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ABSTRACT

Ageingis associated witincreasingisk of cognitive declineand modifiabldifestyle factors
includingdiet have been shown to significantly affect the progression efedgted
neurodegeneratiospecific dietary componenfzarticulaty polyphenolrich berriessuch as
cranberrieshave been increasingly recognised for tleéfiects on the mechanisms underlying
agerelated neurodegeneratidncluding thealteration ofthe gut microbiomand its

functions However, the impact of cranbezsi oncognition, brain function and the gut
microbiomein healthyolder adultgemains little exploredA 12-week randomised placebo
controlled trial of freez@ried cranberry powder was conducted irh@@lthyolder adults

aged between 50 and 80 yearsgfitve assessment, including memory and executive
function, neuroimagingand blood, stool and urine sample collection were conducted before
and afterthe intervention to assess the impact of daily cranberry consumption on cognition,
brainfunction, and the structure and function of the gut microbid@nanberry
supplementation significantly improved visual episodic memeith mechanisms of action
underpinned by increased regional perfusion in the right entorhinakctitenucleus
accumbens area and the caudAtbeneficial shift in microbial abundances in bacterial
families relating to polyphenol degradation was also detected in the cranberry group, which
correlatedwith increased levels ofrculating polyphenol metabolites in plasma. Gut
bacteriaderived metabolites such as TMAO and hippuric agdealso significantly related

to improved episodic memory in the cranberry gralthough common polyphenol
metabolites did not relate to cogwé performance or brain perfusiorheseresultsindicate

that daily cranberry supplementation over aniek period improwkepisodic memory
performance and neural functionjrmprresponding with a beneficial shift in the composition

and function of the gut microbiom&hese findinggrovide a basis for future investigations



to determine efficacygf intake of highpolyphenol cranberrin the contexslowing the onset

ofneundegenerative diseases, such as Al zhei mer
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CHAPTER 1.GENERAL INTRODUCTION

As a resulbf astoundingadvances in medical science and samonomic conditionsver

the past centurgeople are now livingonsiderablyongerthan eveibefore Despite this

triumph in extending the length and quality of our livesstgairsin life expectaniescarty

with themthe increased prevalence of agéated chronic disease such as cardiovascular
disease, diabeteand dementigAgeingis the greatest single risk factor for the development
of neurodegenerative diseaskat impactaily functioningand causedementiasuch as

Al z h ei me r(AD%, presenbgeadevastatingersonal and societal burddy recent
estimates,ite global prevalence of dementia is expected to double every 20 years2vith 1
million peopleprojectedo be affected by 205(A | z hei mer 6 s Di sease I nte
Alzheimer Report 2019: Attitudes to demeridl9) Althoughsomedegree of cognitive
decline is to be expected witlormalageingasis well documented in studies involving both
animals and humans, it is the significant loss of function andhselfsassociated witlage
relatedneurodegenerative disease which poses a highly detrimental cost to individuals and

their families.

To datethere are currently no effective pharmacological treatntbatslirectly curtailthe
progression of the mechanisonsderlyingthese conditionsnsteadoften targeting only

single aspects of disease patholsggh as amyloid deposition or treating clalisymptoms.
Thisis despitesignificant effort and resources having been investedsexgraldecades to
identify a pharmacological cufer dementiaThisfailure so far to produce a cui@ age

related neurodegenerati@partly owing to the exact mechanisms underlying these diseases
still being elucidatedThefactorscausing these conditions cannot be explained by genetics
alone,for examplewith identifiable genetic mutations accounting éoy 1-2% of AD cases
(Bettens, Sleegers, & Van Broeckhoven, 201€3ving the vast majority of cases being

0sporadicd6 and havi mgesenceof aknevgeneticfnutatiol v hi st or

17



associated with disease onddie pathophysiological processesdieg to
neurodegeneration, like many other diseases of the boglyroposed to involve the
dysfunction of multiple systems. Neurodegeneration is hypothesizecttalecterised
primarily by the deposition of aggregated proteins within the brain, modddgtpbgressive
changes in several interlinkeedllularand moleclar mechanismwhichinclude chronic
neuroinflammation, oxidative stress and metabolic imbalaacekdoss of vascular integrity
and function Such nechanismsinderlienot only pathological but also normal braigeing

resulting in loss of neural plastic and neuronal deaiffroster, 200).

Furthermore, the disease processes that lead to dementaaraderstood to commence

long before symptom onset, with slow atromfythe brainoccurring for decadgsrior to
significant symptomsandclinical diagnosisThis trajectory igproposed to be determined by a
complex interplayf genetic, endogenoasdenvironmental factorivingston et al.,

2017) This means that it is currently very difficult to determine when these processes begin
and who is at greater risk, although great efforts are being made to thid@ndver this

also means that there is a significant window of opportunity to curtail the disease gsocess
beforetheysignificantly impacicognition and function to a clinical degrées a result,

attention has turneflom identifying a curéowardsalternative methods opreventing
neurodegeneratiooefore disease onsehich ideallyarelow cost, safe, and easy to

implement, and thaarget multiple factors contributing to the disease process.
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Figure 1.1.Influences on neurocognitivageingincluding therapeutiand lifestyletargets for

preventingagerelatedneurodegeneration

Indeed, in 2019 the World Health Organisation (WHO) published its first guidelines for
reducing the risk of cognitive decline and demefWarld Health Organization, 2019)
These guidelines were based on a growing body of clinical trial evidence supporting the
efficacy of lifestyle interventions to target modifiable risk factond diseasmechanismsor
agerelaed cognitive declinésee Figure 1.1.Evidencefrom largescale epidemiological
studiessuch as th&@hree CityStudy(Amadieu et al., 2017gnd theHELIAD study

(Dardiotis, Kosmidis, Yannakoulia, Hadjigeorgiou, & Scarmeas, 20adindicatel thatdiet
could bea key factor in delaying therogression of ageelatedneurodegeneration. This has
initiated a surge in largscaleclinical trials involving humansvestigating the impact of diet
on outcomes relating to cognitiageing often in conjunction with othanodifiable lifestyle

factors such as physical activifyor examplethe FINGER (Finnish Geriatric Intervention

19



Study to Prevent Cognitive Impairment and Disability) stedhyerged to investigate the
impact of a 24nonth multtdomain approachcluding diet, exercise, cognitive trainiagd
vascular risk factomanagemertb preventing cognitive decline in olderragk individuals
aged> 60 yeardNgandu et al., 20155everaimorerandomisecdtontrolled trials (RCTs)
which include changes to dietary patterns, often a Mediterrestgkndiet, have been
conducted with proimsing results. Th@revencién con Dieta Mediterran@REDIMED)
RCT produced beneficial effects of a Mediterranean diet supplemented with nuts or olive oil
on cognitive functior{iMartinezLapiscina et al., 2013; Martinezapiscina et al., 2014;
Valls-Pedret et al., 2015 urrently the Mediterranean Diet, Exercise and Dementia Risk
Reduction Programm@ledExUK) study(Shannon et al., 20219 amulti-centretrial
investigaing whetheradherence to a Mediterranean dietary patiaraddition to physical
activity, impacs cognition and neural function in older adults identified as at risk of

developing dementia

The mechanismisy whichbeneficialdietary patteraexerttheir effects orhealth also remain

to be fullyunderstood, particularly when it comes to which specific nutrients or foods within
these patterns are driving hedbénefitsin humans Themajority ofexisting evidencéor the

health potential o$pecific nutrientg€ome from epidemiological angreclinical studies
although RCTO0s investigating the i mpact of
becoming more prevalerihdeed, ertain nutrients have been identified to exhibit protective
effects against some of the mechargscausing this decline such as improving

cardiovascular health, neurorsgnallingand function, and the diversity and health and
function of the gut microbiome, as well as improving outcomes of cognitive performance and
reducingrisk of neurodegeneratvdisease onsdtikely candidatesor thesespecific

nutrients(and foods that contain themmcludeB vitamins(Lefevre Arbogast et al., 20185)

vitamin D (Koduah, Paul, & Dorr, 2017)ong-chainomega3 fatty acids(Samieri et al.,

20



2008; Samierital., 2012; Yu Zhang et al., 201&)d plantderived polyphenols.
Polyphenolsandtheir neuroprotective potentiaindthe possible mechanisms by which they

support brain health and cognition across the lifesphlie explored further here.

POLYPHENOLS

Attention has been increasingly drawn to the hgaitimoting benefits of polyphenols.
Polyphenols are a complex family mbr-nutritive plantderived compounds found

abundantly in fruit, vegetables, cocoa, and certain beverages such as coffee and tea.
Polyphenols can be further divided iftavonoids and nofflavonoids, which is determined

by the number of phenol rings thegntain and how thesengsinteract Dietary flavonoids

are the most prevalent polyphenolic compounds in the human diet, and include approximately
6000 differentypes and the relative consumption of ttiéferent typesof flavonoidscan

vary greatly between individuals depending on (Mdnach, Scalbert, Morand, Remesy, &
Jimenez, 2004; Manach, Williamson, Morand, Scalbert, & Remesy, .Z0@vpnoids are
comprised of two aromatic rings bound by three carbon atoms and can be further divided into
flavonols, flavones, flavanones, isoflavones, anthocyanidins and fla@d® Beecher,

2003). These phytochemicals have received attention due to their implicated role in directly
impacting the development of n@emmunicable diseases, including cancer,ypkabetes
mellitus and cardiovascular disease, as well as the disease mechahismhave been

identified as underlying the progression of neurodegeneration.

POLYPHENOLS AND COGNITIVE DECLINE

Polyphenolrich whole foods and extracts have been shown to protect against the development
or slow the progression of neurological condiipnncluding dementia and agelated
cognitive declingDai, Borenstein, Wu, Jackson, & Larson, 2006; Devore, Kang, Breteler, &
Grodstein, 2012)ndeed, mtritional goidemiological studies have reported that higher dietary
intake of polyphenolcontaining food is associated with slower rates of cognitive decline
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(Devore et al.,, 2012; Letenneur, Preusha, Le Gouge, Dartigues, & Barberg@ateau,

2007; Shishtar, 8gers, Blumberg, Au, & Jacques, 2020)d dementiglLefevre Arbogast et

al., 2018) For example, in the Three City Study, higher reported intakiegiband vegetables

were found to be associated with a lower risk of cognitive dedlihieh wasattributed to the

higher concentrations of specific polyphenols contained in these (BadsergeiGateau et

al., 2007) Furthermore, higher intake of polyphemmh foods was associated with a
significantly lower risk of dementia in a large cohort of older adults aged 65 years and over
(Commenges et al., 20Qnd higher polyphenol consumption in middle age corresponded
with better cognitive function in later lifgesseGuyot et al., 2012)

Polyphenolsarealsoin a higrer concentration among certain diets that have been found to

have protective health benefits, such as the Mediterrastgbadiets (Wu & Sun, 2A7),

attributed largely to thkigher proportion ofruit and vegetable intake in these dietary

patternsBy contrastresults from the UK National Diet and Nutrition Survey (NDNS)

indicate that at least 70% of thiK population are consuming below the recommended
intake(Bates et al., 2014Adults aged over 65 yearsthe UKare estimated to achieve
approximatelyl 035. 1 N 54 4. 3 m{@iduddaen etalf, 201 Qdthoygh h eno |l s
estimates can vary between studies and can depend on the methods of dietary data collection
and cohort slection(Vogiatzoglou et al., 2015; ZamgeRos et al., 2016; ZamoiRos et al.,

2013) The main dietary contributors to polyphenol intétkéhe UKarenonalcoholic

beverages (coffee and tea) followed by chocolate, fruit juice, and then fruit in general

(ZamoraRos et al., 2016)

Several specifipolyphenolshave been identified as producing the most salient protective
effectsfor health which has sparked investigation into how thesenpounds could be
producing these results in human subjects at concentrations that are feasibly attainable

through dietary intaker supplementatiarBerriesin particular have polyphenolicprofile
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which is high in concentrations ofvaal ofthese beneficial polyphenoknd thegrowing
amount of evidence supporting thetentialbenefits of berry intaken cognitive ageing and

neurodegenerationill be detailed further in the next section.

BERRYPOLYPHENOLS
Many epidemiological studs whichhave foundhat higher intake gbolyphenoirich foods

supports healtdo not specify which particulgoolyphenolsmay becarrying these benefits

Of the foods containing higher concentrationpalfyphenolghat hae also been shown to

exert effects omhedisease mechanisrmensidered to underpmeurodegeneration, berries

have gathered particular attentidme totheir specificprofile of healthpromoting

polyphenols Berries that have receivedetmost focus for their health promoting benefits
include blueberry, strawberry, acai, grapes, bilberry, raspberry and cranberry. The chemical
composition of berries can vary greatly depending on their genetics as well as the conditions
of their growth, stoage, and processing. In genelalwever berries are high in

concentrations of flavonoids including anthocyanidins (delphinidin, cyanidin, petunidin,
peonidin and malvidin), flavanols (catechin, epicatechinapitoxyanidins B type) and

flavonols (quercen and myricetinYRothwell et al., 2013)Other phenolic compounds such

as ellagitannins and derivatives of hydroxybenzoic and hydroxycinnamic acids are also
present. Anthocyanins and proanthocyanidins are found in particularly highnt@atons in
berries, which has caused an increased interested in the potential health benefits of increasing
dietary intake of berrie€ranberries\{accinium macrocarpgnare especially rich in
anthocyaningdelphinidin, cyanidin, petunidin, peonidindmalvidin) flavanols or flavan

3-ols (catechin, epicatechin, pothocyanidingype), andflavonolssuch agjuerdtrin and

myricitrin (Vvedenskaya et al., 2004)

Of the polyphenols found in higher concentrations in berrighoayanins are of particular

interest because they are amongst the most commonly consumed polyphenols in a normal
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diet and as such are generally regarded a&sisdfigher concentratiorfScalbert &

Williamson, 2000) Anthocyanins are largely responsible for the pigmentation present in
berry fruits and he most common anthocyanins are composed of one of six anthocyanidin
bases which differ in structure, particularly with regards to their B ring, with an extra sugar
moiety added to the-@ng. Anthocyanins are also foundotherfoods but to a lower extén

as they lack the sugars that stabilise the ch@kfgelstad, Skrede, Lea, & Enersen, 1990)
Proanthocyanidins, also referred to as cosdd tannins, are oligomers or polymers of
flavan-3-ols andcan involve either Aor B-type linkages between constituer@pecifically,

the Btype dimers are linked in either t@&-C6 or C4C8 position while Atype are linked in
the C4C8 position with an additionaC2-O-7 linkage (see Figure 2). These polyphenols
arealsofound particularly abundantly in berry fruisndalsohave a suggested role in
protecting against neurodegenerative disordect as dement{@hao, Zhang, Yang, Li, &
Rong, 2019)Proanthocyanidins withBype linkages are the most common, however the
more unusual-type linkages can be found in greater abundance in certain berries such as
cranberriegFoo, Lu, Howell, & Vorsa, 2000Proanthocyanidins with Aype linkages have
been particularly implicated imnderlying health benefits associated with these polyphenols
particularly fortheir anttadhesion activityor uropathogeni&scherichia coli(Howell et al.,
2005) There are also othspecific polyphenols founith berriesto which neuroprotective
benefitshave been attributedlthough to a lesser extestich ashe flavonolqueretin
(quercitrin without theleoxy sugar rhamnose) due to its potential cholinesterase inhibitory
potential(Orhan, 2021)Indeed, quercetihas been demonstratedvitro to inhibit the
aggregation of certain proteins associated Wiih such as amyloid beta plaques, alpha
synuclein andau, by directly interacting with misfolding proteins réguwg in the

stabilisation of oligomers and the inhibition of fibril growihouafli et al., 2018)andto
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protect against cognitive deficits in a transgenic mouse moddD pfvhile also redcing

Al z hei mer §SabogaGudyuela et@ly 2015)

Figure 12. Representative linkages within proanthocyanidin molecules. (A) Monomeric
representation with carbon 4 and -dpicasebhmwn as
shown as example. Letters within rings identify individual phenolic or heterocyclic ring. n

may equal 2 (dimer)tp50. ( B) Exampl e of edfictcopmmendisé 4Y8) | i
procyanidin B2 (dimer), epicatechin4 b Ye8p)i cat echin. (C) Exampl e ¢
linkage. Specific compound is procyanidin B5 (dimer), epicatechdnb Yefigatechin. (D)
Exampleof At ype (4Y8, 2Y7) | i nk agyanidin 8(dineei),f i ¢ ¢ omp
epicatechinl 2 b Y7, -epi€atéchin. FrorBeecher, G. R. (2004). Proanthocyanidins:

Biological activities associated with human health. Pharmaceutical Biology, 42(stgfl), 2

(Gary R. Beecher, 2009)

BERRYPOLYPHENOLS ANIDGNITIVEECLINE
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Supplementation of berries have been found to improve cognition in both animal models and
humans. Animal models have allowed for higher levels of direct manipulation and control over
polyphenol doses and conditions that are not always possible in studiesng humans. In
rodents, berry supplementation has been shown to improve spatial mé&uasaglesus et.al

2004; ShukittHale et al., 2015; C. M. Williams et al., 200&pject recognition memory
(Goyarzu et al., 2004nd inhibitory fear conditioning learniriBarros et al., 2006Blueberry
appears to have a pronounced effect on gkam memoryRamirez et al., 2005and has also

been shown to improve lortgrm reference memory following 8 weeks of supplementation in
aged rat¢Rendeiro et al., 2012; C. M. Williams et al., 2008upplementation with a mix of
blueberry and grape in ageing beagle dogs able to protect against cognitive impairments
(Fragua et al., 2017)

Regardingintervention studiesnvestigaing how increased intake of dietargolyphenols
impactcognitive performancen humanswhile there have been findings of improved global
cognitive performancéean et al., 2015)it has emeged thaspecific cognitive domainmay
particularly be affected Furthermore, the cognitive domains tlagjpear to be mosinpacted

by increased intake afietary polyphenols, particularly those from berries atiherfruits high

in anthayanins are domains that are also impactedaggrelated cognitive declinelThese
include episodic memoryworking memoryand executive functia (for summary ofhuman
intervention studies involvinghe impact ofberries or higkanthocyanin fruiton cognitive
performancesee Tabld.1.). However,the evidence from these studies is not conclusive, as
there still existsignificant inconsistencies between studies regarding which cognitive domains
appear to be impacted by increaséetaty polyphenol intakeindeed, the inconsistency in
findings of positive effects, even between studies using the same cognitive tests, have led to
several authors to be tentative in concluding that berry polyphenols positively impact cognitive

performancé€Kent, Charlton, Netzel, & Fanning, 2017; Travica et al., 20@@)uding in older
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age(Solfrizzi et al., 2018and within the context of dementi@olizzi, 2019) The reasons for

this inconsistency appear to be due to significant disparities in methodologies between studies,
including sample rad test selection, as well as the duration of interventions.

