximal
trial at FATMAX. Limits of agreement0.01[-0.117 0.09] g.min. Bias (solid line) and 95%
limits of agreement (dashed lines).
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Figure 113. Bland-Altman plot of the final minute of the stage representing FATMAX presented
in terms of W O0zpeak Limits of agreemen®.49[-5.911 4.93]%\O2peak Bias (solid line) and 95%
limits of agreement (dashed lines).
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Figure 114. Bland-Altman plot of FATMAX presented as W02peakduring the final 50 minutes
of the onehour submaximal trial at FATMAX. Limits of agreement 0.42.931 3.83]%VO2peak
Bias (solid line) and 95% limits of agreement (dashed lines).
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Figure 115. Bland-Altman plot comparing fat oxidation rates averaged for the final 50 minutes of
the onehour exercise and mean fat oxidation rates obtained during the final minute of the stage
eliciting MFO in FATMAX determination test. Limits of agreement 0J80.097 0.09] g.min.

Bias (solid line) and 95% limits of agreement (dashed lines).
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Table 113. Mean+ SD absolute raw data for bloegdased biomarkers per treatment condifrom
Chapter 5, Part A.

Postbolus Time Point:

PreBolus 1 hr 3 hr 5hr
Glucose PLA 5.40 + 0.11 5.75 + 0.06 4.82 +0.07 4.77 +0.09
(mmol.L) MTCC 5.10 + 0.13 4.99+0.11 4.88+0.14 4.82 +0.11
' MTCJ 5.50 + 0.12 5.28 + 0.09 471 +0.18 4.78 + 0.10
insulin PLA 115.51 +10.39 176.33 + 7.51 106.52 + 3.39 99.71 + 7.00
(pmol.LY) MTCC 108.18 +4.61 98.33 +5.12 77.42 + 3.04 86.99 + 1.81
MTCJ 125.33 +10.45 149.15 + 13.77 76.53 + 8.59 96.27 + 4.06
(mmol.LY) MTCC 1.4+0.1 1.3+0.1 1.3+0.1 1.3+0.1
MTCJ 1.5+ 0.0 1.4+0.1 1.5+0.1 1.6 +0.1
Total PLA 3.51 +0.19 3,55+ 0.21 3.67+0.23 3.80+0.19
Cr:::elsﬁro' MTCC 345:0.12  3.33+0.23 3.33+0.23 3.64 0.07
(mmol.L™) MTCJ 3.82 + 0.09 3.77 £ 0.18 3.85+0.11 3.91+0.12
HDL PLA 1.31+0.08 1.19 + 0.03 1.21 + 0.06 1.13 + 0.02
(mmol.LY) MTCC 1.27 +0.12 1.22 + 0.04 1.23 + 0.09 1.24 + 0.02
MTCJ 1.31+0.12 1.24 + 0.07 1.32 + 0.05 1.22 +0.06
LDL PLA 2.44 + 0.20 2.69 + 0.25 2.80+ 0.23 3.15 + 1.48
(mmol.LY) MTCC 253+1.11 2.60 + 0.23 2.46 + 0.29 2.59 +0.18
MTCJ 2.78 +0.12 2.86 + 0.22 2.90 +0.11 3.02 +0.21
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Table 114. Mean+ SD absolute raw data for cardiac haemodynamic parameters per treatment cdratti@napter 5, Part A.

Post-bolus Time Points

Pre-Bolus 30 mins 1hr 2hr 3 hr 4 hr 5hr
. PLA 130+ 11 130+ 12 133+ 11 133+ 11 133+ 10 132+ 12 134 + 13
Brachial SBP - i
MTCC 125+ 11 128 + 10 12812 125 + 10 1247 124+ 7 128 + 10
(mmFeg) MTCJ 129 + 10 128 + 10 127+12 121+ 10 12727 128 +7 126 + 14
. PLA 71+4 T4+3 76+ 5 76+ 4 79+7 76+ 6 75+ 6
Brf:":hml[};BP MTCC T1+6 7248 75+ 10 7349 71+ 8 7249 T4+6
mmHg MTC] 68 + 4 T1+6 T4+6 T1+7 75+8 74+9 T4+8
MAP PLA 93+ 6 04 +3 98+ 5 98+ 3 100=9 98 + 10 98+ 0
(mmHg) MTCC 92 + 8 95 + 10 08 + 11 94 + 10 94+ 10 93 + 11 97+ 9
MTCJ 90+ 5 92+ 7 926 86+ 8 047 94 + 10 88 + 10
Cardinc Outont LA 6.70 + 1.47 6.81+1.77 6.68 = 261 639+ 2.26 6.12 =186 6.17+2.23 6.35 + 1.85
ardac DUIPBt MTCC 6.68+183  658+176 6.44 £2.06 6.55+ 188 671177 637+2.12 6.47+2.07
(L.min") MTCJ 6.73 +1.76 6.40 +2.32 6.27+230 6.69+1.53 6.39=190 6.11 +2.26 6.12 +2.08
Stroke Volume  PLA 105 + 19 106 + 17 104 = 23 104 + 22 100 = 27 100 + 29 107 + 21
(D) MTCC 107 + 22 113 + 24 106 = 32 111+ 24 115 = 26 108 + 27 110 + 33
MTCJ 107 + 23 108 + 28 103 = 26 108 + 21 103 = 19 108 + 34 109 + 28
PR PLA 0.88+0.15 0.88 +0.27 1.03£042 1.02+0.37 1.14 = 0.53 1.04 = 0.31 0.97 +0.28
{ ¢min L) MTCC  091+027 0.92 +0.21 1.00+0.33 0.93 +0.43 0.99 = 0.43 1.00 = 0.41 1.03 +0.36
mmHg MTCJ 0.93 +0.35 1.01 £0.43 1.00+0.32 0.90+ 0.24 1.03 = 0.31 1.03 £0.34 1.04 +0.21
HR PLA 65+ 12 64+ 11 62+ 10 60+ 11 609 58+9 58+8
. MTCC 65+ 10 60+ 8 617 61+8 599 60 = 10 61+9
(beats.min™) 'y rpeg 63 + 11 63 = 11 62+12 58+ 12 56 = 10 56 + 10 5549

344



Chapter 11. Appendices

Table 115. Mean+ SD absolute raw data for PWA parameters per treatment condibtonChapter 5, Part A.

Post-bolus Time Points

Pre-Bolus 30 mins 1hr 2 hr 3hr 4 hr Shr

_ PLA 120 = 11 12112 123+ 13 124 £ 13 122 £13 124412 125+ 11
Aortic SBP MTCC 11811 12014 122+15 122+15 120 £ 15 120+ 14 122+ 13
(mmkg) MTCJ 120 = 13 119+ 13 119+ 14 118 = 13 121 £ 13 122+ 14 12313

Aorte DD PLA 64=5 644 64 +4 67+6 67+ 11 68+ 10 66+ 6
ortic MTCC 64+2 691 67+ 10 68 + 6 64+2 67+ 8 70+ 5
(mmHg) MTC] 60=6 58+ 6 5847 62+ 7 61+2 61 +4 61+4
Pulse Pressure PLA 567 57+8 59+4 57+1 55+8 56+8 59+7
(mmHg) MTCC 54+ 4 51+8 55+ 11 54+4 56+ 6 53+6 5211
MTC] 60=2 61=5 61+9 56+6 60+ 8 61+8 62+9

AbcaiRysens  PLA 1712 1711 16+ 11 19+11 19£11 20+ 10 211
xaeRe MTCC 1729 17213 16+ 13 15+ 14 1712 19+ 13 20+ 14
e MTCJ 17+12 17 +11 16+ 12 15+13 15+ 10 17+12 19+12
PLA 177 46 176 = 40 188 £ 37 192 £ 23 187+ 36 193 £37 180 £ 33

SEVR (%) MTCC 174 = 45 189 = 33 183 +£34 191 + 39 190 £ 37 193 £ 41 183 £ 35
MTC] 185 = 40 101 +37 193 + 40 216+ 42 200 < 38 206 = 30 197 £30

*Denotes significant main effect for time wigosthocidentifying differences between 30 minutes arabbirs posbolus.” Denotes
significant main effect for time withosthocidentifying differences betweenrHour and Shours posbolus.®Denotes significant
main effect for time witlposthocidentifying differences betweentiurs and Hhours posbolus.
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Table 116. Mean + SDabsolute raw data for resting metabolic rate parameters per treatment cainditid®hapter 5, Part A.