First of all,thecognitive domains that are affectieg these interventi@appear to depend on

the characteristic®f the sampleMany studies investigating the impact of begootyphenols

on cognitionn humansnvolve samples with younger age gro@parfoot et al., 2019; Watson

et al., 2019; Whyte, Cheng, Butler, Lamport, & Williams, 202here verbal episodic
memoryand executive functioperformancapperto be most commonly affected whehey
aremeasuregdeven following acute doséBarfoot et al., 2019; Whyte, Schafer, & Williams,
2016; Whyte & Williams, 2015)However,these improvements have not been consistently
demonstratedven whersing the same cognitive te¢Barfoot et al., 2021\Whyte, Lamport,
Schafer, & Williams, 2020)n older age groupshé impact of berry polymnols on cognition

in middle-aged andolder adults has also been demonstrated to improve episodic memory
performance, howevehe evidencéor episodic memory improvemefiom studiesnvolving

older adultsis scarcerand lessobust(Bowtell, AbooBakkar, Conway, Adlam, & Fulford,

2017; Cook, Sandu, & Joyce Ph, 2020; Crews et al., 260B)hermore, these interventions
appeara have the most impact whareasurablenemory deficits are already presemhere
participants have either MCI significant subjective memory damfs ora clinical diagnosis

of dementiaKent, Charlton, Roodenrys, et al., 2017; Krikorian et al., 2012; Krikorian et al.,
2020; Krikorian, Nash, Shidler, ShukHiale, & Joseph, 2010; Krikorian, Shidler, et al., 2010;
Whyte, Cheng, Fromentin, & Willlas, 2018)although sinificant inpacts on other cognitive
domains such as working memory have not been as robustly demonstrated in these groups
(Boespflug et al., 2018)Furthermore, although improvements on delayed recall trials have
been detected, recognition trials rather than retention appears to be commonly improved in

middle-aged toolder age group@VicNamara et al., 2018; Whyte et al., 2018; Whyte et al.,
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2021) which suggeststdeast a partialole of executive function to inhibit interference items
rather than memory performamalonelndeed, findings of improvements tests ofexecutive
functionor scores on memory tests that are understood to be influenced by executive function
(such as inhibition of repetition errofsdve also been detectedtieseolder age groupwith

or without existing cognitive deficitéKrikorian et al., 2020; Miller, Hamilton, Joseph, &
ShukittHale, 2018) As such, dferences in test selection may impact the consistency of
findings of improved cognitive performance between studisile tests of verbal episodic
memory arehemost commonly sedfor measuring memornyerformancetests of visaspatial
episodicmemoryappear to be mommmonlysignificantlyimpacted irstudiesvheretests of
both verbal and visual episodic memory performareausedKrikorian et al., 2020; Lamport,
Lawton, et al., 2016)Previous findings havealso suggested that effectsn cognitive
performancere more pronounced on more cognitivegmanding testdVhyte et al., 2021)
This is especially relevant fostudies involving healthy older adults without existing cognitive
deficits, as it isunlikely thatbenefitsof a dietary intervention on cognitive performance is
likely to bedetectedf participants are already performing at ceilimg these cognitive tests
Therefore, itcould be expected in healthy older adults tiparformance on measures of
episodic memory, particullgrvisuospatialemory, and executive function would be expected
to be impacted byncreased intake of berry polyphengsyticularly if tasks are sufficiently
cognitively demanding

It also appearthat a number of trials that did not find significant effemt§oundtrends that
only approached significaneeere not adequately powered in order to detect group differences
in cognitive performance due to small sample s{Bmespflug et al., 2018; Bowtell et al.,
2017; Cook et al., 2020; Schrager, Hilton, Gould, & Kelly, 20d@npared with trials with
larger sample sizdkamport, Lawton, et al., 2016; Miller et al., 2018; Whyte et al., 20i¢

exceptions to thisppears to beases whereneasurablecognitive impairment is already
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presen{Krikorian et al., 2012; Krikorian et al., 2020; Krikorian, Nash, et al., 2010; Krikorian,
Shidler, et al., 2010)As such, when investigating the impact of polyphenols in healthy older
adults without preexisting cognitive deficits, a larger sample sizeesyp to be necessary to
observe effects on cognitive performance.

However, relatively largersample sizes have not guaranteed positive reBultsognitive
performancan healthy older adult&Crews et al., 2005Y he length of trial maglsobe critical

for detectingmeasurablémpacts on cognitive performancethis age groupAlthough acute
improvementson cognitive performance have been demonstrated in younger age groups
(Barfoot et al., 2019; Whyte &Villiams, 2015)and that acute doses magsist in resistance to
cognitive fatigue in adult age groug®atsonet al., 2015; Whyte et al.,, 2021cute
interventions have not similarly produced significemprovements in cognitive performance

in adults(Hendrickson & Mattes, 2008)nsteadjmprovementsn cognitiveperformancean
adults, particularly older age groupse measured aftehronic intakeover a period of several
weeks Regarding the length of trials required to detect improvements in cognitive performance
in these age groupthe length of the intervention also appears to be crifictdrventions of

up to 6 weeks have not produced significant improvements in cognitive perfor(Qaudeet

al., 2020; Crews et al., B8), whereas significant differees have been detectidlowing
longer duration®f 12 weekgKent, Charlton, Roodenrys, et al., 2017; Krikorian et al., 2012;
Krikorian, Nash, et al., 2010; Krikorian, Shidler, et al., 2010; Lamport, Lawton, et al., 2016;
Whyte et al., 2018)urthermorethestudyby Lamport, Lawton, et al. (2016pundeffects of
Concord grape juice on verbal memory and executive function appeagedure for some
time after consumption, replicating similar findings of an enduring eftécn 8week citrus
juice trial on memory and executive functioma group of healthy older adulfgean et al.,
2015) As such, it appears based on previous findings khagerterm chronic intake

specificaly over 12 weeks, is required to obsemeasurablémpacts of polyphenelich
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berrieson cognitive performanda healthy older adut that may persigtossibly due to longer
term modulation of the underlying mechanisms that contribute to cognitive funStich
mechanisms contributing wognitive declinan older age and the possibiapact ofwill be

explored in the next section.

30



Tablel.1 Human intervention studies investigating the impact of bartjigh-anthocyanin fruipolyphenols on cognitiveerformance.

Reference Study Study Sample Age (years) Sample size | Polyphenol Cognitive Neuropsychological Key Findings
design Duration population source Domains Measures
Ahles et al. Double 24 weeks Healthy 40-60 3490mg 90mg Executive Stroop test Psychomotor speed
(2020) blind, middle-aged 35150mg Chokeberry function Grooved pegpoard improved compared
randomised, adults 32placebo extract Attention and | test to placebo.
placebe 150mg psychomotor Number crossut test | Attention and
controlled Chokeberry speed cognitive flexibility
parallel extract (executive function)
not significantly
improved.
Barfoot et al. Single-blind, | Acute @ Healthy 7-10 29 wild Wild blueberry | Verbal episodic| RAVLT Significantly faster
(2019) randomised, | hourg children blueberry drink memory Modified Attention reaction time on
placebe 25 placebo Executive Network Task MANT (executive
controlled, function MANT function) for wild
parallel Reading blueberry group.
efficiency Better performance
on verbalepisodic
memory recall and
learning.
Barfoot et al. Single-blind, | 4 weeks Healthy 7-10 8 Wild Wild blueberry | Verbal RAVLT No significant impact
(2021) randomised, children blueberry drink (freeze Episodic MANT on memory
placebe 7 placebo dried and mixed| memory performance, but
controlled, with water and | Executive impact on more
parallé orange squash) | function difficult components
of executive function
task, with higher
accuracy on
incongruent trials in
the wild blueberry
group (MANT).
Boespflug et al.| double 16 weeks Older adults | 67 and older 8 blueberry | Freezedried Working N-back task No improvement on
(2018) blind, with MCI 8 placebo blueberry memory working memory
randomsed, performance.
placebe
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controlled,

Increased regional

parallel BOLD activation
during working
memory taskbased
fMRI (se€eTablel.2).
Bowtell et al. Double 12 weeks Healthy older | 65 and older 12 blueberry | Blueberry Verbal and CogsState Ltd battery: | Trends towards
(2017) blind, adults 14 placebo extract spatial episodic| Detection task improvedworking
randomsed, memory Groton maze learning| memory performance
placebe Psychomotor | test in blueberry group.
controlled function Identification task
parallel Executive Shopping list task Regional increases ir
Function N-back tasks perfusion as
Working Stroop test measured on ASL fon
memory blueberry group, and
activation during
taskbased (Stroop)
fMRI (see Tablel.2).
Cook et al. Double 1 week Healthy older | M=69+4 14 600mg/dayNew | Verbal episodic| CANTAB No effect of
(2020) blind, adults Zealand memory blackcurrant extract
randomsed, blackcurrant Working on cognitive
placebe extract memory performance.
controlled, Executive
crossover Function
Attention and
psychomotor
speed
Social and
emotional
cognition
Crews et al. Double 6 weeks Healthy older | 60 and older 25 cranberry | 27% aganberry | Verbal and Selective reminding No significant effect
(2005) blind, adults 25 placebo | juice visual episodic | test of cranberry on
randomsed, memory StroopTest cognitive
placebe Executive WMS-IIl Faces | and | performance.
controlled, function Faces Il
parallel T™MT
WAIS-III Digit

Symbol Coding
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Hendrickson Double Acute Adult smokers| M=26 35 Concord grape | Implicit Word Fragmentation | No significant effect
and Mattes blind, (immediatg juice memory Test on cognition
(2008) randomised,
placebe
controlled,
crossover
Kent, Charlton, | Double 6,12 weeks| Older adults | 70 and older 24 cherry Anthocyarin- Verbal episodic| RAVLT Improved verbal
Roodenrys, et | blind, with mild to 25 control rich cherry juice | memory T™MT fluency (which can
al. (2017) randomised, moderate (vs. apple juice) | Working DS (backwards) be impacted by
placebe dementia memory Self-ordered pointing | deficits in executive
controlled, Semantic task function),immediate,
parallel memory Boston naming test anddelayed verbal
Executive Verbal fluency episodic memory
function performancet 12
weeks.
Krikorian, Double 12 weeks Older adults | M=78.2(+5.0) | 5 concord Concord grape | Verbal and CVLT Improved
Nash, et al. blind, with MCI grape juice | juice visual episodic | Spatial Paired performance on
(2010) randomised, 7 placebo memory Associate Learning verbal learning.
placebe Test Nonsignificant trend
controlled, towards improved
parallel verbal and spatial
recall.
Krikorian, Double 12 weeks Older adults M= 76.2(£5.2) | 9 blueberry | Blueberry juice | Verbal episodic| V-PAL Improved memory
Shidler, et al. blind, with MCI 7 placebo memory CVLT performance in the
(2010) randomised, blueberry group
placebe particularly learning
controlled and recall
parallel
Krikorian et al. | Double 16 weeks Older adults | 6890 10 concord | Concord grape | Verbal episodic| CVLT-II Concord grape juice
(2012) blind, with MCI grape juice | juice memory produced
randomised, 11 placebo significantly reduced
placebe interference during
controlled recognition memory.
parallel No effects on

learning or retention
were observed.
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Krikorian et al. | Double 16 weeks Older adults | 77.3 ¢£6.3) 16 blueberry | Freezedried Verbal and HVLT Improved visual
(2020) blind, with MCI 77.0 ¢£5.4) 21 placebo blueberry visual episodic | SPAL episodic memory and
randomised, memory COWAT semantic fluency in
placebe Executive T™MT the blueberry group.
controlled Function
parallel Attention and Trend for improved
Psychomotor performance on
Speed verbal episodic
memory, and
executive function (ag
measured by the
TMT).
Lamport, Double 12 weeks Healthy 40-50 25 Concord grape | Verbal and VVLT (visual Improvements in
Lawton, et al. | blind, middle-aged juice visual episodic | analogue to RAVLT) | immediate spatial
(2016) randomised, adults memory VSLT memory compared to
placebe Executive RVIP placebo, which
controlled, function Grooved pegboard endured for those
crossover Attention Tower of Hanoi who crossed over int
the placebo arm.
McNamara et | Double 24 weeks Older adults | 69 &5.2)fish 17 fish oil Freezedried Verbal episodic| HVLT Blueberry group
al. (2018) blind, with oil 19 blueberry | blueberry(and memory T™MT showed improved
rancdmised, subjective 68 ¢3.9) 20 blueberry | combined with | Executive COWAT recognition
placebe cognitive blueberry and fish oil fish oil) function discrimination (but
controlled, impairment 68 *4.7) 20 placebo Attention and not when combined
parallel blueberry and Psychomotor with fish oil).
fish oil Speed
67 ¢4.9)
placebo
Miller et al. Double 90 days Healthy older | 67.8(+4.6) 18 blueberry | Freezedried Verbaland CVLT-II Improved executive
(2018) blind, adults blueberry 19 placebo blueberry spatialepisodic | vVMWM function (fewer
randomsed, 67.3(x4.9 memory DS repetition errors on
placebe placebo Working TST CVLT and reduced
controlled, memory T™MT switching cost on
parallel Executive ANT TST) in blueberry
Function group.
Attention and
Psychomotor
Speed
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Schrager et al. | Double- 6 weeks Healthy older | 60 years and | 13 blueberry | Flashfrozen Executive T™MT No impact on
(2015) blind, adults older 7 placebo whole function Reciting days of the | cognitive
randomised, blueberriegvs. week backwards performance
placebe carrot juce during adaptive gait
controlled, drink control) task
parallel
Traupe et al. Randmised,| 2 weeks Middle aged | 66.0(z4.1) 13 blueberry | Blueberry juice | Verbal episodic| Prose Memoryest The blueberry group
(2018) parallel adults(20 day | blueberry 13 control memory T™MT did not show the
pre-and 3 67.0(x3.0 (no placebo) Executive Attentional Matrices | same decreases in
hours, 24 control function performance on
hours post Attention and verbal episodic
general psychomotor memory, attention, or
anaesthetic) speed executive function
following general
anaesthetic,
compared to the
control group).
Watson et al. Double Acute (2.5 | Healthyyoung | 18-35 36 Blackcurrant Attention and Digit vigilance The blackcurrant
(2015) blind, hours) adults extractor cold psychomotor Stroop test extract group showed
randomised, pressed speed RVIP better performance
placebe blackcurrant Executive Logical reasoning and possible
controlled, juice function attenuation of
crossover Working repetition fatgue on
Memory higher demand
attention and working
memory tasks.
Watson et al. Double Acute (2 Healthy young| M= 23 9 Blackcurrant Attentionand | CogTr ack E Significant treatment
(2019) blind hours) adults juice (500mg Psychomotor System effect for reaction
randomised, total Speed Simple reaction time | time during choice
placebo polyphenols) Digit vigilance reaction time task. N¢
controlled, Choice reaction time | other significant
crossover impacts on cognitive
performance were
detected as a result g
the blackcurrant
juice.
Whyte and Randomised | Acute (2 Healthy 8-10 14 143 mg Verbalepisodic | RAVLT Delayedverbd recall
Williams placebe hours) children anthocyanins memory Go NoGo was improved in the
(2015) controlled, blueberrydrink | Working Stroop test blueberry drink
crossover memory Visualn-back test group, although no
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Executive
Function

Obiject location test

treatment effects
were detected for
executive function or
spatial memory tests,

Whyte et al. Double Acute Healthy 7-10 21 15g and 30g Verbal episodic| RAVLT Wild blueberry
(2016) blind, (1.15, 3,6 | children Freezedried memory Modified Flanker Test| produced significant
randomisd, | hours) wild blueberry | Executive Go Nogo improvements in
placebe function PictureMatching Task | acquisition and
controlled Processing recognition, and
crossover speed resistance to
interference effects.
Whyte, Double Acute (3 Healthy 7-10 21 309 freezedried | Executive MANT The wild blueberry
Schafer, and blind, hours) children wild bluebery function group showed better
Williams randomised, powder Attention performance
(2017) placebe compared to controls
controlled on cognitively
crossover demanding
components of tasks.
Whyte et al. Double 0, 12,24 Older adults | 65-80 30 500mg 500mg whole Verbal episodic| RAVLT Improved delayed
(2018) blind, weeks with M=70.8 311000 wild blueberry | memory Object recognition word recognition on
randomised, subjective (+3.88) 31 100mg freezedried Working Corsi block Test the RAVLT atl12
placebe memory extract powder memory Serial subtractions weeks.
controlled, complaints 30 placebo 1000mg whole | Executive MANT
parallel wild blueberry | function Stroop test Non-significant trend
freezedried Attention for better
powder performance on Cors
100mg purified bloc test at 3 months
extract
Whyte et al. Single-blind, | Acute (2, 4, | Healthy young| 20-30 20 mixed Mixed berry Executive MANT The mixed berry
(2019) randomsed, | 6 hours) adults M= 22.8 berry smoothie function TST group showed
placebo (x2.46)berry 20 placebo (blueberry, Attention maintained accuracy
controlled M= 22.8 ¢2.8) strawberry, on both tasks over th
parallel placebo raspberry, course of the 6 hours
blackberry) compared to placebo
Whyte et al. Double Acute (75 | Healthy 7-10 17 Wild blueberry | Verbal and RAVLT No impact of wild
(2020) a blind, minutes) children M= 8.8 ¢0.67) drink (freeze visual episodic | Brown-Peterson task | blueberry on verbal
randomised, dried mixed memory Picture recognition or visual episodic or
placebe test working memory
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controlled, with water and | Working VSGT performance,
crossover squash) memory however there was
evidence of faster
visual processing on
VGST.
Whyte et al. Double Acute (3 Healthy 7-10 18 Wild blueberry | Executive Stopgo test There were benefits
(2020) b blind, hours) children M= 8.4 £0.4) drink (freeze function TST for thewild blueberry
randomised, dried mixed ANT group for the
placebe with water and selective attention
controlled, squash) (ANT) but not other
crossover executive function
aspects of measures
Whyte et al. Double- Acute (2, 4, | Middle-aged | 40-65 35 Wild blueberry | Verbal episodic| RAVLT There wassignificant
(2021) blind, 6, 8 hours) | adults M= 51 (% 8) freezedried memory Go Nogo treatment effects for
randomised, powder Executive MANT verbal recognition,
placebe function with maintained
controlled, Attention performance over
crossover time compared to

placebo.