Postbolus Time Points

PreBolus 30 mins 1hr 2 hr 3hr 4 hr 5hr

Resting EE PLA 168F + 407 179¢ + 345 177¢ + 351 172C + 293 183( + 291 181F + 285 181C + 336
(kcal.day?) MTCC  173¢ +449 178¢ + 372 1791 + 300 1871 + 301 177¢ + 299 1882 + 378 197¢ + 324
' MTCJ 170¢ + 394 1837 + 415 179 + 340 1832 + 358 1817 + 363 1872 +433 1922 + 466
Resting PLA 0.8€ +0.03 0.92 £ 0.07 0.87 £ 0.07 0.8¢ +0.08 0.8z +0.08 0.8z +0.07 0.81+0.07
RER MTCC 0.9C + 0.09 0.87 £ 0.09 0.81+0.08 0.8C + 0.06 0.7€¢ £ 0.06 0.7¢ =+ 0.07 0.77+0.08
(AU) MTCJ 0.9 +£0.08 0.9 + 0.07 0.87 £ 0.07 0.84 +0.07 0.8C + 0.07 0.81 +0.06 0.7¢ +0.05
Re;ting Fa PLA 0.02+0.01 0.01 £ 0.04 0.0E +0.04 0.0t +0.03 0.0€ + 0.06 0.07 £ 0.04 0.0¢+0.04
Oxidation MTCC 0.04+0.04 0.0€ £ 0.04 0.07 £ 0.04 0.0¢ +£0.03 0.11+0.04 0.1C £ 0.03 0.1C+0.04
(g.minY)  MTCJ 0.04+0.03 0.0z £ 0.04 0.0€ + 0.04 0.07 £ 0.04 0.0¢ +0.04 0.0¢€ £ 0.04 0.12+0.10

Resting - - -
CHO PLA 0.21+0.07 0.2¢ +£0.10 0.2(+0.11 0.17 £ 0.11 0.17+0.18 0.1 +0.13 0.12+0.10
Oxidation MTCC 0.2z +0.13 0.1¢€ £ 0.07 0.1£ +0.09 0.1z +0.10 0.0t + 0.07 0.0¢ +0.11 0.0€¢+0.12
(g.mirtd) MTCJ 0.2E+0.11 0.27 £ 0.09 0.1£¢ + 0.08 0.1% +0.08 0.11+0.09 0.1Z +0.06 0.0¢+0.19
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Table 117. Meanz SD absolute raw data for blodzhsed biomarkers per treatment condition flonapter 6.

Postbolus Time Point:

PreBolus 1hr 3hr 5hr
Glucose PLA 5.36 + 0.25 5.83 +0.24 5.28 +0.13 5.49 +0.19
(mmol.LY) MTCJ 5.39+0.23 5.88 + 0.24 5.13+0.22 5.14+0.13
Insulin PLA 136.59 £ 72.18 146.29+76.9C 104.26 +59.70  97.77 + 64.19
(pmol.LY MTCJ 125.96 + 65.57 153.23 + 87.21 97.43 + 54.57 93.76 * 65.29
Triglycerides PLA 1.3+0.1 1.4+£0.1 1.5+0.1 16+0.1
(mmol.LY) MTCJ 1.3+0.1 1.3+0.1 1.5+0.1 1.6+0.1
Total
Cholesterol PLA 4.03+0.33 4.17 +0.34 4.23+0.24 4.25+0.19
(mmol.LY) MTCJ 4,14 +£0.41 4.17 +0.39 4.03 + 0.45 3.96 £ 0.17
HDL PLA 1.30 £ 0.01 1.30 +0.02 1.27 +0.02 1.27 +0.02
(mmol.L'Y) MTCJ 1.40 = 0.02 1.40 £ 0.03 1.40 £ 0.01 1.36 + 0.03
LDL PLA 2.65+0.31 2.99 +0.37 3.14 +0.30 3.30+0.28
(mmol.L'Y) MTCJ 2.71+0.46 2.77 £ 0.35 2.91 +0.36 2.83+0.31
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Table11.8. Mean+ SD absoluteraw datafor cardiachaemodynamiandPWA parameterpertreatmentonditionfrom Chapter 6.

BrachialSBP
(mmHg)

BrachialDBP
(mmHg)

MAP
(mmHg)

HR
(beats.mirt)

CardiacOutput
(L.min™})

StrokeVolume
(mL)

TPR
(mmHg-mint-L)

Aortic SBP
(mmHgQ)

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

PLA
MTCJ

Pre6 days

Post6 days

PostbolusTime Points

Suppl, Suppl. 30 minutes 1hr 2hr 3hr 4 hr 5hr
127+ 16 128+ 17 133+ 13 130+ 14 132+ 19 132+ 19 128+ 10 129+ 13
134+ 17 128+ 15 127+ 13 128+ 13 121+ 10 127+ 12 129+ 18 133+ 14
75+ 10 74+ 7 76+ 8 72+5 74+5 73+8 74+ 7 755
75+ 10 72+7 73+ 4 74+5 70+ 7 74+ 7 73+6 75+ 4
098+ 12 93+ 10 99+ 9 94+ 8 97+8 96+ 10 97+ 10 97+9
98+ 12 93+9 95+ 4 96+ 7 93+6 95+ 8 95+ 8 96+ 8
65+ 12 67+ 14 68+ 16 67+ 16 66+ 17 66+ 16 65+ 15 65+ 5
65+ 14 63+11 66+ 11 64+12 62+ 13 61+11 62+12 60+11
6.85+ 2.46 6.64+2.37 6.86+2.46 7.05+2.74 7.00+4.07 7.10+3.23 6.02+2.22 6.44+2.03
6.19+2.81 5.85+2.02 5.69+297 5.46+2.64 552+266 5.70+2.36 5.60+2.47 5.87+2.72
104+ 26 08+ 21 100+ 22 104+ 21 101+ 34 105+ 23 103+ 26 98+ 17
102+ 20 110+ 29 105+ 25 98+ 22 101+ 27 100+ 26 103+ 29 109+ 29
1.03+0.48 0.91+023 0.96+£0.33 0.89+0.27 1.04+0.44 0.93+0.32 1.09+0.38 0.99+0.29
0.93+0.37 0.79+0.28 1.00£0.42 0.98+0.29 0.95+0.29 0.95+0.31 0.97+0.34 0.94+0.38
124+ 12 119+ 15 120+ 12 119+12 121+ 14 124+ 13 119+ 15 120+ 13
124+ 15 120+ 15 121+ 14 118+ 14 116+ 13 120+ 14 119+ 15 120+ 13
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Aortic DBP PLA 80+7 80+9 82+11 80+11 83+9 84+11 84+8 837
(mmHg) MTCJ 81+9 79+ 10 79+9 80+9 78+ 8 83+10 81+7 80+8
PLA 11+ 6 9+6 85 75 9+6 11+8 9+6 10+ 8
AP (mmHag) MTCJ 12+7 9+7 9+8 9+8 9+7 10+8 10+8 11+8
PulsePressure PLA 38+ 9 35+ 11 387 39+7 38+7 39+ 13 35+8 37+ 10
(mmHg) MTCJ 39+11 38+ 10 42+ 10 38+ 11 38+ 10 37+11 38+ 11 40+ 10
Al (%) PLA 26+ 13 23+12 23+12 24+ 12 25+ 13 26+ 15 26+ 14 27+ 14
0 MTCJ 25+ 14 24+ 12 24+ 14 24+ 15 22+ 14 23+ 14 24+ 14 26+ 14
PLA 22+ 10 19+ 11 20+ 11 21+12 21+11 22+ 12 23+11 23+12
0,
Alx atHR75 (%) MTCJ 21+12 20+ 11 20+ 10 20+ 12 19+ 11 18+ 12 19+ 11 19+ 12
SEVR (%) PLA 180+ 30 192+ 36 187+ 37 189+ 35 192+ 39 194+ 43 197+ 39 191+ 37
0 MTCJ 183+ 39 178+ 25 175+ 29 177+ 25 187+ 40 189+ 33 181+ 29 177+ 25
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Appendix 7

Table 119. Mean* SD absolute raw data for resting metabolic rate parameters per treatment conditi@hépter 6.

PostbolusTime Points

PreBolus 30 mins 1hr 2hr 3hr 4 hr 5hr

RestingEE PLA 1847+ 437 1895+ 397 1890+ 360  1835+411 1827+ 394 1785+ 394 1785+ 356
(kcal.day?) MTCJ 1794+ 489 1871+ 467 1892+408 1781+439 1795+ 459 1790+ 443 1865+ 451

RestingRER PLA 0.86+ 0.06 0.96+£0.10 0.93+0.08 0.87+0.08° 0.84+0.06% 0.82+0.08%¥" 0.81+0.05%"

(AU) MTCJ 0.83+£0.04 0.98+£0.08 0.94+0.08 0.89+0.08 0.86+ 0.08 0.82+ 0.07 0.81+0.05
RestingFat . R
Oxidation PLA 0.06+ 0.03 0.04+0.07 0.08+0.09 0.06x0.0#  0.08%0.0% 0.08+ 0.04 0.09+ 0.04

(g.mir) MTCJ 0.06+0.02 0.01£0.03 0.02+0.04 0.05+0.04 0.07+£0.05 0.08+ 0.04 0.09+£ 0.05

RestingCHO PLA 0.20+0.13 0.25+0.15 0.16+£0.20 0.18+£0.08 0.14+0.08" 0.13+ 0.09 0.12+ 0.09

C(>Xid<'_iti?)n MTCJ  0.17£0.08 0.33+0.11 0.30+0.14 0.21+0.08 0.18+0.09  0.14+0.08 0.13%0.05
g.min

8Denotes significant difference against®utes posbolus for main effect of tim&Denotes significant difference againshdur
postbolus for main effect of time. *Denotes significant difference agaiigizs posbolus formain effect of time~Denotes
significant difference again8thours posbolus for main effect of time

350



Chapter 11. Appendices

Appendix 8

Table 1110. Meanz SD dhange from prdvolus values to podiolus time points foselected blood
based biomarkers based on MTCJ supplementation strategies.