Benefits were also
observed for the morg
cognitively
demanding aspects g
executive tasks, and
faster response timesg
over time compared
to placebo.

ANT= Attention NetworRask,CANTAB= Cambridge Neuropsychological Test Automated B&@WAT<Lontrolled Oral Word Associatidrest; CVLT=
California Verbal Learning TeBtS= Digit SpafiYIRI = functional Magnetic Resonance ImagiyLT+opkins Verbal Learning TeEMANT =Modified

Attention Network¢ S&a 4T w! x[ ¢TwSeQa

I dzR A (i RaNiBVisual®ifiation PrpcEskilgip A/ Spatigl Baired Associaté Ltedrning

Test TMT= Trail Making Test; TST= Task Switching Test; vWiiviMal Morris Water Maze/-PAl= Verbal Paired Associate Learning T&#8GT=
Visuospatial grid task/VLT= Visuderbal Learning Test.
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MECHANISMS OF ACTION OF POLYPHENOLS ON BRAIN AGEING

Classically, the effects of certain polyphenols on promoting health have previously been
attributed to their ability to reduce cell damage by directly scavenging free radical species
(Young & Woodside, 2001 according to evidence from vitro studies as well as their
antioxidant actions in plants. However, this may noa bempleteexplanationas the
concentrabns of polyphenols that seem to be required to exert sufficient antioxidant activity
to produce this effect is significantly higher than would be achieved through diet in humans,
at least to have an impamt oxidative stresseyond the gastrointésal tract Many
polyphenoldurthermorehave very limited bioavailability as they are efficiently metabolised
before being able to exert their antioxidant effésJ. Williams, Spencer, & Riegvans,

2004) Following ingestiorsomedietary polyphenols are quickly absorbed into the blood
stream, the initial site of absorption likely the stom@eassamonti, Vrhovsek, Vanzo, &

Mattivi, 2003) Other polyphenols, such as anthocyanins, are poorly absorbed in the stomach
and are metabolised lower down thigestive tracgtafter which they are able to be
transportedria the bloodstrearno target multiple tissue3his includes the central and
peripheral nervous systems, as polyphenols and their metabolites have been shown to be able
to pass th8BB (AndresLacueva et al., 2005; Youdim et al., 2008jth some polyphenols
including anthocyanins proposed to also be abietévact with Pglycoprotein transporters

in order to enter the braialthough this isargelybased on evidence from vitro studies

(Youdim, ShukittHale, & Joseph, 2004kEvidence from studies involving rodents suggests
that intravenously administered anthocyanins are alile tapidly taken up into the brain

within seconds, with constituent compounds also being detected after nffFartessaro et

al., 2016) and that anthocyanins are then able to accumulate and persist in tissues for some
time, including the braifPassamonti, Vrhovsek, Vanzo, & Mattivi, 20@B)d digestive tract

(Talavera et al., 2005However,although anthocyanirtsave been found to accumulate in
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key neural regions, it is important to note ttiety have comparatively low bioavailability
compared to their metabolit@isay, Kroon & Cassidy, 2009)Furthermoregevidence from
intravenous administration bypasses the primary metabolism of these polyphigmolshe
digestive tractand there is growing understanding of a critical rolguifmicrobes in

degrading polyphenols tictive metabolites which will be discussed furthea iater section.

Other mechanisms by which polyphenols exert their health benefits are still being
understood. The majority of available research into the mechanisms by which dietary
polyphenols exertieir effects has come from studies involving extracts of foods high in
concentrations of these compounds, rather than the effects of the pure polyphenols directly.
Despite this, results from studiesolving polyphenclrich foods and extracts have

suggested thahese compoundsave effects on multiple diseasausing mechanisms such

asby reducingnflammation,supportingvascular integrity and functiomfluencingneuronal
signalling and survival aniciteracting with the gut microbioméfor review, sedrodriguez

Mateos et al. (2014)As such polyphenols appear to exert effects on multiple mechanisms
believed tocontribuk to agerelatedneurodegearationmaking them an attractive therapeutic
option Furthermore such interventiors in line with current research efforts to develop
multi-targetdirected ligands to combat the disease processes underlying dementia subtypes
such afAD (Bajda, Guzior, Ignasik, & Malawska, 201 &jther acting alone or providing a
launchpad to develop new treatments of this natodeed, nvestigationare already

underway in the area of identifying novel therapiesADrusing specific polyphenols and

their metabolites as a base, such as flavones and isoflavones (for revidalilisBaleh et al.
(2018). Still, an understanding dfow polyphenolsupport brain health across the lifespsan

still being actively explored
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NEURAL FUNCTIONING

Age-related cognitive decline is associated with reduced functioning in key neural regions
responsible for memory, learning, and executive functioning, as well as sometimes other
cognitive domains such agatial navigation. The hippocampus and supporting medial
temporal regions are associated with memory and learning functioning, whereas activity in the
prefrontal cortex is related more to executive functions includingts&ing and inhibition. A

study ly (AndresLacueva et al., 2005 rats found that following -840 weeks feeding with

2% blueberry diet resulted in better spatial learning and memory compared to controls, and that
thisimprovementorresponded with localisations of anthocyanins in hippocampal and striatal
regions key regions for learning and memomhich werenot detected in the control rats
Furthermore, they found that there was a direct association between the amount of
anthocyanins present in these brain regions iammovedperformance on cognitive tests.
Subsequent studies have confirmed blenefit of blueberry supplementation for cognition
particularly spatial memoryn rat models(Rendeiro et al., 2012; C. M. Williams et al., 2008)

In another study, rats fed either 2% strawberry or blueberry supplamdies showed
improved cognitive and motor performance, including working memory, and that this
corresponded with increased hippocampal neurogenesis and Hiililigrowth factor 1
expressior{ShukittHale et al., 2015)

The precise sites of the interactions betwgolyphenols and neuronal signalling pathways
remain to be determined, based on existing evidsaggesting thgtolyphenols may exert

their effects through 1) modulating signalling cascades that control neuronal apoptosis; 2)
modulating the expressiari specific genes and 3) impacting mitochondrial activity

(Vauzour, 2012) Polyphenols have the potential to activate neuronal pathways that regulate
cell transcription, translation, proliferation, growth and survival,aedregulde pathways

involved in synaptic plasticity. As such, thiegve a suggested modifier role in learning and
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memory processeRolyphenols couldlsosupport neuronal cell health as they have been
shown to stimulate key neurotrophic factors such asol@iived neurotrophic factor
(BNDF).BDNF is a central and peripheral central nervous system protein that supports
neuronal survival, differentiation, and synapse formation, and has an established involvement
in learning and memory by suppiog hippocampal neuronal connectivity and synaptic
efficacy(Lu & Chow, 1999) A reduction in BDNF has been linked to the deveiept of
neurodegenerative diseg&ercik etal., 2011; Bistoletti et al., 2019With increased
hippocampal BDNF associated wilower cognitive decline iAD (Laske et al., 2011)
Blueberry consumptiohasbeensuggestedo supporto neuroplaticity in hippocampal and
frontal structures vighe stimulation of BDNFproduction which corresporgiwith improved
spatial memory performance in réendeiro et al., 2013; C. M. Williams et al., 2008)
However, n human clinical trials, sing a large sample size (n=1@)les and colleagues

(Ahles et al., 2020jpund a positive impact of a 2deek chokeberry intervention on
psychomotor performance but rfot other cognitive domains such ateation and cognitive
flexibility or BDNFlevelsin overweight (body mass index (BMI) of -35) middleaged

adults aged 480 yearsAs such, the effects of berry supplementation on BDNF in humans is
less clear when it is measured peripheraliiumansas opposed to directly observing
concentréons in neural regions in animal mode#thoughthere are othestudies

investigating the impact of higttavonoid intake more generaltilathave found positive

results for increased BDNieasured perigrally in humangNeshatdoust et al., 2016)

Therealsoexist only afew studiesdirectly investigatinghe impact of the consumption of
polyphenol rich foods on neural functionimghumansgyy usingfunctionalimaging techniques
such aarterial spin labelling (ASLYo measure cerebral blood flow (CBQr further details
of these studies, see Table 1.Rpvel neuroimaging techniques such”A&lL have enabled

more objective investigation into the impact of nutritional interventions ain Structure and
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function, and as such have advanced understanding of the impact of specific nutrients on brain
health and activity. Investigations involving these neuroimaging techniques however remain
limited, particularly regarding research into theaut of polyphenols on brain function. There

is evidence of consumption of other polyphenols, such aanitenes in particular hesperidin
found in citrus fruits and flanols in cocoa, relating to changes in CBF in human subjects,
with effects measurabldten quite soon after consumption. For example, a study looking at
the impact of a flavanonech juice in 24 young adults found improved CBF in the inferior and
middle frontal regions in conjunction with improved cognitive function 2 hours- post
consumptio, compared to a placebo matched for both energy and viarmamten({Lamport,

Pal, et al., 2016)The same group found improved regional cerebral blood flow following
consumption of cocoa flamols in middle aged adults (85 years), paicular in the anterior
cingulate and parietal regioflsamport et al., 2015)Another sidy by(Kennedy et al., 2010)
found a doselependent increase IBBF during executive test performance 45 minutes
following resveratrol administration. A recent study investigating the impact of three active
beverages containing either apple, blueberry and coffee berry extracts in combination with
beetroot, sage and ginseng found an increase in oxygen saturation dedatjvexcognitive

tests for all three beverages, however due to the inclusion of the additional extracts it is difficult
to draw conclusions regarding the independent impact of berry polyphenols on cerebral blood
flow (Jackson et al., 2020Pne mechanism by which polyphenols are expected to improve
neural functioningand CBF is suggested to be due at least in part to their vasodilatory
properties(Furuuchi et al., 2018 However there isalsoan increasing understanding of the
role of polyphenols in modifying the structumad functionof the gut microbime, andhow

this in turn can improve the bioavailability of these polyphenols through the production of

active metabolites. This will be explored in more detail in the next section
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Table 12. Human intervention studies investigating the impadtiefarypolyphenols omeural function.

Reference Study Design Study Sample Age (years)| Study size Polyphenol Imaging Findings Otherrelevant
Duration population source Modality findings
Bowtell et al. Doubleblind, 12 weeks Healthy older | 65 and 12 blueberry Blueberry extract| ASL fMRI Increased Nontsignificant
(2017) randomsed, adults older 14 placebo Taskbased regional CBF in | trend for
placebe fMRI (BOLD) | parietal and improved working
controlled occipital lobe memory.
parallel gray mattemfter
blueberry No increases in
supplementation.| serumBDNF
concentration
Increased following
activation in blueberry
Brodman areas 4| supplementation.
6, 10, 21, 40,
44, 45,
precuneus,
anterior
cingulate, insula
and thalamus
during the Stroop
test.
Brickman et al. Doubleblind, 3 months Healthy older | 50-69 10 high flavanol| 900mg daily Taskbased High-flavanol
(2014) randomsed, adults + active high-flavanol fMRI (BOLD) increased dentate
placebe exercise cocoa gyrusBOLD
controlled 11 high flavanol| supplement (vs activatian.
parallel 10 low flavanol | 45mg in the low
+ active flavanol groups)
exercise
10 low flavanol
Decroix et al. Doubleblind, Acute (95 Healthy young| M= 30 (£3) | 12 900mg high Taskbased Increased No improvement
(2016) placebe minutes) adults(male) flavanol cocoa NIRS cerebral on cognitive
controlled, milk (vs 15mg oxygenatiorin performance
randomised, low-flavonol the prefrontal
crossover chocolate milk) cortexat rest (vs

postexercise)
during Stroop
test.
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Francis, Head,
Morris, and
Macdonald (2006)

Doubleblind,
randomised,
placebe
controlled,
crossover

5 days

Healthy young

adults (female)

18-30

16

172mg high
flavanol cocoa
drink (vs. 13mg
low flavanol
cocoa drink)

Taskbased
fMRI (BOLD)

Greater BOLD
signal change
between
activation and
baseline
components on
cognitive test, in
regions that
showed task
related activity
(right medial and
lateral PFC,
cerebellum,
parietal cortex
and ACC), and
significantly
increase th€BF
to

grey matter

No impact of
higher flavanol
dose on cognition

Jackson et al.
(2020)

Doubleblind,
randomised,
placebe
controlled,
crossover

Acute (1, 3,
6 hours)

Healthy adults

1849

32

Base beverage
containing
beetroot, sage
and ginseng
extract with
either:

-234mg flavanols
apple extract
-300mg
anthocyanins
blueberryextract
-440mg
Chlorogenic acid
coffee berry
extract

Taskbased
NIRS

Increasedotal
hemoglobin and
oxygen saturation
in right
hemisphere
following apple
and coffee berry
extract
beverages, and
increased total
hemoglobin
following apple
extractand
increase oxygen
saturation for the
blueberry group
for each post
dose
measurements
compared to
placebo.

No differences
betveen placebo
and extracts foung
for cognitive
performance,
although more
errors on delayed
word list recall
were detected for
the coffee berry
compared to
placebo.
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Kennedy et al. Doubleblind, Acute Healthy young| 18-25 24 250mg and Taskbased Increased CBF | No improvement
(2010) randomsed, adults 500mg NIRS (dosedependent) | in cognitive
placebe resveratrol in the performance
controlled, prefrontal cortex
crossover during task
performance.
Kobe et al. (2017) | Doubleblind, 26 weeks Older adults 50-80 18 resveratrol | 200mg Resting state Higher functional | No different in
randomsed, with MCI 20 placebo resveratrol/day | functional connectivity memory
placebe (vs 1015mg olive| connectivity between right performance
controlled oil/day placebo) | fMRI anterior between groups.
parallel hippocampus and
right angular
cortex compared
to placebo.
Krikorian et al. Doubleblind, 16 weeks Older adults 68 and 10Concord Concord grape | Taskbased Out of 6 pre Participants in the
(2012) randomised, with MCI older grape juice juice fMRI (BOLD) | determined ROI | grape juice group
placebe 11 placebo selected for their | showed less
controled, supposed role in | semantic
parallel working memory,| interference on a
there wagreater | test ofverbal
activation in the | episodic memory.
right middle PFC
andsuperior
parietalregions
in theConcord
grape juice group
during ann-back
task
Lamport et al. Doubleblind, Acute(2 Healthy older | 55-65 18 High (494mg ASL fMRI Increased reginal
(2015) randomised, hours) adults flavanols) cocoa perfusion in the
placebe drink (vs. low anterior cingulate
controlled (23mg)flavanol cortexandcentral
crossover cocoa drink) opercular cortex
in the high
flavanol cocoa
condition
Lamport, Pal, et al.| Singleblind, Acute(2 Healthy young| 18-30 16 Flavanonerich ASL fMRI Significantly
(2016) randomsed, hours) adults citrusjuice (70.5 increasd
mg flavonoidg regional
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placebe
controlled,
crossover

perfusion in
inferior and
middle right
frontal gyrus at 2
hours

relative to
baseline and
placebo.

Lee, Torosyan, and
Silverman (2017)

Doubleblind,
randomised,
placebe
controlled
parallel

6 months

Older adults
with MCI

65 and
older

5 grape
5 placebo

Freezedried
Californian
grapes

FDG-PET

The active grape
group did not
show the same
metabolic decline
over 6 months
compared to the
placebo group
specifically in the
right PCC,and
left superior
posterolateral
temporal cortex
(sVOl), and left
PFCand
cingulate (SPM)

Metabolism

in right superior
parietal cortex
and left inferior
anterior temporal
cortex was
correlated with
improvements
in working
memory
performance.

No differences
between groups in]
coghnitive

performance.

Wightman Haskell,
Forster, Veasey,
and Kennedy
(2012)

Doubleblind,
randomised,
placebe
controlled,
crossover

Acute (45
minutes)

Healthy young
adults

18-30

27

Green tea

135 mgand
270 mg EGCG
(vs. inert
placebo)

Taskbased
NIRS

Reduced CBF in
the prefrontal
cortex

No improvement
on cognitive
performance
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Wightman et al. Doubleblind, Acute (40 Healthy young| 19-34 23 250mg trans Taskbased Piperine and No differences in
(2014) randomsed, minutes) adults resveratrohnd NIRS transresveratrol | cognitive
placebe transresveratrol improved CBRn | performance.
controlled + 20mg piperine the frontal cortex
crossover during task
performance
Wightman et al. Doubleblind, Acute (45 Healthy young| 18-30 30 resveratrol | 500mdday Taskbased Improved Limited
(2015) randomsed, minutes) adults 30 placebo resveratrol NIRS prefrontalCBF differences in
placebe and4 weeks parameters coghnitive
controlled, during task performance on
parallel performancet serial subtraction
acute taskat acute
meaurement45 | measuremen(t5
minutes. minutes.
Witte, Kerti, Doubleblind, 26 weeks Healthy 50-75 23 resveratrol | 200mg/day Resting state Resveratrogroup | Improved
Margulies, and randamised, overweight 23 placebo resveratrol functional hadsignificant retention on
Floel (2014) placebe older adults connectivity increases in verbal episodic
controlled, fMRI hippocampal memory task in
parallel (hippocampus) | functional resveratrol group.
connectivity.

ACC= Anterior Cingulate Cortex; ASL= Arterial Spin LapBOihg-Bran-Derived Neurotrophic FactpBOLDBloodOxygen Levddependent CBF=

Cerebral Blood Flow; EGCHpgallocatechin gallatdDGPEE FluoroDeoxyGlucodeositronEmissionTomography; fMRI= functional Magnetic Resonance

Imaging; NIRS= Nehlfrared oectroscopy PCC= posterior cingulate corté¥-C-refrontal Cortex; ROI= Region of IntereSPM= &tistical Parametric
Mapping sVOI=standardizedvolumesOf Interest
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THE GUT MICROBIOME

Research focusing on characterising the structure and function of microbial communities in
the human body has increased in the past cerdsrg result of the emergence of the

holobiont conception of how hosts interagth their associated microbiota alongside the
development of techniques in the study of metagenomics for identifying specific
microorganisms directly without requirimg vitro cultivation. This hasedto a recent
explosion in resebaracihn ianxtiesroe satn di nt hteh ec ofingpul te x
relationship between the functioning glit microbiota and brain health and function,
particularly its role in the development of neurodegenerative digéasreview se€astillo-
Alvarez and Marz&sola (2019). The gut microbiota have a relatively newly established role
in supporting human health and homeostasis, operating between the enteric and central
nervous systems via various pathways including along the vagus nerve, the hypothalamic
pituitary-adrenal (HPA) axis, or indirectly via peripheral signalling including by modulating
tryptophan metabolism and neurotransmitters and the immune system. Manipulation of the
structure and function of the gut microbiota could provide a target forévemntion and
treatment of neurodegenerative disease. There is evidence that this can be modulated with
interventions such as use of probiotiesebioticsandpostbiotics faecal microbiota

transplantgKhoruts & Sadowsky, 2016and dietary changes.