Postbolus Time Points

1hr 3 hr 5 hr
Insulin? Single Day 23.80 +43.26  -48.80+£50.01 -29.10 £ 39.65
(pmol.L'Y) 6 days Loading 27.26 £42.20 -28.53+29.30 -32.20 +32.60
Triglyceride$ Single Day -0.1+0.3 0.0+0.2 01+04
(mmol.L}) 6 days Loading 0.0x0.2 0.2+0.1 0.3+0.2
Total Cholesterol Single Day -0.05+£0.25 -0.03+£0.18 0.13+0.21
(mmol.L'Y) 6 days Loading 0.04 £0.33 -0.10 +0.34 -0.18 £+ 0.49
HDL® Single Day -0.07 £0.12 0.01+0.11 -0.09 +0.17
(mmol.L}) 6 days Loading -0.01 £ 0.05 0.00 £0.04 -0.04 + 0.07
LDL Single Day 0.08 £ 0.52 0.12 £ 0.33 0.24 + 0.66
(mmol.L?) 6 days Loading  0.06 + 0.49 0.20 +0.29 0.12 £+ 0.39
TC:HDL Single Day -0.01 +£0.10 0.13+0.35 0.17+0.44
(AU) 6 days Loading 0.08 £0.40 -0.06 £ 0.28 -0.07 £ 0.44

“Denotes significant difference betweehdur and both $iours and Sours posbolus time

points.

*Denotes significant difference betweeh@urs and Siours posbolus time points.
*Denotes significant difference betweehdur and 2hours posbolus tme points

351



Chapter 11. Appendices

Appendix 9

Table 1111. Mean = SD change from préolus values to po4iolus time points for selected cardiac haemodynamic, PWA and
parameters based on MTCJ supplementation strategies.

Postbolus Time Points

30 mins 1 hr 2 hr 3 hr 4 hr 5 hr
Brachial SBP  Single Day -1+6 2+ -8+6 26 18 3112
(mmHg) 6 days Ldg -1+8 1+9 -7 +10 0+10 1+12 5+11
Brachial DBF  Single Day 3+6 6 + & 3+4 7+6 6+8 6+5
(mmHg) 6 days Ldg 1+7 2%9 27 2+8 1+7 37
MAP™ Single Day 2+3 2+6 -4+5 4+ 7 4+8 -2+12
(mmHg) 6 days Ldg 2+9 3+9 0x7 310 2+7 3+10
HR? Single Day 0+5 -1+£5 5+ 6° 7+5% 7+ 48 -8+6°
(beats_mirf) 6 days Ldg 33 1+5 05 -2+6 -1+5 -3+5
Cardiac Output Single Day 02 0Ox1 02 02 1+2 1+2
(L.min™}) 6 days Ldg 0+2 0+2 0+1 0+1 0+1 0+1
Stroke Volume Single Day 1+27 -4+19 1+27 -4+ 30 1+24 2+23
(mL) 6 days Ldg -5+ 29 -20 + 33 -9+ 25 -10 + 32 -7+19 -1+27
TPR Single Day  0.08 £ 0.33 0.07 £ 0.27 -0.03+0.38 0.10+0.34 0.10+0.28 0.11+0.35

(mmHgmin'l) 6daysldg 021+0.44  019:0.35 016041  015%0.33 0.18:0.29  0.15+0.25

Aortic SBP Single Day 0+8 -1+8 27 1+4 2+7 37
(mmHg) 6 days Ldg 1+5 -2+6 -4+8 0+8 -1+8 05



Aortic DBP
(mmHg)

AP#
(mmHg)

Pulse Pressure

(mmHg)
Alx* (%)

Alx at HR75
(%)

SEVR (%)

RER™
(AU)

Resting Fat
Oxidatiorf”
(g.min?)

Resting CHO

Oxidatior?”
(g.min})

Single Day
6 days Ldg

Single Day
6 days Ldg

Single Day
6 days Ldg

Single Day
6 days Ldg

Single Day
6 days Ldg

Single Day
6 days Ldg

Single Day
6 days Ldg

Single Day
6 days Ldg

Single Day
6 days Ldg

0.03+0.04
0.15+0.09

0.02 £0.05
-0.05 + 0.04

-0.04 £ 0.13
0.15+0.10

Chapter 11.

-0.05 + 0.07
0.10+0.10

0.03 +0.06
-0.04 £ 0.05

-0.07 £0.13
0.12+0.13

Appendices

31+32
8 +37

-0.08 + 0.08°

0.05+0.10

0.04 + 0.06
-0.01 + 0.04

-0.09+0.18
0.04 +£0.11

24 +31
11 + 33

-0.12 £ 0.1%%

0.02+0.10

0.07 + 0.08%
0.00 = 0.05

-0.17 £ 0.1%%

0.01+0.12

21+31
3+27

-0.11 + 0.08%

-0.01 +0.10

0.06 + 0.08%

0.02 +0.05

-0.13 + 0.148%

-0.03+0.13

-0.13 £ 0.16%

-0.02 +0.08

0.06 + 0.04%

0.03+0.05

-0.13+0.1%
-0.05+0.11

Ldg (Loading);#Denotes significant main effect for tim®Denotes significant main effect for supplementation strat%@gnotes significant difference against 30

minutes posbolus for main effect of timéDenotes significant difference againshdur postbolus for main effect of time® Denotes significant difference against 2
hours posbolus for main effect of time.
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Abstract

Montmorency tart cherries (Prunus cerasus L.) are rich in anthocyanins, compounds capable of augmenting fat oxidation
and regulating metabolic dysfunction. The present study examined whether Montmorency tart cherry juice (MTCJ) sup-
plementation could augment fat oxidation rates at rest and during FATMAX exercise, thus improve cardio-metabolic health.
Eleven, healthy participants consumed MTCIJ or placebo (PLA) twice daily, in a randomised, counterbalanced order for 20
days. Participants cycled at FATMAX for 1-h pre-, mid- (10 days) and post-supplementation whilst substrate oxidation rates
were measured. Before exercise anthropometrics and resting metabolic rate were measured. Blood pressure, serum triglyc-
erides, cholesterol, HDL, total antioxidant status (TAS) and glucose were measured immediately before and after exercise.
No significant differences between conditions or interactions were observed for any functional and blood-based cardio-
metabolic markers or fat oxidation during exercise or rest (P> 0.05). Pre-exercise TAS (P=0.036) and HDL (P=0.001)
were significantly reduced from mid- to post-supplementation with MTCJ only. Twenty days” MTCJ supplementation had no
effect on fat oxidation; therefore, it is unnecessary for individuals in this participant cohort to consume MTCJ with exercise

to improve cardio-metabolic biomarkers.

Keywords Anthocyanins - Exercise - Polyphenols - Cardiometabolic Health - Fat oxidation

Abbreviations

BP Blood pressure

CHO Carbohydrate

CRM Calorie restrictive mimetic
DBP Diastolic blood pressure
EE Energy expenditure

HR Heart rate

MFO Maximal fat oxidation
MTC] Montmorency tart cherry juice

NZBE New Zealand blackcurrant extract

PLA Placebo

PVC Plasma volume change

PPAR Peroxisome proliferator-activated receptor
RER Respiratory exchange ratio
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t.desai @herts.ac.uk

College Lane, Hatfield AL10 9AB, UK

Published online: 01 September 2018

Department of Psychology and Sports Science, School
of Life and Medical Sciences, University of Hertfordshire,

RMR Resting metabolic rate

RPE Ratings of perceived exertion

SBP Systolic blood pressure

TAS Total antioxidant status

VO,max  Volume of maximal oxygen uptake
vco, Volume of carbon dioxide production
Vo, Volume of oxygen uptake
Introduction

Cardiovascular disease, type 2 diabetes mellitus and asso-
ciated diseases combined are the leading health burden
and cause of mortality worldwide (Guo and Ling 2015);
therefore, the necessity for an intervention is paramount.
Dietary interventions to improve cardio-metabolic health
are highly sought after as they possess less risk than phar-
macological drugs (Vendrame et al. 2016). Substantial evi-
dence now exists demonstrating the relationship between
high consumption of vegetables and fruits, improvements in
disease symptoms and the reduced risk of disease develop-
ment (Li et al. 2017). However, concerns remain over the

@ Springer
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feasibility of maintaining a high fruit and vegetable intake
over a prolonged time period; therefore, daily dietary sup-
plementation containing health-promoting phytonutrients
is appealing. Subsequently, the present study supplemented
small volumes of highly concentrated Montmorency tart
cherry juice (MTCJ) to boost consumption of anthocyanins
and thus provide sufficient amounts at physiologically rel-
evant concentrations in a more practical and efficient method
(Zheng et al. 2017).