The gastrointestinal tract is populated by a highly diverse range of microorganisms including
bacteria, fungi, viruses, and protozoawésinitially been believed that the microbiota were
mostly comprised of bacteria which did not have a particulambygtrole in either

supporting or being detrimental to health, with the exception of significtastinal

infections resulting from invasion of pathogenic species into a compromised gut ecosystem
(Servin & Coconnier, 2003However, it is now understood that fln@ctioning of thegut

and its integrity relies on a fragile homeostatic balance where certain bacferiatjpms can
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produce both significantly positive or negative impacts on h€atikoffNahoum, Paglino,
EslamiVarzaneh, Edberg, & Medzhitov, 2008epending on the location within the
gastrointestinal tract, the abundance of these live bacteria can range from ana4fifnate
bacteria/ml at the stomach level to the highest density at approximatélateria/ml in

the colon(Savage, 1977}he latter being where the largest conceiatinaof commensal

bacteria is expected to reside within the body. This incladesstimatedver 35,000

bacterial specie@-rank & al., 2007) which largely consist ohctinobacteria, Proteobacteria,
Firmicutes andBacteroidetesHigher abundance of certain species of bacteria is associated
with health benefits, and includfidobacteriumspp.,Lactobacillusspp.,Faecalibacterium
prausnitzii Bacteroidespp.,Prevotellaspp,andAkkermansiapp, whereas increased
prevalence bother species of bacteria includikgcherichia coliare associated with

negative health effects. The commensal spedkéermansia muciniphiles of particular

interest due to its implicated role in modulating inflammation and intestinal adaptive immune
responsegAnsaldo et al., 2019Bacterial diversity is decreased in microbial dysbigsis,

Kim, & Park, 2016; Zhernakova et al., 201@®r a change or imbalance in the composition of
gut microbial communities often characterised by lower diversity and altered metabolic
functioning of microbiotaywhich could be a contributingattor in the development of a

variety of chronic diseases, including diseases beyond those affecting the gastrointestinal
tract such as neurological conditions including cognitive declind@n@kbari et al., 2016;

Brandscheid et al., 2017; Frohlich et al., 2016)

Although having its origins in the placenta prior to bittie gutmicrobiaa can be modulated
across the |lifespan via interactions between
infections, antibiotic use, and changes in lifestyle factors includingMaathesi et al.,

2016;Messer, Liechty, Vogel, & Chang, 2017; Sonnenburg & Backhed, 281k6pugh the

composition of gut microbiota and relative phylum abundances can vary greatly between
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individuals, an understanding is gradually being developed of what consaitidsdthy
human gut microbiotéMarchesi et al., 2016)he composition of the microbial communities
in the gastrointestinal tract changes acrossifiegplan, with therevalencef certain types of
bacteria populations in older adults aged >65 years into oldgraatieularlyobserved to
undergo changg€laesson et al., 2011; Claesson et all220These changes with older age
are attributed to factors such as immsenescence and increased systemic inflammation
with older age, as well as changes in dietary habits and increased incidence of comorbid
illnesses and associated medications and hospitalisations. These changes are generally
characterised by a decrease bu@dance oFirmicutes,andClostridium(Ribera, 2016and
relative increasein Bacilli BifidobacteriumandBacteroidetespopulations compared to
proportions foundn younger adults, with further emergencdPobteobacterianto elderly
years which in particular can lead to pathologies caused by dysthiagjpal et al., 2018)
Thesemorphologcal and functiomal change®f the microbiomelue toageing in turrcould
beimpacted by changes in lifestyle as people move into oldesagk as decreases in
physical activity, changes in diet and medication and digestive tract changes, including
changes in digestion and absorption of nutrié@eemilleri, Lee, Viramontes, Bharucha, &
Tangalos, 2000As such, although the composition of gut microbiota changes with age,
there isthe potential for these changes to be influenceernwronmental factors such as

changes to diet.

POLYPHENOLS ANDGHE MICROBIOME
Polyphenols can directly alter the compiosi and function of the gut microtiey

particularly the diversity of bacteria and abundance of certain strains of beneficial bacteria,
while inhibiting the adhesion of harmful bacteria. Diet may reversibly alter the huaeeal f
microbiome at the speciesd genera level, although the microbiome is stable at the phylum

level in longterm studiegMartinez, Muller, & Walter, 2013) For example, in rathe
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adminigration oftwo polyphenols (curcumin and resveratrol) resulted in changes in the
bacteria groupBacteroidetesandClostridiumwhich in turn related to metabolic
improvements including glycaemic cont(&8reng et al., 2019and similar increases in
abundanceof these bacterial populatiomgerealso found in rats with diets supplemented
with lowbush wild blueberryLacombe, Li, etl., 2013) The modulation of gut microbiota,
including increased abundanceAlkermansia muciniphiland restoration of their colonic
epithelial mucus layer in dietduced obese mice fed with wild bluebermas attributed to

the high concentratioof proanthocyanidins over anthocyanins and phenolic acids present
after the different polyphenol fractiopsesent were analys€RodriguezDaza, Daoust, et

al., 2020) Supplementation of black raspberries similarly shoaredcreased abundance of
Akkermansia muciniphilaalongwith improved intestinal functions associated with the gut
microbiome including amino acid and carbohydrate metabolism, and vitamin biosymthesis
mice(P. Tu et al., 2018)n humans, consumption of wild blueberry drink derived from
freezedried fruit in 20 healthy adult men dailgr 6 weeks resulted in increased
BifidobacteriapopulationgdGuglielmetti et al., 2013As such, there is an increasing body of
evidence that supplementation with berries could produce beneficial shifts in the structure of

the gut microbiome.

Polyphenols present in berries have also shown inhibitory actions agaai$is cereus,
Campylobacter jejuni, Clostridium perfingens, Helicobacter pylori, Staphylococcus aureus,
Staphylococcus epidermidendCandida albicangNohynek et al., 2006 An analysis of the
fractions of berry which have the most beneficial effects on increasing microbial diversity in
the gut found that anthocyanin and proanthocyanidins had the most impact, particularl
older participant¢Ntemiri et al., 202Q)Proanthocyanidins are particularly effective at
inhibiting bacterial adhesigmand furthermore have been foundnprove gut barrier

function in mouse mode(®ierte et al., 2014)Dietary proanthocyanidirfsave also been
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shown taimprove mucin production in the gut in mi@@ierre et al., 2013jandas
Akkermasiaare mucin degrading bactetls increase in mucin could haweturn

supported increase mkkermansigopulatiors. In vivo, proanthocyanidins in cranberry, in
particulardue to theiA-type linkageshave been implicated as important inhibitors of
primarily P-fimbriatedEscherichia coliadhesion to uroepithelial cellslowell et al., 2005)

In vitro studies have shown desesponse effds of cranberry polyphenols on the inhibition
of microbial invasion of gut and bladder epithelial célls Llano et al., 2015; Feliciano,
Meudt, Shanmuganayagam, Krueger, & Reed, 20¥animal models, whole cranberry
increased thabundanceof purportedlybeneficial species of bacteria including
LactobacillusandBifidobacteriumwhile decreasing the prevalence of potentially harmful
bacteria such a&utterellaandBilophila in the gastrointestinal tracts of mi¢@ai et al.,

2019) Cranberries have been shown to stimulate the probla®bacillus rhamnosus
(Lacombe, McGivney, Tadepalli, Sun, & Wu, 20EB)dBacillus coagulangMajeed et al.,
2018) andmice supplemented with cranbelmgveshown increased laundance of
Akkermansiapp. which corresponded with protection from intestinal inflammation, as well

as insulinresistance and obesitfnhe et al., 2015)
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Figure 1.3.lllustration of thebidirectional relationship between brain and gut microbiota
function, and the potential modifying role dietarypolyphends on the gubrain axisin the

context of ageelated cognitive decline

In humangcranberries have long been used as part of treatment for urinary tract infections
(Maki et al., 2016) When it comes to clinical trialgn intervention of dily consumption of
freezedried whole cranberry for 5 days produced a decreased aburafdficaicutesand
increase irBacteroidetegRodriguezMorato, Matthan, Liu, de la Torre, & Chen, 2018)
There have begplacebecontrolled trias of cranberry juice in subjects positive for
Helicobacter pyloriwith positive result§Gao et al., 2021)as well as fadings of the
attenuation of the impact of an aniriElsed diet in a small placebontrolled crossover trial
in 11 human subjects for 5 dajRodriguezMorato et al., 2018)andlimited effects on the
microbiome of women with urinary tract infections who took cranberry daily for 24 weeks
compared to placeb@traub et al., 2021Theaddition of sweetened dried cranberry to the
diet of 10 human subjects daily for 2 weeks influenced the composition @ketted f

microbiome(Bekiares, Krueger, Meudt, Shanmuganayagam, & Reed, 20@B)7 subjects
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showing increased microbial diversi#ys such, the specific types oblgphenols in
cranberriesparticularly Atype proanthocyanidinspulddirectly alter the composition and
function of the gut microbiome, particularly the diversifybacteria and abundance of certain
strains of beneficial bacteria, while inhibiting the adhesion of harmful badteEneever the
impact of cranberry on the microbiomethe context of healthy agirrgmains virtually

unexplored.

POLYPHENOLS ANIDROBIADERIVED METABOLITES
On the other hand, microbioitathe gut ar@ble to enhance the health benefits of

polyphenols, largely through metabolising them down into their constituent compadrtents.
microbiotacanmetabolizea large variety of nutrients, including fibre, which are then able to
exertadditionalbeneficial health effectseyond their parent compoun@anchez et al.,

2017) This is partly owing to the ability for intestinal microbes to utilise nutrients that have
not been absorbed during digestiBalyphenols are able to have their structure and function
modified bythemicrobiota in the intestinal tract which are able teréxifferent actions than
the parent molecule€ranberries contain a diversity of microbial substratelsiding
polyphenols, as well as polysaccharides (fibres), which are unable to be directly digested in
the upper intestinal tract and often reachadblen intact(Yan, Murphy, Hammond, Vinson,

& Neto, 2002) In fact, it is estimated that between®®% of ingested polyphenols reach the
colon undigested, which is where they are expected to undergo the metabolising and
fermentation bythe gut microbiota(Clifford, 2004) For exampletheintestinal microbiota
arenecessary to bas& down anthocyanins into metabolites such as protocatechui@zackt

al., 2019) As such, the functiaof the microbiota irthe gut are necessary to depolymerize
these compounds so that they are then able to be utilised by thé8b&doutari,

Armougom, Gordon, Raoult, & Henrissat, 2013; van Duynhoven et al., 20di&ed,

although in the case of polyphenols such as anthocyanins there is a lot of evidence to suggest
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their direct beneficial impacts on health, the bioavailability of these compaurigs could
beactually much less than their more stable metabdltay et al.,2009; Keppler & Humpf,
2005) Someof the more notable of these metabolites of anthocyamayghenolic acids, to
which many of the beneficial effects of a higher concentration anthocyanin diet due the
observation of their tendency to accumulate at higher levels throughout théSaodihu et

al., 2018) Furthermore, e interaction between intestinal microbiota and proanthocyanidins
from grape seextesults in the phenolic acids;hydroxybenzoic acid and-(3-

hydroxyphenyl) propionic acid, which have in turn been found to inhibit AD pathogenesis in

a mouse model of AIRQ. Sun, Jia, Li, Yang, & Chen, 2019)

In addition to polyphenols, microbiota also break down other dietary compounds into
metabolites that impact gut function, including secondagydmlids, short chain fatty acids
(SCFA) and trimethylamine, and this metabolism can be influenced in turn by polyphenols.
Polysaccharides from plant cell walls in berries can also exert prebiotic effects, such that they
are nondigestible dietary componenthat can promote the growth of certain intestinal
bacteria(Gibson et al., 2017 5pecifically, cranberry cell walls@composed of cellulose

and hemicellulose, as well as pectin rich in arabinans and aradoglucans(White,

Howard, & Prior, 201Q)the latter of which has been linked to inhibitior&stcherichia

coli adhesion in githelial cellsin vitro (Hotchkiss et al., 2015)n addition, polyphenolsan
stimulate the breakdown of these prebiotic fibres 8@As through certain gut bacteria
(Parkar, Trower, & Stevenson, 2Q13CFAs are produced from the bacterial fermentation of
predominantly dietary fibres in the colas well as amino acids, and include butyrate,
formate, valerate, isobutyratisovalerateacetate and propionate. These SCFAs have a role
in maintaining the homeostasis of the gut and brain via supporting the intestinal barrier and
also theBBB (Hoyles, Snelling, et al., 201,8s well as regulating energy supply, and

activation of trophic and inflammatory factors. SCFAs have also been implicated in
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mechanisms that suppdntain health such as activating glial cell activity to influence
neuronal connectivitgnd plasticitySadler et al., 20205as well as supporting metabolic
functions via gubrain pathway$De Vadder et al., 2014Polysaccharides are also able to
interact with specific polyphet®present through diet, including proanthocyanidBiadon,
Smith, & Kennedy, 2010; Le Bourvellec, Bouchet, & Renard, 2063)umans, freezdried
cranberry consumptiomas been shown ttenuateboththe reduction of SCFAs artde
increaseof detrimentalseconday bile acidsthatas induced by a high animdlased diet
(RodriguezMorato et al., 2018)The cranberry alsmduced an increase Bacteroidetesnd
decrease ifirmicutesin contrast to theontrol groupAs such, there is emerging evidence
that cranberry could support the production of benefinialobialderived product (such as
SCFAGs) and decr eas e chamginhgthe steictureaahd fuoctiompfethe n d s
gut microbiotaTaken togethemberry supplementation has been found to promote shifts in
the structure of the gut microbiota, attributed to their unmplgphenolicprofiles These
shiftscan produce changes in the metabolising of key active compounds which can support

brain health anfunction.

THE CURRENT THESIS

To date there aneo clinical trials investigating the impact of cranberries on cognitoain
function, and gut microbiomaiversity and functiorn cognitively healthy older adults, with
many existing studies involving ahberry types with similar nutrient profiles such as
blueberry However, canberies are more abundant intfpe proanthocyanidins which have
beenlinked toinhibition of adherence of detrimental bacterial populatigvisecent

systematic reviewdentified a total of 18 studies that had been published focusing on
cognitive performance following supplementation with berry anthocydAines, Joris, &

Plat, 2021) Of these, the majority focused on blueberry supplementation, and the review did

not include any studies focusing on the impact of cranberry intake. There has been one study
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to focus on the short term (6 week) intervention in older adults (agegeaB$§) in a placebo
controlled trial of cranberry juice (n=25 in each the cranberry and placebo group) and its
impact on a range of cognitive outcomes, with no positive results fivinen it comes to
investigating the impact of cranberry on the gut nb@me, there are no clinical trials in
cognitively healthyolder adultsand much of the evidence to date regarding the impact of
cranberry on the microbiome comes from animal studies particularly involving rodents
(Chettaoui, Mayot, De Almeida, & Di Martino, 2021; Liu et al., 2021; Renaud et al.,,2021)
as well asn vitro studieg(D. Zhang et al., 2028nd simulator model©'Connor et al.,

2019). Furthermoe, to date there are no studie®lder adults invegjatingtheimpact of
long-termintake of cranberry on both cogmiti and neural function and itslationship to

corresponding shifts in the gut microbiota and taetrons on producinigey metabolites.

As a result, theims of the current thesare

1. To investigate the impact of a-Ii&ek randomised placefmontrolled intervention of
a highpolypherl containing cranberry powder on cognitiorhealthy older adults
2. Toinvestigate the impacf the interventioron gut microbiome composition
3. Toinvestigatepotential underlying mechanismscludingneuralblood perfusionand
the productiorgut microbially-derived metabolites, and how these relate to observed

changes irtognition and gut microbiome compaosition.

Therefore, the primary outcomes for this thesis are:

1. Tomeasurdlifferences between cranberry and placgtmpsin mean cognitive
performance on measures on memory and executive furtettareen baseline and
follow-up.

2. Tomeasurdlifferences between cranberry and placebo groups in microbial

taxonomic abundances between groups between baseline andupllow
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Secondry outcomes include:

1. To measureitferences between cranberry and placgbmipsfor mean neural
regional blood perfusion between baseline and fellpwisits andits relationshis
with changes in cognitive performance

2. To measureitferences between cranberry and placebo groupgstiderived
metabolites, includingevels of common polyphenol metabolitbstween baseline
andfollow-up, and their relationship to changes in cogaitiatcomes, regional

neuralperfusion and microbiota abundances.

Tertiary outcomes include:

3. To measureifferences between cranberry and placebo groups for other cognitive
domains understood to be impacted by-eglated neurodegeneration suctspatial
navigation.

4. To measureifferences between cranberry and placebo groups in plasma biomarkers
of neuronal signalling (BDNF) between baseline and follgpyandits relationship to
changes in cognition and regional neural perfusion.

3. To measureitferences between cranberry and placebo groups in structural grey and
white matter integrity between baseline and fohapy

4. To analysentra and interindividual changes in microbial diversity and richness, as

measured by alpha and beta diversity analyses.

Based on existing evidence, it could lypdthes&zed that

1. Long-term daily cranberry intake will relate to improvements in cognition,
particularlyepisodic memory and executive functiamd these improvements will
relate toincreased blood perfusion in key neural regithragare sensitive to age

related changes such as the medial temporal lobe and prefrontal cortex
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2. Cranberry intake will produce beneficial shifts in gut microbiome coitippswhich
will relate toincreases igut bacteria derivethetabolitesincluding secondary
polyphenol metabolites

3. Shifts in gut microbiome structure and functemmeasured by metabolitssl relate

to changes in cognition anceural function.
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CHAPTER INTERVENTIONETHODOLOGY

PARTICIPANT RECRUITMENT

Participants were identified using online recruitment databases (Join Dementia Research

https://www.joindementiaresearch.nihr.ac)ukkisting research databases within the

Norwich Medical School, University of East Anglia where participants had previously
consented to be contacted about research studies, and combasgatyadvertising (e.g.

recruitment posters, leaflets, talks).

This study aimed to include 60 (i.e. n=8&chin the control and treatment groups) healthy
older adults. Volunteers aged-B0 years old with no subjective objectivememory

complaints were recruited. Married couples who live together were particularly targeted to
reduce the variability in background tiatterns, however participants were able to take part

in the study on their own.

Participants were first screened over the telephone for eligibility for the study using a

screening questionnaire. Telephone screening took between 15 and 30 minutes.
Partiagpants were included in the study if thigyl within the following criteria:

A Aged between 50 and 80 years old.

A Male and female.

A Generally fit and healthy.

A Willing and able to provide written informed consent.
A Fluent in written and spoken English.
A Normal or corrected to normal vision and hearing.
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A Undersbodandwerewilling and able to comply with all study procedures.
Participants were excluded from the study if they met any of the following criteria:

1 Diagnosis of any form of dementia or significant neurological condition.

1 Significantsubjectivememory complaints.

1 History or MRI evidence of brain damage, including significant trauma, stroke,
learning difficulties or serious neurological disord®ra previousloss of
consciousness for more than 24 hours.

1 Currently smoking or ceased smoking less than 6 months ago.

1 Chronic fatigue syndrome, liver disease, diabetes mellitus, or gall bladder
abnormalities including gall bladder removal.

i History of alcohol or drug dependency.

1 Clinically diagnosed psychiatric disorder, or currently on antidepressant or
antipsychotic medication.

1 Existing diagnosed gastrointestinal disorder, or currently on any medication which
alters the function of the gasintestinal tract.

1 Major cardiovascular event, such as myocardial infarction, within the last 12 months.

1 A current diagnosis of cancer, or treatment for cancer tliatdrecluded less than 12
months prior.

1 Known or suspected allergy to thervention supplement or placebo ingredients.

1 Any othersignificant medical condition likely to affect participation.

1 Currently a participant or have been a participant in any other study involving an

investigational product within the last 4 weeks.

Paricipants were eligible for the study if they were on blood pressure lowering medication

only if the dose had been stable &ideas monthsprior to starting the intervention
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Participants were naligible for the study if they were prescribed anéigulant medicine

such as warfarin, due the potentialfor interactionwith the active cranberry powder.

Regarding supplements and diet, participants were not eligible if they takesesnd

unwilling or otherwise unabl® stop taking the following:

1  Flavonoidcontaining supplements.
1  High estmated dailyflavonoid intake defined as > 15 portions of flavoroah foods
per day.

1  Any other supplements that could have a significant impact on the outcome measures.

Participants were not eligible tmmdergo the neuroimaging component of the study if they

had a cardiac pacemaker, any metal surgical implants that would not be safe within the MRI,
or experienced claustrophobia in small spaces. If participants were unable to undergo the
neuroimaging compwent of the study, they were still able to take part in the other

components of the study.

Participants took part in the study on a voluntary basis and as such were able to withdraw
from the study at any time. Withdrawal from the study would take plautitipants lost
capacity to consent during the study, in the event of a serious adverse evaumpiance

to taking the study powder, or if continuation of the study would be detrimental to the

participant.

STUDY DESIGN

The study design was a singlentre, 12veek, doubleblind, placebecontrolled parallel
intervention. Participants attended 3 visits in total: a screeningavimseline visit at the
beginning of the 1&veek intervention, andfollow-up visit at the end of the intervention.

Figure2.1 details all contact points and visits made with participants and the research
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activities completed at eadRarticipants were reimbursed £25 for completion of the study,

with attendance at all visits necessary to receive the full amount.

The intervenbn was provided in the form of sachets of fredmed cranberrypowder

designed to be incorporated into food and beverages daily. Apart from the addition of

the study powder, participants were askeddtmodify their dietary intake in any additial

way, including anyeliberatechanges to their caloric intake. However, participants were
asked to limit their intake of certain vitamin supplements and foods with a higher
concentration of polyphenols (s8epplementarylable2 on food intake guidance).
Participants were also asked not to modify their medication intake and to inform the study
team of any changes to their medication. Participants were also encouraged not to commence
taking new ovethe-counter supplements whiteking partn the trial, unless instructed to by
their GP. Participant compliance, safety, and medication changes were monitored with
frequent email and phone contact during the intervention, including within the first week of
starting the interention. Participants were also asked to return all remaining cranberry
sachets at the end of the-w2ek treatment period, with the number of leftover sachets taken
as one measure of complianéelherence to treatment was also determined by measuring
total plasma (poly)phenol metabolite concentratiasisch were quantified at baseline and

following the 12week interventionas described previous{ifavari et al., 2020)

To minimise bias participants were randomised into either the active cranberry or placebo
group using a randomisation algorithm. Both participants and the study team were blinded to
treatmengroupfor the duration of the study and analydike sachets of study powder were
identified only by an alphanumeric serial code which did not indicate to the studpiteam
participantsvhether the powder was active or placebo, ensuring that the stuuaneh

participants remained blinded to the contents of the sachets.
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On the day before thecreening, baseline and follewp visits participants were required to
fast from 10pm the day befofer the purposes of the blood sample collecti®articipants
were provided with the study powder during the baseline visit and asked to take the powder

the evening immediately following the baseline visit.

Due to safety concerns surrounding the outb#d&OVID-19 in the UK in 2020, some
follow-up visits were conducted entirely remotely to ensure the safety of participants. As a
result, some research components could not be conducted attipltow 14 of the

participants, which included blood sampt#lection, neuroimaging, physical measurements
and some cognitive tests which required faeéace administratiorSpatial navigation tests
such as the Supermarket Tegereonly conducted remety during COVID19 restrictions if
the participant had accesstheir owniPad todownloadand complete the test during the

remote testing session, otherwise these tests were not completed.

‘ Telephone Screening Baseline Follow-Up
Recruitment Screening Visit Visit Visit

Enclusion Criteria
‘erbal Consent
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Figure 21. Participant flow through study and research activities conducted at each contact

or visit.

STUDY COMPOUND

The freezedried cranberry powder was sourced from The Cranberry Instiatesachusetts
USA. The dosage was calculated to providé @8 proanthocyanidins over two doses taken
daily, consisting o020 mg flavonols and Bmg anthocyanins per dayaricipants were
instructed to take two sachets per ¢&p grans each) one in the morning and one in the
eveningto maximise the physiological impact based on current understanding of
bioavailability (RodriguezMatecs et al., 2014)The daily dosage of cranberry powder was
selected as it is closequivalent to consuming 1 cup of cranbeoya typichserving of
fresh fruit to be at a tolerable level to prevent compliance and retention issues due to
potentialgastrointestinal upset and astringentyis dosage of the freereied cranberry
powderwould provide the samemount ofproanthocyanidingnthocyanins and flavonols as
previous studies that haeeplored dose responsivenéssmprove cognition and serum
BDNF with high-polyphenol intakéNeshatdoust et al., 201&hdthe dosage of flavonoids

of shortterm consumption cd 76% concentrateztanberry juiceequired tgoroduce

positive effects owascular functiorfRodriguezMateos et al., 2016)

The placebo powder was designed to match the active cranberry powder for taste, colour,
calories and macronutrient content. The placebo powder contained a blend of water,
maltodextrin (CPC Maltrin ML80), citric acid, artificial cranberfyavour (Lorann als),
fructose, reatolour (Lorann oils), and grape shade (Esco Foods) that had beendirgst.e

Calcium Silicate was also added as a flow agent.

DATA COLLECTION METHODS

Table2.1. Overview of research activities at each time point.
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Researchctivity First Contact Screening Baseline Follow-up

Telephone Screening X

Participant Information Sheet X

Informed Consent X

QRisk3 X X
Questionnaires X X*
ACE-II X X
Cognitive Assessment X X
Blood Pressure X X X
Physical Measurements X X X
Blood Sample X X X
Urine Sample X X X
Stool Sample X X
Neuroimaging X X

*Some gquestionnaires only required completion at baseline.

PHYSICAL MEASUREMENTS
Height and weight were taken at each study Wtticipants were fully clothed with shoes
removed for these measurements. Body mass index was calculated from the measurements

taken.

Blood pressure wameasured twice: onaeith the participant seated and followind\ze-
minute rest period. Measurements were calculated using a sphygmomanometer and an

appropriately sized cuff.

COGNITIVE ASSESSMENT
Participants completed all of the following cognitive tests at the baseline and-tgllesits
(see Table 2.1 for full dails of thedata collection measures completed at each contact or

visit). The only exceptiontothiswasthed denbr ooke ds CogrHACE-i ve Exa
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l1I), which was conducted at the screening visit in the first instance to assess eligibility for the

study (i.e. total score >88) and then repeated at the falfpwisit.

Addenbrookeds Cogni tlil)ve Examination |11 (ACE

The ACElIIl (Hsieh, Schubert, Hoon, Mioshi, & Hodges, 20132 measure of global
cognitive functioningvhich is considered a gold standard measure typically used in clinical
settings to detect the presencagérelated cognitive decline specific tioe onset of
dementialt coversdomains including attention and orientation, memory, fluency, language,
and visuospatial function. This test takes approximately fifteen minutes to compseiare

of 88 hagpreviousy been determined to be the most sensitive to detettngresence of

cognitive declingHsieh et al., 2013)

The Trail Making Test (TMT)

The TMT (Reitan, 1992)s awell-establishedhort test of processing speed, attention, and
setshifting. It consists of two parts in which the subject is instructed to connecbb et
dots as quickly as possible while still maintaining accurtigg.often used in clinicaettings
to detecthe presence axecutivedysunction, particularly using the second part of the test
(Trail B) whichrequires theshifting between sequential numeric and alphabetietsl This
test takes less than five minutes to complatel bothithetime taken to complete artide

number of errors made are recorded

Digit Span(DS)

Digit span is a subtest from the Weschler Adndelligence Scalé third edition (WAIS III)
(Kaufman & Lichtenberger, 199%)at assessestantion andvorking memory. Digit span is
composed of two tasks administered independently of each other: digits forwards and digits
backwards. For each digits forwards item, participants are presented with a series of digits in

increasing length, and must immediately repleain to the examiner in the same order as
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presented. For digits backwards, the participant is required to repeat the number sequence in
the reverse ordeMaximum spans for both the forwards and backwards components of the

tests are then determinéthis test takes approximately five minutes to administer.

Rey Complex Figure (RCH)est

The RCRest(Meyeas & Meyers, 1995)s awell-establisheéind commonly usecheasure of
visual memory and visuospatial constructional ahilitiiich has applicatioto detect
memoryand visuospatial processidegficits in a range dfrain diseases arpbychiatric
disordersput particularly for theassessment alementiaParticipants are asked to copy a
complex figure onto a blank piece of paper, before the original stimulus is taken away.
Following a delayoften three minutesjhe participant is threasked to draw the picture from
memory. The accuracy and placement of elements of the figure are then Sbh@etudy
included the copy and threminute recall trials of the test and takes approximately ten

minutes in total to complete.

TheSupermarket Test

The Supermarket Ted. Tu et al., 20155 a computerand tabletbased assessment of
spatial orientation whiclmvolvesmovement through simulation of asupermarket
environmentAs spatialdisorientation is deature of early ADappearing alongside or even
before the emergence of episodic memory def{dlisrris, 1999) this test was included to
detect the earliesiognitive symptoms typical (ome forms of dementi®articipants

viewed a series of videos fronfiest-personperspective travelling through a virtual
supermarket and were required to maintain orientatidinetstarting locationWhen the

video endthey are then asked 1) indicate the direction they would need to turn to face the
starting position, 2) indicate their final position on a-tlqvn map of the virtual

supermarket, and 3) indicate amap which direction they were facing at the end of the
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video. Thereareallocentric(using landmarks) and egocentnitsing the self as reference)

components to this testhis test takes approximately fifteen minutes to complete.

QUESTIONNAIRES

Background Questionnaire

A background questionnaire proddder this study was provided to participants at the
screening visit to collect demograplaicd general health information about the participant,
including medical history and a full list of medications. This background questionnaire took
approximately fifteen minutes to complete. A shorter review questionnaire was provided to
participants at th follow-up visit to collect information relating to any GP or hospital visits

during the study and medication changes.

Cognitive Change Index (CCl)

The CCI(Rattanabannakit et al., 201i6)a brief sehratedme asur e of t he part.
perceived cognitive status and decline compared to five year®agiwipants rate the

severity ofa range otogritive changes compared to five years ago from 1 to 5d1=n

changes, 2=minimal change, 3=some change, 4=clearly noticeable change, 5=much worse),
with a possible total score range betweeii 200. The test also providesab scordor
subjectivememoryperformancéased on the first 12 items (total s=®A1260), a score for

executive function from items 1B7 (total scores-25) and a score for language function

based on items 1820 (total scores-35). This questionnaire was provided to participants at

the screening visit only as a measure of suiviecognition.The CCI takes approximately

five minutes to complete.

Cambridge Behavioural Index Revised (B

The CBIR (Wear et al., 2008} a brief sefratedme asur e of changes i n t

behaviour. Théehavioural domains measured include memory and orientation, everyday
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skills, selfcare, abnormal behaviour, mood, beliefs, eating habits, sleep, stereotypic and

motor behaviours, and motivation. The CBI measures the frequency of these behaviours over
thepast monthonafirp oi nt scal e, f r onkParticipants eomdetet this 6 c on s
guestionnaire at screening and again at follgpato determine whether there had been any

perceived changes behaviour during the studyhe CBIR takes approximately five

minutes to complete.

Patient Health Questionnaire 9 (PH®)

The PHQ9 (Lowe, Unutzer, Callahan, Perkins, & Kroenke, 2084 Sitem seltreport
measue of the severity of depressive symptoms in the particidaatticipants completed
this questionnaire at screening and folopvto measure levels of low madeéarticipants rate
the presence of depressive symptoms over the past two weeks betwéent® t aahal 36 )
(6near | y gieingea total sabra gf 87) with scores betweehifidicating no
symptoms of depressiorn;%bindicating mild symptoms, 104 indicating moderate
symptoms, 1519 indicating moderately severe symptoms an@ 2hdicating severe

symptoms of depressiofhe PHQ-9 takes less thdive minutes to complete.

Generalized Anxiety Disorder Questionnaire 7 (GAD

The GAD-7 (Spitzer, Kroenke, Williams, & Lowe, 2008 a #item seli report

guestionnaire measuring for screening symptoms of generalized anxiety disorder in the
participant. The GAEY takes less than five minutes to complete. Participants are asked to
selfrate symptoms of generalised anxiety over the past two weeks between 0 and 3 for a total
score of 21, with scores offindication no symptoms;% indicatingmild symptoms, 1414
indicating moderate symptoms, and2bsevere symptoms of generalised anxiety. The

GAD-7 was completed by the participant both at screening and folow

The QRSK3 Cardiovascular Screen (QEK3)
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The QRSKS (Hippisley-Cox, Coupland, & Brindle, 20173 a weltestablished screening

tool for identifying individuals at high risk of developing cardiovascular disease. This
guestionnairescorewascalculatedb a s ed on t he phistotyiaxwelpaathdiré s me d
blood pressure measurement and cholesterol ratio (total:HDL) results from the screening

visit.

Scottish Collaborative Groupood Frequency Questionnair8 CGFFQ)

Participants were asked to fill in the SEEQ (version 6.6§Hollis et al., 2017)a validated,
semiquantitative dietary assessment instrument that has been develegéthtie and rank

the dietary intake of a wide range of nutrients in lesgale UK epidemiological studies

(Hollis et al., 2017; Masson et al., 200Bhe SCGFFQ covers 169 food items grouped into

21 categories (e.g. breads and breakfast cereals). Possible responses for frequency of
consumption range from oO0rarelyd, to once 1in
of serves (from 1o 5+ per day) for the amount usually consumed. Standard household
measures (e.g. one tablespoon and one teaspoon) or items (e.g. one small cake and one
medium slice) are listed as portion size respo(Semvley, 1988) The SCGFFQ was used

to describe each participant's habitual diet over the previous two to three months. Participants
completed the papdrased questionnaire at baseline and were asked to return it within 1

week. Responses were then entered using a pubpdseveb-based, datentry system.

SCGFFQ data were analysed using the UK food composition téidleSance &

Widdowson, 2014)

International Physical Activity Questionnaire (IPAQ)

The long version of the IPAQ is a reliable and well validated me#&Boath, 2000; Craig et
al., 2003)which assesses physical activity across 5 domains incligliswge time physical

activities, domestic and gardening activities, wreglated physical activitygndtransport
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related physical activity. Participardse asked to report the number of minutes spent

performing activities in each of the five domains over the past 7 days, including time engaged

in walking, moderate, and vigorous activityevels of activity were then classas
Oinactivedti oednamdo myei@akcg hphysical activity

according to guidelines provided by the developers of this questioriGaimemittee, 2005)

Pittsburgh Sleep Quality Index (PSQI)

The PSQKBuysse, Reynolds, Monk, Berman, & Kupfer, 198BS selfreport questionnaire
asking participants about their sleep habits and quality over the past month. The PSQI
contains 19 selfated quetsons and 5 questions rated by the bed partner or roommate (if one
is available). Only selfated questions are included in the scoring. The 19akefl items are
combined to form seven "component” scores, each of which has a rangepofr@s. In all
cases, a score of "0" indicates no difficulty, while a score of "3" indicates severe difficulty.
The seven component scores are then added to yield one "global” score, with a radgje of 0

points,with "0" indicating no difficulty and "21" indicating seeedifficulties in all areas.