Anthocyanins, a major polyphenolic sub-class of fla-
vonoids, are predominantly responsible for the dark red,
blue, black and purple pigments found in various fruits and
vegetables (Wu et al. 2006). Anthocyanins are powerful
antioxidants also capable of ameliorating cardio-metabolic
dysfunction (He and Giusti 2010). A recent epidemiological
study highlighted a significant correlation with anthocyanin
consumption and improved long-term weight management
(Bertoia et al. 2016). Tart cherries (Prunus cerasus L.) and
thus tart cherry juice possess a high phytochemical con-
tent particularly rich in specific anthocyanins, flavonols and
phenolic acids (Kirakosyan et al. 2009, 2010). These phyto-
chemicals are thought to contribute to effectively combating
oxidative stress, inflammation and repairing muscle damage
post-exercise (Bell et al. 2014b, 2015). In rodents, tart cher-
ries have shown significant improvements at the molecular,
cellular and systemic level predominantly due to modulation
of peroxisome proliferator-activated receptor (PPAR) signal-
ling pathways (Seymour et al. 2009, 2008). Consequently,
percentage fat mass, hyperinsulinaemia, hyperlipidaemia
and inflammation were all reduced (Seymour et al. 2009,
2008). Observations in humans have been more equivo-
cal, with tart cherry supplementation showing no effect on
blood pressure and blood-based cardio-metabolic markers
in healthy participants (Lynn et al. 2014). More favourable
findings have been reported in studies (Ataie-Jafari et al.
2008; Keane et al. 2016a, b; Martin et al. 2010) examining
‘atrisk’ or diseased patients with tart cherry juice, indicating
amelioration of cardio-metabolic function.

Skeletal muscle is a critical organ involved in lipid metab-
olism and dysfunction of cellular and molecular cascades
which are implicated in the manifestation of cardiovascu-
lar disease, insulin resistance, inflammation and oxidative
stress (Stump et al. 2006). During sub-maximal exercise
at FATMAX intensities [intensity eliciting maximal fat
oxidation rate, conveyed as percentage of maximal oxy-
gen uptake (%VO,max)], the primary source of energy is
derived from oxidation of free fatty acids and intramuscular
triglycerides in skeletal muscle (Romijn et al. 1993). There-
fore, FATMAX exercise, as an intervention, was included
in the present study to facilitate fat oxidation and subse-
quently improve cardio-metabolic function. Perez-Martin
etal. (2001) conducted a study comparing substrate utilisa-
tion between healthy obese and normal-weight participants

_@ Springer

during a FATMAX determination test. An earlier shift to
CHO oxidation and significantly lower maximal fat oxida-
tion rates (MFO) were observed with obese participants
compared to normal-weight, indicating metabolic inflex-
ibility amongst the obese cohort (Perez-Martin et al. 2001).
However, in healthy participants Robinson et al. (2015) dem-
onstrated a significant positive correlation between MFO
and both 24-h fat oxidation and insulin sensitivity. Further-
more, in obese yet metabolically healthy participants, FAT-
MAX training elicited a 44% increase in fat oxidation rates
and 27% increase in insulin sensitivity index (Venables and
Jeukendrup 2008). A meta-analysis of FATMAX training
in obese, Metabolic Syndrome and type 2 diabetic patients
confirmed a shift of fat oxidation to higher exercise intensi-
ties and reductions in body weight, fat mass, waist circum-
ference and cholesterol, thus advocating its use to improve
health (Romain et al. 2012). Overall, these findings suggest
FATMAX exercise encourages enhancements in fat oxida-
tion rate leading to improved body composition, cholesterol
and insulin sensitivity (Brun et al. 2011).

Consequently, the purpose of specifically incorporating
aerobic FATMAX exercise in the present study was twofold.
First, an individualised approach to achieve maximal fat
oxidation rates during moderate-intensity exercise has been
suggested as the best method to reduce glycated haemoglo-
bin (HbA,,), insulin-dependent glucose, fat mass and total
cholesterol (Brun et al. 2011). Second, it is an appropriate
methodological test to measure the effects of an intervention
on fat oxidation rates during exercise and when combined
with a potential calorie restrictive mimetic (CRM), such
as MTCJ, may induce additional improvements on cardio-
metabolic pathways and, therefore, overall health (Besnier
etal. 2015).