MAGNETIC RESONANCE IMAGING

DATA ACQUISITION

MRI scans were conducted in all eligible and willing participants at baselirtbeeld ofthe
intervention and took approximately 30 minutes. In order to morstarctural brain
information across the study, aWweighted 3D gradierécho MR sequence was conducted at
each testing visit. A Fweighted fluid attenuated inversion recovery (FLAIR) sazhArterial
spin labelling (ASL)was also conducted during thedy visits.ASL has previously been used
to monitor changes in cerebral blood flow (CBF)AD and MCI patients(SierraMarcos,

2017; N. ZhangGordon, & Goldberg, 2017)
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All data were acquired on a 3 tesla Discovery 750w widebore MR system (GE Healthcare,
Milwaukee, WI, USA) with a 1Zhannel phasedrray head coil for signal reception. After
localisers, T-weighted structural data were acquired using a 3D inversioovery fast spoiled
gradient recalled echo ({RSPGR) sequence with repetition time (TR) = 7.7 ms; echo time
(TE) = 3.1 ms; inversion time = 400 ms; fi@ftview = 256 x 256 mmacquired matrix = 256

x 256; 200 sagittal sections of 1 mm thickness; flip angle = 11°; and ASSET acceleration factor
= 2 in the phasencoding direction. Furthermore, a 3RWeighted fluid attenuated inversion
recovery (Bw FLAIR) sequence was prescribad follows: TR = 4800 ms; TE = 129 ms;
inversion time = 1462 ms; fieldf-view = 256 x 256 mm; acquired matrix = 256 x 256; 182
sagittal sections of 1 mm thickness; flip angle = 90°; an ARC acceleration factor of 2 in the
phasee ncodi ng di Hgper&8ensaadcampressed sensing
The ASL scan consisted of a 3D spiral pseadotinuous ASL (pCASL) acquisition with the
following parameters: TE = 10.7 ms, TR = 4854 ms, 8 spiral interleaves with 512 sample
points, fieldof-view =240 x 240 x 128 mm with a reconstructed resolution of 1.9 x 1.9 x 4
mm; postlabel delay = 1500 ms, number of excitations = 3. Before analyses, all participant

scans were visually inspected for significant head movements and artefacts.

BIOLOGICAL SAMPLES
COLLECTION OF BIOLOGICAL SAMPLES

BLOOD SAMPLES

A fasted blood sample was takateach assessment visit, using a standard gauge needle and
vacutainer system. Of these samplesL (5mL inserum separatiotube(SST) 2ml

Fluoride weresent to accredited pathology laboratories at the Norfolk and Norwich
University Hospital (NNUH) ér determination of markers of general health (See TaBle

for total samples collected at each study visit). An additional Ethllenediaminetetraacetic

73



acid(EDTA) tube was sent at screenitogthe same pathology laboratorfes full blood

count.

Additional samples (2 x 5ml SST, 2 x 4ml EDTA) were collected at baseline and-ighpw
and a 8ml sodium heparin cell preparation tube (GRplewas also collected at baseline
only for genetic analysis. These samples were seguthbgcentrifugation (adspeed

force, and temperature, consistEmtthefuture assessment of each analyte) and then
aliquoted into sulfractions into polypropylene tubes (to provide sufficient material for
duplicate analysis). Similarlyf serum separation, blood samples were left to coagulate (in
clot activating gel tubes) foll owfollowed manuf ac
by centrifugation and removal of the resultant serum intefraations Samples
collected were labelled only withvolunteer identification code, aggenderyisit number
andtime anddateof collection. Aliquoted plasmduffy coat, mononuclear celhdserum
samplesverestoreda t nt8he WoBvich Biorepositorfor further analysis (as

described in subsequent sections).
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Table2.2 Summary of biological samples collected at each study visit.

Visit

Test Type Screening Baseline Follow-Up
Biochemistry 1 x 5ml SST (yellow) 1 x 5mISST (yellow) 1 x 5ml SST (yellow)
screening (NNUH) 1 x 4ml EDTA (purple) 1 x 2ml Fluoride (grey) 1 x2 ml Fluoride (grey)

1 x 2ml Fluoride (grey)

1 x urine

(Dipstick urinalysis only)
Gene Variants 1x8ml sodium heparin

cell preparation tube

Biomarkers 1 x urine 1 x urine

2 x 5ml SST (yellow) 2 x 5ml SST(yellow)

2 x4ml EDTA (purple) 2x4ml EDTA (purple)

2x stool samples 2x stool samples
Total blood collected: 11ml 33mi 25mi
Total blood tubes: 3 7 6

URINE SAMPLES

At least 100ml urine was collectetiszreening, baseline and follewy visits. A dipstick
urinalysis was conducted at each visit (see further details below). At baseline anelfollow
visits the urine sample was aliquoted into 4 x 2ml storage cryotubes and stored at the

Norwich Biorepositorybefore further analyses were conducted.
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STOOL SAMPLES

In total, two faecal samples were collected (within 48 hours of the baseline anddpllow
visits) by participants at homeising the collectioRits, glovesandvessels provided by the
researchieam (NHS approved EaSgmpler collection kit supplied by GeertecLimited).

Briefly, these collection kits includedflashable collection sheet thisls over the toilet seat,
allowing forsamples to beollected and storeidto 10mL specimen tube$he storage

container was then placed in a cool dry location prior to returning to the research facility at
the earliest opportunity (i.e. at the study visit). In cases where the sample was unable to be
provided to the study team at a visit, the samples were posted to the Norwich Biorepository
using RoyaMail Safeboxes, where they were placed immediatelg@C freezers on arrival.
Participants were asked to indicate the time and date of stool sample @oltech separate
study document, and in cases where samples were posted they were advised to post as soon

as possible antb not freeze the sample before posting.

ANALYSIS OF BIOLOGICAL SAMPLES

SCREENING OF BLOOD BIOCHEMISTRY
The following were measured liye NNUH pathology laboratories, following standardised

procedures:

1 Full blood count analysis (screening visit only) (white cell count (lymphocytes,
neutrophils, monocytes, eosinophils, basophils), red cell count, haemoglobin,
haematocrit, mean corpusauvolume (MCV), mean corpuscular haemoglobin
(MCH), platelet count).

1 Urea and electrolytes (sodium, potassium, bicarbonate, urea and creatinine).
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9 Liver function (total bilirubin, total protein, albumin, globulin, alkaline phosphatase
(ALP), alanine aminotransferase (ALT), gamma glutamyl transferase (GGT)).
1 Full lipid panel (Including total cholesterol, lipoprotein, high density cholesterol,

cholesterol (HDL cholesterol), triglycerides)

URINALYSIS

The midstream spot urine sample collectetthatclinical screen was tested to assess pH, the

presence of protein, glucose, ketones and blood, as indicators of general health (using a

Siemens Multistix 10SG urinalysis dipstick method or equivalent). This procedure was also

repeated at baseline anddav-up visits.

BIOMARKERS OREURONAL ACTIVITY (BDNF)
Commercially available enzyme linked immunosorbent assay (ELISAJR&D Systems,
UK) were usedo analyse plasma samples at baseline and fallpfer biomarkers of

neuronal activity including BDNF

APOE GENOTYPING
DNA extraction and APOE genotypingereconducted on buffy coat samplesm EDTA

sampledy LGC Genomics Ltd., Hoddeson, United Kingdom.

GUT MICROBIOMIOMPOSITION AND FUNCTION
SHOTGUN METAGENOMICS, DATA PROCESSING AND ANALYSES

DNA extraction from faecal water, quality assessment and library prepanadien

conducted at the Quadrdmnstitute Genomic DNA was extracted from all faecal samples

using a commercially available kit (Maxwell® RSC PureFood GMO and Authentication Kit,

Cat. #AS1600). Around 50 mg of faecal pellet was used, following manufacturer's

instructions, with an additional bead beating step using the FastPrep (MP Biomedicals, USA),

protocol previously described Ii§ellingray et al. (2017)DNA concentrations of each
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samplewere evaluated using Qubit® dsDNA High Sensitivity Assay Kit (Cat. Q32851) with
QubitE 2.0 Fluorometer, following manufactur
between2426 . 8 ng/ elL dsDNA sampl es. Remaii ni ng f a
80 for faecal water extraction for subseque
was prepared using the Nextera XT DNA Library Preparation Kit (lllumina), according to the
manufacturer's instructions. The prade library was sent to Novogene&pe for

sequencing

Libraries were prepared using a novel modified lllumina DNA prep tagmentation approach
(formerly called Nextera DNA Flex lllumina Library Prep). A-8d reducedagmentation

reaction followed by PCR barcoding, quantification and pooling. The resultant pool was
outsourced to run on an lllumina Novaseq S4 flowcell with paired end 151bp reads with dual

8bp barcodes. Briefly, genonmiBdlOmMWTASHER S nor ma

0.5 ¢l of TB1 Tagment DNA Buffer was mixed w

(I'l'lT umina Catal ogue No. 20018704) and 4 ¢l P
to a chilled 96 well pl at e. piRetteenlixedovththedr mal i s
el of the tagmentation mix and heated to 55
mi x was made up using 4 ul kapa2G buffer, 0.

PCR grade water, contained in the Kap2G Robust RCSigma Catalogue No. KK5005)

per sample and 9 €l added-wed legpdhtwel 12 rede b f
P5 of Nextera XT Index Kit v2 index primers (lllumina Catalogue No1BG2001 to 2004)

were added to each well. Finally, the? of Tagmentation mix was a
PCR was run with 72 C for 3 minutes, 95 C fo
20s and 72 C for 3 minutes. Foll owing the PC
the Promega QuantiFluor@sDNA System (Catalogue No. E2670) and run on a GloMax®

Discover Microplate Reader. Libraries were pooled following quantification in equal
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guantities. The final pool was doub#PRI size selected between 0.5 and 0.7X bead volumes
using KAPA Pure Beads (RRhe Catalogue No. 07983298001). The final pool was quantified
on a Qubit 3.0 instrument and run on a D5000 ScreenTape (Agilent Catalogue No. 5067

5579) using the Agilent Tapestation 4200 to calculate the final library pool molarity.

Sequence data (n=128msples) were generated on an lllumina Novaseq 4000 (paxe:d

150 bp). Sequencing data were checked using fastQC v0.11.9
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), with an average of 5.29 Gb (x
1.19 Gb) generated for each samplataprocessing and analysis of shotgun sequencing data
was conducted by Lesley Hag,Nottingham Trent Universitwith computing resources UK
MEDical BlOinformatics partnership (UK MeBio, supported by Medical Research Council

grant number MR/L01632X/1Nextera transposase contamination was removed from

samples using Trimmomatic v0.88olger, Lohse, & Usadel, 2014luman DNA within

samples was detected by mapping reads against the human genome (GRCh38/hg38;
https://hgdownload.soe.ucsc.edu/downloads.html) using bwa mem ve1733(Li, 2013).
Non-human DNA was extracted from read files using samtools v1.10

(http://www.htslib.org/). These humdiltered fileswere uploaded to the Sequence Read

Archive and are available under BioProject PRINA681@8argoed until 31/12/20238nd

used for all subsequent analyses. They had an average of 3.93 Gb (= 1.03 Gb) sequence data
per sample. SPAdes v3.13.1 (mdBankevich et al., 2012; Nurk, Meleshko, Korobeynikov,

& Pevzne, 2017)was used to assemble sequence data for each of the 120 datasets, with
contigs <®0 nt in length removed from analyses using reformat.sh in BBMap. Genes
(nucleotide, amino acids) in assemblies were predicted using Prodigal ¥3/6i8et al.,

2010) A total of 33,190,228 genes was predicted across all samples. Protein sequences of
030 amino acids (n=32, 622, (Eégar)2010)ith 29086l ust er e

cut-off identity. Centroid sequences from each cluster (n=4,161,937) were used to generate a
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nontredundant gene catalogue for determination of gene abundances and functional
predictions. Normalised gene abundances in each sample were daedleamiescribed
previously(Hoyles, FernandeReal, et al., 2018)T'he eggNOGnapper v2 (eggNOG 5.0)
was used to generate functional predictions for the dgtdsettaCepas et al., 2017; Huerta

Cepas et al., 2019)

MICROBIAL DIVERSITY
Measures of alpha and beta diversity were determined using Phyloseq {&d@rdie &

Holmes, 2012)with specied evel data (where counts had O1
abundance across all metagenomes) rarefied to 3,389,582 reads prior to analysis. Non

rarefied count data were subject to analyses (paired Wilcoxon rank sum tests for comparisons
within control andtreaedgroups) using ALDex2 v.1.14(Fernandes et al., 2014o

characterize the phylogenetic composition of bacterial communities in our samples, we firstly
compared the alphdiversity of microbiota of the separate groups. For maintaining the

blinding during the aalysis we kept the following codes: A_BL (Cranberry group at

baseline); A_FU (Cranberry group at follow up); B_BL (Placebo group at baseline) and

B_FU (Placebo group at followp).

Alpha diversity refers to the diversity in a specific area or ecosystésmns of species

richness. According to species richness in the list of OTUs in the faecal sample, diversity,
richness, coverage, and evenness estimations were calculated for all data sets. The observed
species metric is an estimator of phylotype richnesdlst the Shannon or Inverse Simpson

indices of diversity reflects both the richness and community evenness.

We then explored the variation of phylogenetic diversity among all tested samples using the
beta diversity analysis, which represents the extesimilarity between different microbial

communities. Principal coordinate analysis (PCoA) of the species abundance data set was
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used to test whether we could separate samples that belonged to diverse groups, when

phylogenetic information about detecetjuences was taken into account.

RELATIVE SPECIES ABUNDANCES
The distribution of the relative abundances of different bacterial classes among samples and

groupswas investigated usirtgxonomic abundance and read count data for archaea and
bacteriawhichwere generated using Kraken2 2-:6&ta(Wood, Lu, & Langmead, 201@)nd
the precompiled Kraken2 GTBD_r89_ 54k index (downloaded on 3 May 2020) available
from https://bridges.monash.edu/ndownloader/files/16378#&9ic, Wick, Watts, Holt, &

Inouye, 2019)

MICROBIAL GENE RICHNESS AND FUNCTIONALITY
As an additional measure to assess divergége richneswas examined.e.the number of

unigue genes) in the shotgun metagenomic sequencing data. This measure igiuskd to
samples into those of low versus high gene richness, with those of high gene richness
generally considered to have higher diverditt et al., 2019)Microbial gene richness was
determined as described previou@hoyles, FernandeReal, et al., 2018Data were
downsized to adjust for sequencing depth and technical variability by randomly selecting 8
million reads mapped to the merged gene catalogue (of 936denes for each sample and
then computing the mean number of genes over 30 random drawings).

METABOLOMICS

URINARMETABQOBM PHENOTYPES
Metabolic phenotypes were derived from plasma and urine samples at baseline andgdollow

and analysetly Professor@nathan Swann arablleaguest the University of Southampton.
Metabolic phenotypes were measured usfif) nuclear magnetic resonance (NMR)
spectroscopyFor urine samples, 300 yuL of urine was combined with 300ofilsodium

phosphatebuffer (pH 7.4, 100% BD) containing 1 mM of the internal standard, 3

(trimethylsilyl)-[2,2,3,3;2H4]-propionic acid (TSP). Samples were vortexed to mix,
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centrifugedat 13,0009 for 10 minutes, and the supernatant wassferred to 5 mm NMR
tubes. For plasma samples, 300was combined with 30QL saline (100% RO), vortexed
to mix, centrifugecat 13,0009 for 10 minutes, an850 L was transferred to a 5 mm NMR

tube.

One dimensional NMR experiments were performesihgi a Bruker 700 MHz NMR
spectrometer equipped with a cryoprobe (Bruker Biospin GmbH, Rheinstetten, Gerfany).
standardonel i mensi onal sol vent suppression pul se
delay, 90° pulse, mixing time, 90° pulse, acquiD) was use@Beckonert et al., 2007For

each sample, 64 transients (8 dummy scans) were collected in 64K frequency domain points
with a spectral window set to 20 ppm. A relaxation delay of 4 s, a mixing time of 10 ms, an
acquisition time of 2.73 s and 0.3 Hz line broadening was used. An additiond? @eett
MeiboomGill (CPMG) NMR experiment (64 scans; 8 dummy scans; 64K data points) was

performed for the plasma samples to allow the study of low molecular weight nitetaldebr

the urine spectra, profiles were referenced

spectr a, the doublet arising from glucose
correction were automatically performed using Topspin 4.0uk@&r Biospin GmbH,
Rheinstetten, Germany)al® NMR spectra were digitized usinghouse scripts in MATLAB
(Version 2018a, Mathworks Inc). After digitization of the spectra, redundant peaks (X3P, H
and urea) were removed followed by manual alignmerte§pectra to reference peaks using

a recursive segmeftise peak alignment approa¢¥ieselkov et al., 2009)Aligned spectra

were normalized by probabilistic quotient normalizat{@neterle, Ross, Schlotterbeck, &

Senn, 2006)

POLYPHENOL METABOLISM
Polyphenol metabolites in baseline and foHopyplasmavereprocessed and analysed by

ProfessoDaniele del Rio and colleagues at the University of Parma.
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Plasma extraction of polyphenol metabolites was performed using microelution solid phase
extradion (WSPE) according to validated protocols, with some modifications (Feliciano et al.,
2016; Feliciano et al., 2017). Briefly, plasma samples (350 pl) were diluted (1:1) with
phosphoric acid 4% to reduce phengdiotein interactions. Each sample (60Dpwaéas loaded

on a 96 well uSPE plate, washed with water (200 ul) and 0.2% acetic acid (200 pl) and
finally eluted with methanol (60 pl). The 96 well collection plates were directly put in the
UHPLC autosampler for immediate analy$ttasma samplesere analyzed through UHPLC
DIONEX Ultimate 3000 fitted with a TSQ Vantage Triple Quadrupole Mass Spectrometer
(Thermo Fisher Scientific Inc., San Jose, CA, USA) equipped with a helatetdospray
ionization source (HESHKII; Thermo Fisher Scientific Ing. Separations were performed with

a Kinetex EVO C18 (100 x 2.1 mm), 2.6 pum patrticle size (Phenomenex). For UHPLC,
mobile phase A was water containing 0.01% formic acid and mobile phase B was acetonitrile
containing 0.01% formic acid. The gradient staxtétth 5% B, keeping isocratic conditions

for 0.5 min, reaching 95% B at 7 min, followed by 1 min at 95% B and then 4 min at the start
conditions to reequilibrate the column. The flow rate was set at 0.4 ml/min, the injection
volume was 5 pl, and the columvas thermostatted at 40°C. The MS worked in negative
ionization mode with capillary temperature at 270°C, while the source was at 300°C. The
sheath gas flow was 60 units, while auxiliary gas pressure was set to 10 units. The source
voltage was 3 kV. Ultraigh-purity argon gas was used for collisimmuced dissociation

(CID). Compounds were monitored in selective reaction monitoring (SRM) mode, and
characteristic MS conditions {8ns RF amplitude voltage and collision energy) were
optimized for each congund. Chromatograms, mass spectral data and data processing were
performed using Xcalibur software 2.1 (Thermo Fisher Scientific Inc.). Quantification was
performed with calibration curves of standards, when available; when not available,

metabolites werguantified with the most structurally similar compound. Due to failure in
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collecting followup plasmalue to COVID19 restrictions14 volunteers were not considered

for the calculations of plasma metabolite content.

COVIEL9 TESTING
Faecal samples fahe 14 participants who had follewp visits that occurred from March

2020 onwards were tested for the presence of CEGMI collaboration with the
0l nacti vatCow2n ionf hluAkRaSh st ool sampl es and
284252, HRA REC RERG-NI-0076). None of the participant samples tested were found to

be positive for presence of the COVID virus.

STATISTICAL ANALKFEAD

The sample size was estimated based on the false discovery rate (FDR)(Pamtrtan,
Michiels, Koscielny, Gusnanto, & Ploner, 2006dr the analysisf themicrobiomein
particular the following assumptions were used: 50% of microbiome profiles are not
associated with the casentrol status and at least 80% powildre calculation indicates that
with a sample size of 30 in each experimental grawpould be expecedto control FDR
between 0.5% and 4%. FDR of 4% is considered low and lieisqgaropose that a sample
size of 30 in each group is adequate to control FDR at reasonable levels. This number is
consistent with other studies investigating changéke gut microbiome associated with
diabetes (a risk factor for cognitive declirfelle, Shan, & Song, 2015)hissample size is
also consistent witthe only other study to date investigating the impact of cranberry on
cognition despiteonly nonsignificant trend$geing detected as a result of a shorter

intervention period (6 week¢rews et al., 2005)

Unless stated otherwisgemographic, behavioural, neuroimaging and biological data were

analysed using the Statistical Package for theab Sciences (SPSS; v28.0), applying
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standard statistical thresholds (p<0.05). Data \atsetested for normality using the

ShapireWilk test.

To assess the baseline characteristicsidentify anynequalitesbetween cranberry and
placebo groups at thmutset of tle study as most variables were not normally distributed
these group differences were determined usingpawametric MantWhitney U Independent

Samples testPifferences in group proportions wereasured using clsquared tests.

For cognitive and neuroimaging outcomeseway ANCOVAG6s were first
any baseline differences in cognitjorgional neural perfusion, WMbetween groups
controlling for age, education and gendevhich are variables thareexpectedo

potentially impact cognitive outcaes To address the primary outcome of changes in
cognitive performance due to the interventiomear mixed models wengsedto detecigroup

X time interaction®etween groups over the course of the 12 week inteoreatiowing for
covariate adjustmeifior agegiven the large age range of the target sanaglevell as

education and gende®imilar linearmixed modelling was performed oeuralregional

mean perfusiowith age entered as a covaeido determine whether there were any changes
that mightrelate to changes in cognitive performanbe determine relationships between
changes irtognition regional neural perfusion and BDMNE a result of the interm&on,
Spearman correlations between significaognition, egional perfusiomnd BDNFat

follow-up were also conducted.

For theanalysis of changes to the genetic structure of tihengcrobiome as a result of the
cranberry intervention)Vilcoxon rank sums analysis was conducted within groups to detect
differences between baseline and folapvin relative microbialaxonomicabudances at

the class, order, family, genus aspkcies levelsDifferences inintra- and interindividual

microbial diversitywas then analysed, witlipha and beta diversity determined using
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Phyloseq v1.30.0 (McMurdie & Holmes, 2012ndcomparedetween groupssing
Wilcoxon rank sumgpaired) To characterize the phylogenetic composition of bacterial
communities in our samples, the alghgersity of microbiota of the separate groups was

compared using Wilcoxon rank sums (paired).

To determinemetabolicprofiles urinary metabolites @re analysed using orthogonal

projection to latent structures discriminant analysis (OBIA$ models by Prof Jonathan

Swann and colleagues. ORD# models were built in R using the MetaboMate package.
determine the relationship between metabolic p®filledcognitive ancchanges in

microbida speciesbundancedetected as a result thfe cranberry interventiosignificant
cognitive andmicrobiome outcomewere used as response vest@ommon polyphenol
metabolites from plasma were also quantified, and linear mixed modelling used to determine
differences between placebo and cranberry groupsthe cotse of the intervention.

Finally, changes in levels of polyphenol metabolites wegdedl|to changes in cognition and

regional neural perfusion.

To further analyse the number of responders vs.rasponders between cranberry and
placebo groups, participants were grouped according to whether their significant cognitive
performanceregionalneural bloodoerfusion or polyphenol metabolite biomarkensreased
between baseline and follewp (responders) or decreasgdemained the san{aon
responders). A chsquared test was then performed to determine whether gromggcantly
differed in their proportions of respondensd norrespondersincluding further grouping
based on the number of outconfi@swhichindividual participants were classed as

responders

With the exception of thenicrobiome analysiwhich involved a large number pairwise

comparisonsnd as such were corrected WRBR adjustments tp-values corrections for
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multiple comparisons were not applied to &malyses of baseline charagstics,cognitive
outcomesneuroimaging resultsr metabolite analyseasthe study presented in this thesis
was conducted as a feasibility trinlpartto determineeffect sizes for larger future trials. As
such, the resultgresented herand their significance as they are presented in this thesis

should be interpretedrovisionally.
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CHAPTER 3: BASELINECHARACTERISTICSOF THE STUDY SAMPLE

INTRODUCTION

To date there are very fewtherclinical trials investigating the impact of cranberries on brain
function and the gut microbiome in cognitively healthy older adults. A recent systematic
review identified a total of 18 studies in total that had been published focusing on cognitive
performance following supplementation with berry anthocyaf#iides et al., 2021)Of

these, the majority focused on blueberry supplementation, and the review did not include any
studies focusing on the impact of cranberry intdkeere has been omdacebecontrolled

trial of chroniccranberry juicentake(6 week)in a samplef healthyolder adults (aged60
years)and its impact on a range of cognitive outcomes, with no positive results(forewls

et al., 2005)Compairson of participanbaselinecharacteristics in the current study with
similar studies involving older adults would need to focus on interventions supplementing
other types oberries with similar polyphenolic profiles high in flavonoids such as
anthocyanis and proanthocyanidinghich most often involve supplementation of either
common or wild blueberry strairfBoespflug et al., 2018; Bowtell et al., 2017; Krikorian,

Shidler, et al., 2010; Miller et al., 2018)

Among theblueberrystudies that are most comparable to the current studyneaR
placebecontrolled intervention of daily blueberry concentrate supplementation in healthy
older adults (ages over 65 years) found increases in resting brain perusimsults for
cogniive performancelid not quite reackignificance in a smaller sampdé 26 participants
(Bowtell et al.,2017) When it comes to investigating the impact of cranberry on the gut
microbiome, there are no clinical trials in cognitivealthyolder adults ath much of the
evidence to date regarding the impact of cranberry on the microbiome comes from animal
studies particularly involving roden{€hettaoui et al., 2021; Liu et al., 2021; Renaud et al.,

2021) as well asn vitro studiegD. Zhang et al., 20239nd simulator modelO'Connor et
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al., 2019) The most similar stugsin humansncludea placebecontrolled trial of cranberry
juice in subjects positive fddelicobacter pyloriwith positive result§Gao et al., 2021)
attenuation of the impact of an anirilsed diet in a small placebontrolled crossover trial
in 11 human subjects for 5 days , antitial thatproducedimited effects on the microbiome
in women with urinary tract infections who took cranberry daily for 24 wéskaub et al.,
2021) Therefore, there amurrentlyno studies investigatindpe impact of cranberrgn the
gut microbioman healthy older adultavailable to compare baselisamplecharacteristics

requiredto detect positive results.

Herethe baseline characteristics and group differencégeaiutset of the study between the
placebo and cranberry groupee describedn the context of the few existing clinical trials
investigating the impact of berry supplementatiorcognition, brain function and the gut

microbiomein older adults

METHODS

DEMOGRAPHICS

Participant demographics were collected using a brief stpdygific questionnaire at the
screening visit and completed by participants themselves. Information collected included date
of birth, highest level of education, details of aestiary educational degrees or diplomas,

brief work history, medical history and current diagnoses, and smoking status and any history

of smoking.

PHYSICAL MEASUREMENTS ANDBLOOD RESULTS

Height, weight, and lying blood pressure weollected at screening, baseline and foHomw

visits. Blood samples were also collected at each visit and sent to the pathology laboratory at
the Norfolk and Norwich University Hospital for full blood biochemistry, lipid profile, and

haematolog. A urine sample was also collected at each study visit for dipstick urinalysis.
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All blood biochemistry results at each visit (and haematology at screening) were reviewed by

a clinician and who indicated whether follayp on abnormal results and notifiicat of the
participantdéds GP would be required. |l nstance
would exclude the participant from taking part (eg. Type 2 diabetes) were also indicated and

these participants were informed of the results andhlestwould not be able to continue

with the study. Similarly, urinalysis results were reviewed during each visit by a research

nurse, who advised whether results were abnormal and required further action.

A QRISKS3 (Hippisley-Cox et al., 2017jisk prediction algorithm was used to calculate the 10
year risk of cardiovascular disease based on the baseline results from blood pressure, height
and weight readings, total:HDL cholesterol ratio, demographic details and current

medicatiors reported.

MEDICATIONS
Information regarding medications being taken by participants was collected at the screening
visit and also requested again at folkaw to determine whether there had been any changes

in medications during the trial.

BACKGROUND DIET

Participants were asked to fill in the SEEQ version 6.§Hollis et al., 2017})o allow for
calculaton of detailed nutrient intake over the previous twdhree months based on self
reported frequency dfabitual foodconsumption. The SGEFQ was completed either

during the baseline visit or given to participants to complete at home after the baseline visit to

be returned within 1 week. Further detailshee SCGFFQ can be found in Chapter 2.

SLEEP AND PHYSICAL ACTIVITY
Sleep and physical activity questionnaires were collected at the bagsilirsmdwere self

rated by the participant. The sleep and physical activity questionnaires wetelksted
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again at the followup visit. Full details of these questionnaires are available in Chapter 2.
The PSQKBuysse etal.,198%yas used to assess participants
habits. The long version of the IPABooth, 2000)was used to assess part

reported level ophysicalactivity.

MooD, SUBJECTIVEMEMORY AND BEHAVIOUR

All mood, cognition and behaviour questionnaires veeiérated by the participant. Full

details of the questionnaires assessing behaviour, cogritidrmood are available in

Chapter 2. Participants completed @BI-R (Wear et al., 2008p indicate behavioural

changes associated with the onset of deme®itibjective memory changes were self

reported using the CQRattanabannakit et al., 2016) whi ch measures the peé
perceived cognitive decline and changes over the past 5 years. The RBe et al.,

2004)was used to assess symptoms of depression over the previous two weeks. Similarly, the
GAD-7 (Spitzer et al., 200&)uestionnaire was used to measureisgbrted symptoms of
generalised anxiety over the previous two weeks. TheRCBIHQ9 and GAD-7 were

completed by participants at the screening visit and then repeated atdpll@and the CCI

wascompleted at baselirenly.

APOEGENETIC STATUS
DNA extraction andAPOEgenotyping was conducted on buffy coat samples by LGC

Genomics Ltd., Hoddeson, United Kingd¢@hapter 2)

STATISTICANALYSES
As most variablesvere not normally distributedroup differences were determined using

nonparametric MantwWhitney U Independent Samples tests. Differences in group
proportions of gendeworking statussubjective sleep qualityrequency of sleep

medicationandAPOE genetic status were measureagsihisquaredests.
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RESULTS

DEMOGRAPHICS

In total, 60 healthy male and female older adults age8i05@ears old (M=65.68, SD=5.17)

with mean years of education of 14.50 (SD=2.80) and with no subjective memory complaints
were recruited in this study. €he were 29 participants randomised into the cranberry group
and 31 participants into the placebo group. All participants randomised into the intervention
completed the intervention to the-t2ek followup visit. Of the participants who began the

intervertion, there were 11 cohabiting married dyads

Of the participants consented to the study, 10 participants did not make it past the screening
visit. Of these, 3 participants declined furtparticipation, and 7 did not meet screening
criteria. Five participants were excluded due to severe uncontrolled hypertension, one
participant scored below the eoff on the ACEIII total score(i.e. <88/100), and one

participant had screening blood anthalysis results indicative of a possible undiagnosed

di abetic condition which was consequently
participant was not enrolled into the interventidhere were no participants who were

ineligible for an MRIscan due to contraindications, however 9 participants dddtine

undergo an MRI scafsee Figure 3.1 for full details).
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Assessed for
Eligibility (n=142)

Excluded (n=72)
Enrolliment

Mot meeting inclusion criteria (n=40)
= Declined to participate (n=21)

= Ineligible due to participation in other
intervention studies (n=11)

Consented (n=70)

'

Screening Visit
(n=70)

Screening

withdrawn post-screening (n=10)

= Declined further participation (n
= Mot meeting screening criteria (

Randomised (n=50)

S —
Allocation
-~ 0000V
Allocation to Cranberry (n=29) Allocated to Placebo (n=31)
S —
Baseline
v \ 4 h 2
Completed baseline MRI (n=26) Completed baseline MRI (n=21}
(n=1) {Declined MRI) Completed baseline (n=29) Completed baseline (n=31) (n=28) (Declined MRI)
{n=2) (Baseline MRI unavailable) {n=2) (Baseline MRI unavailable)
- Follow-up -
Completed follow-up MRI (n=19) w w Completed follow-up MRI {(n=13)
MR lost to follow-up (N=7) MRI lost to follow-up (N=8)
(n=5) (Cancelled due to COVID-19) . Completed follow-up (n=29) ) . Completed follow-up (n=31) . (n=5) (Cancelled due to COWVID-19)
{n=0) {Participant declined follow-up MRI) Discontinued from intervention (n=0) Discontinued from intervention {(n=0) {n=1) (Participant declined follow-up MRI)
{n=2) (Follow-up MRI unavailable) (n=2) (Follow-up MRI unavailable)
Analysis
k.
- - — Analysed (n=29) Analysed (n=31)
Excluded from analysis (n=0) Excluded from analysis (n=0) Excluded from analysis (n=0) Excluded from analysis (n=0)

Figure 3.1. Consolidated Standards of Reporting Trials (CONSORT) flowchart diagram. MRI: magnetic resoraging.
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There were no participants withdrawn from the stiafyadverse reactions to the study
product, loss of capacitgr norrcompliance to taking thetudy powderNo serious adverse
events were reported during the study. Compliance to taking the study dradedton
returned sachets was goedth an average @.9 (SD=.92) sachets returnedr 96%
compliance The minimum number of sachets returned was Ddparticipants, and the
maximum number was 38 sach@txlicating 77% compliancegturned by a participant in
the placebo grougRlasmameasurements obtal polyphenol metabolitealso indicated
excellentadherencewith theconcentration of polyphenol metabolites incregby 182 +

0.57uM in the cranberry group

There were nagignificant differences at baseline between groups for age, gender, years of
education, or global cognitive performance on the AlCEotal scorepd s  Xsee Talde

3.1.). In total, 39 of the 60 participants entered into the study were reiredicated that

they were not currently working but not retired, 13 participants were workingiparand 6
participants were working full time. There were no differences between cranberry and

pl acebo groups for working status, 62(3)=3.

Table3.1. Demographic characteristics of the subjects at randomisation into the intervention
(n=60) Sgnificance of group comparisodetermined usinlylannWhitney U Independent

Samples and Pearson €uared Tests.

Characteristics Cranberry Placebo p value

N 29 31

Gender (Male/Female) 12/17 13/18 .965

Mean SD Mean SD

Age (years) 65.86 5.51 65.32 491 .929

Education (years) 14.38 2.60 14.61 3.01 .610

ACE-Ill Total (/100) 96.58 2.39 96.10 2.80 .644

ACE-l ' 1 : Addenbrookeds Cognitive Examination 1 11.
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PHYSICAL MEASURES ANDBLOOD BIOCHEMISTRY

Table 3.2 includegroup data for physical measureme®&ISK3 calculations and blood
biochemistry resultsThe BMI of the total sample ranged from 18.1B8&78. Systolic blood
pressure ranged between TamHg and 173mmHg (M=133.37, SD=16.09), and diastolic
blood pressure between #imHg and 107mmHg (M=82.08, SD=10.67). Participants who
were found to havsignificanthypertension and were not undergoingtireant for it were

not entered into the study.

The screening haematology results for all participants who were entered into the study were
within normal range. The screening biochemistry results for one participant had liver enzyme
results above the norm@nge, which were forwarded to their GP. This participant was able

to enter the study when they weresareened with normal liver enzyme results.

Table3.2. Physical measurements, QRISK3yéhar risk of cardiovascular disease and blood
biochemistry resi for participants in the cranberry and placebo groups at baseline

significance of group comparisodstermined usinyylannWhitney U Independent Samples

tess.
Cranberry Placebo
M SD M SD p value

BMI 24.86 3.99 25.72 4.17 .348
Systolic BloodPressure 137.03 15.91 135.21 14.24 .646
(mmHg)

Diastolic Blood Pressure ~ 79.38 8.69 81.77 10.63 .318
(mmHg)

QRISK3 (%) 14.49 7.89 12.88 5.22 .594
Blood Biochemistry

Fasted Glucose 4.71 .45 4.80 .48 .660

(mmol/L)
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Total Protein (g/L) 71.21 3.67 71.92 3.60 .349

Creatinine (umol/L) 72.64 12.52 73.00 14.72 .750
Total Bilirubin (umol/L) 11.00 4.04 14.58 5.03 .027
Albumin (g/L) 40.54 2.33 40.12 2.40 516
Globulin (g/L) 30.68 3.61 31.81 3.21 154
Urea (mmol/L) 5.09 1.04 4.98 1.00 314
Calcium (mmol/L) 2.34 .10 2.38 .08 419
Adjusted Calcium 2.36 .09 2.40 .07 .239
(mmol/L)

Phosphate (mmol/L) 1.00 .67 1.02 .19 .594
Bicarbonate (mmol/L) 27.04 3.28 25.92 2.19 .260
Sodium (mmol/L) 139.50 2.33 133.54 24.49 122
Potassium (mmol/L) 4.48 .32 4.50 .34 551
ALP (U/L) 70.14 17.43 73.27 23.42 .544
AST (U/L) 22.57 4.59 22.00 3.68 476
ALT (U/L) 17.82 5.34 18.04 8.81 .196
Lipids

Total Cholesterol 5.58 1.16 5.51 1.02 .728
(mmol/L)

LDL (mmol/L) 3.44 1.05 3.35 .93 .813
HDL (mmol/L) 1.67 .36 1.61 411 451
Total:HDL ratio 3.54 1.19 3.56 1.28 .801
Triglycerides (mmol/L) 1.027 .36 1.19 .64 278

ALP: Alkaline phosphatase; ALT: Alanine transaminase; AST: Aspartate transaminase; BMI: body mass index;

HDL: High-density lipoprotein; LDL: Lowdensity lipoprotein.