Rationale for the present study is based on previous work
demonstrating the benefits of anthocyanin supplementation
on fat oxidation rates during exercise (Cook et al. 2015,
2017) and the positive results regarding the effects of tart
cherry supplementation against cardio-metabolic dysfunc-
tion in rodents (Seymour et al. 2009, 2008) and humans
(Ataie-Jafari et al. 2008; Keane et al. 2016a, b; Martin et al.
2010). However, to date, no research has explored the car-
dio-metabolic responses to tart cherry supplementation and
exercise in tandem; thus healthy participants were recruited
to assess for any adverse effects prior to investigating
responses in clinical populations. Subsequently, this study
set out to examine the physiological responses of MTCJ
supplementation with FATMAX exercise on fat oxidation
rates, body composition and cardio-metabolic markers in
healthy participants. It was hypothesised that MTCJ sup-
plementation would augment fat oxidation rates at rest and
during exercise, thus proving more efficacious at improving
body composition, functional and in sera cardio-metabolic
markers than previous research conducted with tart (Lynn
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et al. 2014; Martin et al. 2010) and sweet (Kelley et al. 2006)
cherry supplementation at rest in healthy participants.

Methods
Participants

Eleven (7 males and 4 females) healthy, recreationally active
(150 min moderate-intensity aerobic exercise per week), par-
ticipants (mean + SD age 30+ 10 years, height 1.76 +0.09 m,
body mass 76.42 +13.19 kg, BMI 24.43 +3.23 kg m~2,
VOzpeak 35.87+4.78 mL kg" min~") volunteered for the
study. All participants were non-smokers, BMI < 30, injury-
free and not diagnosed with any cardio-metabolic or renal
diseases at the time of testing but had a family history of
cardio-metabolic disease. Participants were instructed to
cease consumption of any other supplementation 2 weeks
before and for the duration of the study. All participants
provided written informed consent to participate in the
study and completed health screen questionnaires before
the study commenced. Ethical approval was obtained from
the University of Hertfordshire Health and Human Sciences
Ethics Committee and the study’s experimental procedures
followed the principles outlined in the 1964 Declaration of
Helsinki. The study was registered as a clinical trial on clini-
caltrials.gov (NCT02999256).

As this was the first study to examine fat oxidation with
cherries, it was difficult to confidently predict a sample size
using power analyses. Previous studies that had researched
the effects of fat oxidation (Cook et al. 2015; Roberts et al.

2015) or cherry supplementation (Bell et al. 2014a, b; Bow-
tell et al. 2011) had a total sample size between 10 and 16
participants.

Procedures
Research design

This study utilised a single-blind (blinded to participants),
placebo-controlled, randomised, counterbalanced design,
where each participant acted as their own control. Partic-
ipants were required to complete two conditions over 10
weeks, differing only in supplementation, Montmorency tart
cherry juice (MTCJ) and placebo (PLA). Participants were
randomised to start consumption of either MTCJ or PLA
first (6 received PLA first), followed by a 14-day washout
period (Cook et al. 2015; Howatson et al. 2012; Keane et al.
2016a, b) and then consumption of the opposite supplement
to the first condition.

Both conditions were identical in terms of design and
testing procedures and comprised of 5 sessions each, with
sessions lasting approximately 2.5 h. Figure 1 shows a time-
line for testing sessions and the supplementation period.

Baseline measurements were obtained during the first
FATMAX/VO,max session in the first condition. Other
than blood sampling and the type of exercise itself, all
other testing procedures pre- and post-exercise were iden-
tical across each session. Blood sampling was conducted
pre- and post-exercise to ascertain the acute differences
induced by 1 h of FATMAX exercise and pre-, mid- and
post-supplementation to assess the longer-term effects of

Baseline Measures Start of
and 1** VO,max and Supplementation
FATMAX Tests (Day 1 of
(Day 1 of Trial) supplementation)

(Day 6 of Trial)

27 VO,max and FATMAX
Tests

(Day 17 of supplementation)

(Day 22 of Trial)

|

End of Supplementation
(Day 20 of supplementation)

(Day 25 of Trial)

I

( 3 v

End

Pre-Supplement
Testing

(1hr at FATMAX)

(Day 5 of Trial)

Mid-Supplementation Testing
(1hr at FATMAX)
(Day 10 of supplementation)

(Day 15 of Trial)

Post-Supplementation
Testing

(1hr at FATMAX)

(Day after end of 20-day
supplementation)

Fig. 1 Schematic of testing protocol for each condition (MTCJ and PLA)

(Day 26 of Trial)
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