MEDICATIONS
No participants reported changes to prescribed medication between baseline andgollow

visits. Eleven participant® (nale,2 female) were using blood pressure medication for at
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least3 months before entering the study (one on Perindopril and Atenolol, one on Lisinopril
and Amlodipine, one on Verapamil and Ramipril, one on Candesartan and Tamulosin, one on
Bendroflumethiazie, Felodopine and Lisinopril, one on Lisinopril only, one on Propranolol,
one on Amlodipine and Ramipril, one on Lercanidipine and Ramipril, one on Perindopril, one
on Bendroflumethiazide, Viazem and Peridopril). Addition@lparticipants (not mutally
exclusive with participants taking blood pressure medication) were using statin medication
for at leasB months before entering the study (three on Avorstatin, one on Pravastatin, four
on Simvastatin, one not specified). One participant usiedication for arrhythmia

(Lignocaine).

Three participants were using hormone replacement therapy (one Kliofem, one Evorel Conti,
one Premarin), and one participant was using a dihydrotestesterone inhibitor (Dutasteride).
Four participants were on prostatedication (one on Finasteride, one Alfuzosin, two
Tamsulosin). Four participants were using thyroid medication (three using Levothyroxine,
one Thyroxin). One participant (female) was taking-apileptic medication (Gabapentin).

One participant (femalen medication to assist with urinary incontinence (Neditol). Three
participants were using asthma medication (one Beclamethadone, one Seretide, one

Beclomethasone and Salbutamol).

Five participants were regularly taking nessential vitamin supplementsat could impact

the outcome measures and were asked to refrain from taking these during the intervention.
Three participants were regularly taking qaescribed supplements containmgegas,

one participant was taking a daily vitamin C supplement aedparticipant was taking a

multivitamin daily.
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BACKGROUND DIET
There was no difference between the placebo and cranberry groups on the macronutrient

content of their background dief® s  XTable®.5). The mean background total flavonoid

intake atbaseline was 222.69mg/day (SD=142.92).

Table3.3. Total energy and nutrient intake as calculated from the-BEG for participants
in the cranberry and placebo groups at basefligmificance of group comparisons

determined usinylannWhitney U Independent Sampless.

Cranberry Placebo
M SD M SD p value
Energy
kCal/d 2126.44 758.55 2006.68 645.27 .629
kJ/d 8963.25 3184.40 8466.62 2710.37 .646
Fat (g/d) 85.87 33.48 78.60 28.81 .385
Saturated (g/d) 32.11 13.44 29.26 11.64 403
Monounsaturated 27.68 9.30 25.66 9.34 .658
(g/d)
Polyunsaturated 13.53 4.58 13.44 4.90 .844
(g/d)
Trans (g/d) 2.25 1.16 2.08 .88 974
Cholesterol (mg/d) 255.84 103.68 256.99 100.87 1.000
Proteing(g/d) 84.66 30.05 78.08 25.39 512
Carbohydrates (g/d) 256.50 107.92 244.59 87.82 .987
Total sugars (g/d) 125.93 57.01 126.69 60.10 781
Glucose (g/d) 22.20 9.15 25.64 20.01 .896
Fructose (g/d) 24.58 9.84 2841 21.07 .909
Sucrose (g/d) 46.91 21.95 45.48 17.37 .883
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Fibres (g/d) 21.38 9.12 21.93 11.19 .935

AOAC Fibres (g/d) 5.65 3.64 6.86 4.43 471
Starch (g/d) 125.11 60.96 114.34 39.84 .806
Vitamins
Vitamin C (mg/d) 116.37 50.21 131.73 66.94 441
Vitamin D (ug/d) 5.01 2.97 3.49 1.75 .039
Vitamin E (mg/d) 12.38 5.87 10.97 4.24 461
Thiamin (mg/d) 1.80 64 1.71 46 974
Riboflavin (mg/d) 2.53 1.13 2.24 72 376
Vitamin B6 (mg/d) 2.35 .89 2.14 .64 .670
Niacin (mg/d) 19.93 7.26 18.91 5.74 .793
Folic acid (ug/d) 352.97 153.23 359.84 127.16 .600
Vitamin B12 (ug/d) 7.40 3.49 5.84 2.55 .105
Vitamin K (mg/d) 56.62 29.06 116.49 122.40 .085
Minerals
Sodium (mg/d) 2525.99 894.55 2777.36 1039.89 279
Potassium (mg/d) 4130.41 1457.59 3855.29 1248.62 .555
Calcium(mg/d) 1296.32 637.48 1167.11 411.59 .623
Magnesium (mg/d) 396.44 134.81 359.61 120.54 .310
Phosphorus (mg/d) 1732.47 696.73 1556.14 453.89 544
Iron (mg/d) 13.40 4.84 13.16 491 .883
Copper (mg/d) 1.71 .89 1.49 77 .359
Zinc (mg/d) 11.07 4.06 9.79 2.82 .350
Chloride (mg/d) 3964.27 1413.41 4301.59 1593.84 .294
Manganese (mg/d) 4.98 1.84 5.05 1.89 .915
Selenium (ug/d) 60.26 27.38 49.85 17.79 .105
lodine (ug/d) 270.07 157.55 232.73 88.35 .857
Flavonoids (mg/d) 216.81 134.97 228.38 152.30 .952
Flavonols (mg/d) 35.70 18.84 42.14 35.23 .891

Flavan3-ols (mg/d) 121.27 89.98 123.90 84.36 .903




Flavones (mg/d) 2.24 3.00 4.20 13.10 544

Proanthayanidins 35.19 24.67 39.35 22.90 .705

(mg/d)

Flavanones (mg/d) 27.29 20.52 33.39 30.10 677
Other

Caffeine (mg/d) 240.96 130.01 189.68 91.14 .164

Alcohol (g/d) 7.86 8.64 9.94 9.41 279

Water (mL/d) 2454.49 907.76 2328.17 771.85 .566
Diet Quality Index (%) 66.60 16.33 68.32 18.74 .688

AOAC=Association of AnalyticaChemists.

LIFESTYLE QUESTIONNAIRES
Details of sleep as measured by the PSQI and physical activity as measured by the IPAQ are

detailed inTable 3.4.

Regardingsubjectivesleep qualityin the cranberry group 22 participants indicated that their

sleep quaty wasd/ery Goody5 i ndi cated O6Fairly Goodd, 2 O6F
indicated their sl eep qual i Rdypartwipastsidgdéaedy Bado
their sleep was O0Very Goodindicatéditimrsd iodFaati ed yi tB:
and 1 indi cat e @herewas noadifferetcé between Braugsin proportion of
participantandicatingtheir sleep qualityccording to these ratings (3 21.355, p=.716.

For use olleepmedication,in thecranberry group 2participantandicatedthey had not

taken anysleg medicatiorduring the last month, 1 had indicated that they took these less

than once a month, 2 indicated that they took tbese or twice a week, and 1 indicated that

they took thes three or more times a week. In the placebo group, 30 indicated thaathe

not taken these medications during the past month, and 1 indicated that they to8lothese

more times a weeK.here were no differences in proportions of participants in their

frequency of sleep medication intakesg3)=3.392, p=.335.
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When categorising participants into activity levels (inactive, minimally active, and HEPA
active), in the cranberry group 17 peipants were HEPA active and 12 were minimally
active, whereas in the placebo group 21 participants were HEPA active and 10 were
minimally active. No participants in either group were classified as inactive. The proportions
of participants belonging to eaof activity levels did not differ between the two treatment

groups, G62(1)=.537, p=.464.

Table3.4. Summary of questionnaire assessing sleep and physical activity for participants in
the cranberry and placebo groufiiginificance of group comparisondeermined using

MannWhitney U Independent Sampless.

Cranberry Placebo
M SD M SD p value
PSQI
Subijective Sleep .86 74 .84 454 .831
Quality (/3)
Sleep Latency 19.03 22.03 19.42 15.00 770
(minutes)
Sleep Duration 7.103 1.160 7.00 .796 .836
(hours)
Habitual Sleep 83.11 14.86 82.17 13.04 .950
Efficiency (%)
Sleep 1.34 48 1.35 49 .936
Disturbances (/3)
Daytime .55 .63 .55 51 .834
Dysfunction (/3)
Global PSQI 541 3.28 5.29 7.75 .964

Score (/21)

IPAQ
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Total overall 4812.86 3008.68 5305.68 3449.98 .739

MET-

minutes/week

PSQI=Pittsburgh Sleep Quality Index; IPAQ=International Physical Activity Questionnaire; MET=multiples of
resting metabolic rate.

MOODAND BEHAVIOUR

For the PH®9, 53 participants had scores that indicated no symptoms of depresgio® (0
participants had scores indicating mild depression symptof@y énd2 participants had

scores indicating moderate depression symptomd4).0The GAD7 scoes showed similar
proportions of symptom severity, with 51 participants indicating no symptoms of generalized
anxiety (04), 6 participants indicating mild symptomsqh and 3 participants had scores

indicating moderate symptoms ¢1@).

Table3.5. Summary of totals and subtotals from gelported measures of subjective
cognitive decline, behaviour, and mood for participants in cranberry and placebo groups at
baseline, and comparisons of group differenSamificant of group differences determined

using ManAWhitney U Independent Samples tests.

Cranberry Placebo
M SD M SD p value

CCI (/100) 27.38 7.61 27.00 8.80 732

Episodic 17.99 5.32 17.41 6.16 577

Memory

Subscore (/60)

Executive 5.83 1.67 6.06 2.07 .553

Subscore (/25)

Language 3.62 1.24 3.52 1.09 .550

Subscore (/15)
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CBI-R

Memory 10.69 14.06 7.74 8.18 757
and

Orientation

(%)

Everyday .34 1.29 .32 1.80 .544
Skills (%)

Self-Care (%) 0.00 0.00 0.00 0.00 1.0
Abnormal 2.59 5.53 4.00 7.58 .713

Behaviour (%)

Mood (%) 8.52 12.15 7.29 9.59 .800
Beliefs (%) 0.00 0.00 .26 1.43 .333
Eating (%) 4.97 10.60 2.81 8.25 417
Sleep (%) 17.41 18.73 17.58 16.38 .818
Stereotypic 4.97 10.27 6.03 12.52 .993
and Motor
Behaviours
(%)
Motivation 3.10 7.12 4.03 9.70 .696
(%)
PHQO (/27) 1.78 3.13 1.97 2.39 443
GAD-7 (/21) 1.70 291 1.90 2.66 291

CClI=Cognitive Change Index; CBt=Cambridge Behavioural Inventory Revise; RBiEPatient Health
Questionnaire 9; GAEY=Generalized Anxiety Disorder 7.

APOEGENETIC TESTING

Buffy coat samples were available for all 60 participants who entered the intervention. No
participants were found to cargecopies of theAPOE4 mutation. Furthermore, there were
no differences between the cranberry and placebo groups for distribuA®Od&genetic

types, 62 (3) = 326).60, p=.457 (see Tabl e
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Table3.6. APOEGenetic status of participants in the cranberry and placebo gemgs

overall totals.

APOE Genotype Cranberry Placebo Total
E2/E3 3 4 7
E2/E4 0 2 2
E3/E3 21 22 43
E3/E4 5 3 8

APOE= Apolipoprotein E.

DISCUSSION
The cranberry and placebo groups weed-matchedor the main demographics of age,

gender, and education. The cranberry and placebo groupsiseneell-matched for almost

all baselinecharacteristics and measures, with very minor differences detected for estimated
daily vitamin D intake and liver enmyes however the results for these were not generally
above the normal ranges feither groupHow the baseline characteristics of this sample

relates to othesimilar trials will be discussedurther here.

The mean age of this sample (65.68 £ 5.17) was younger than the simitaekztudy
involving blueberry juice in older adults with early memory changdsriiprian, Shidler, et
al. (2010) that found positive results regarding episodic memory performaneeurtent
sample had very similar demographic charasties to the 12veek blueberry studies by
Bowtell et al. (2017andMiller et al. 018)which found limited results for improvements in
cognition, however the current study involved a sample twice thel$izesample in the
current thesis waalsoof a very similar size and age as participants in the study by Crews

and colleague€Crews et al., 2005which did not find positive results regarding the impact
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of 6-week cranberry intake on cognition, however this disparitgsults could be due to the
shorter length of the triah the previous studylhe proportions of male and female subjects
also mirror comparable bertgials, as does the education level of the total samdleh is
particularly critical forcognitive outcomes whichave been suggesteditepossibly

influenced by these factofklerlitz & Rehnman, 2008; Le Carret, Lafont, Mayo, &
Fabrigoule, 2003)vith years of education even suggested to have a protective role against

agerelated cognitive declingColsher & Wallace, 1991; Evans et al., 1993)

There were no differences in blood biochemistry between cranberry and placebo groups

except for a significant baseline difference in total bilirubin, with the placebo group showing

slightly highe meanreading compared to the cranberry group. However, the normal range

for total bilirubin is <20, which the results of the majority of participants in both groups fell

within. Four participants had results just above this normal range, which wexeree\vby

the study <clinician and flagged to their GPO

could not continue with the study when taken into account with their other results.

The two groups were generally wetlatched for background diet, includifag the flavonoid

intakes measured, with the main exception being a significant diffebeheeergroupsin

baseline vitamin D intake favouring the cranberry grélfhoughthe dietary intakef

vitamin D significantly differs between groups in tlsample, both groups are on average
(3.495.01ug/day) intaking less than the WKReference Nutrient Intak@&NI) of daily

recommended vitaminDof &y per day for ol der adults or t
proposeRNI of 15ug per day for individals aged up to 70 years, andi&Pper day for

individuals older based on conditions of minimal sun expodross et al., 2011)

The estimated average total daily intake at baseline of total flavonoids, flavonols;3talsan

were significantly lower than the average levels detected in a similar age group in the UK
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NDNS, although the average intake of flavanones was compd#hleddeen et al., 2019)
However the estimated intake reported har@s more in line with UK estimates based on
international Food Balance Sheets of 182mg/day per q&stang & Vieira, 2011) Flavan
3-ols also contributed the most to this tatatimated flavonoid take which is in line with
findings from population surveys in the UKiauddeen et al., 2019)ith these flavonoids
predicted taderivepredominantly from tea, chocolate, wine, fruit, and vegetables in adults
(Ziauddeen et al., 2019y he dailytotal flavonoid intakes in this sample were also
significantly lower than the UKEPIC general population estimates of 1020mg{daynora
Ros et al., 2016)Although the predicted intakes of the polyphenols measures in this sample
are lower than what would be expected, it could also be taken to inthaafearticipants
entered into the study were successfully screened for high baseline intake pblyigenol
concentratiofoodsand therefore would potentially be more likely to benefit from an
increased intakef polyphenolsas a result of the intervention, especially since participants

were instructed to maintain their normal diets throughout the duration of the intervention.

There were ndlifferences betweegroups at baseline fa@stimates of physical activity.

There is gowing understandingf acomplex interaction of lifestyle factors which includes
both incidental andtructured physical activity and its impact on ageing well, particularly
when it comes to cognitive agei(glondell, HammersleyMather, & Veerman, 2014;

Laurin, Verreault, Lindsay, MacPherson, & Rockwodd01; Raffin et al., 2021)ndeed,
several largescale intervention trialaimed at preventmagerelated cognitive declinkeave
emerged that incorporapdysical activity programs alongsideanges to dietary patterns
(Ngandu et al., 2015; Shannon et al., 20Eilythermore, our results indicate that there were
no differences between groups for gelported sleep @lity, and the subjective ratings given
by participants indicated that thexere very few participants who rated their own sleep

guality as poarEmerging evidence suggests that disturbed sleep poses a potentially increased
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risk for developing dementighi et al., 2018)and older adults have been found to have
more disturbed sleep compared to younger ad@hsiyon, Carskadon, Guilleminault, &
Vitiello, 2004). The results of the mood questionnaires also indicated that there were no
differencesdbetween groups for anxiety or depression, aedstiores for these tests indicate
thatthe vast majority of participanteported mild or no symptonas anxiety or depression.
Although it is unclear whether significant depression is a risk factor feredgged cognitive
decline or if rather it coincides with dementia rather than preced&sahard et al., 2013)
there is evidence suggesting that raised levels of depression and anxiety can impact on

cognitive performanc@Maloney, Sattizahn, & Beilock, 2014; McDermott & Ebmeier, 2009)

None of the participants enrolled into the intervention were carriers of two copies of the
APOE4 genetic mutation, which is the allele of the three availabi@tions APOE2,

APOE3, andAPOE4) that has been found to denthe highest risk of developi&pD,
particularly at an earlier ons@@order et al., 1993)with this riskdecreasingvith a

decreasing number &fPOE4 alleles Approximately 13% of participants the current
samplecarried one copy of thePOE4 gene with themajority of participants carrying two
copies of the lowerisk APOE3 mutation, and approximately 97% of the sample carrying at
least one allele. The proportions of the frequencies of these alleles are in line with UK
prevalence estimates previously rapd(P. P. Singh, Singh, & Mastana, 200&lthough the
prevalence of thAPOE3 allelein this samplas slightly higher than most of the UK
estimates listed ithe previousreport. Therefore, the genetic riskAD or preclinical

cognitive decline is not higher in the current sample than would be expected in the general

UK population.

In conclusionthe cranberry and placebo groups were Awedtched for almost allaseline
characteristics and measures, with vergandifferences detected for estimated daily
vitamin D intake and liver enzymes, howef@rtheseresults were not generally above the
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normal ranges foeither group Therefore, there are very few characteristics at baseline that
would be predicted tinfluence differences detected between groups as a result of the

intervention orconfound any of the primary outcomes of interest in this study.
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CHAPTER 4: COGNITION ANDNEURAL FUNCTION

INTRODUCTION

Epidemiological studies have reported that higher dietary intake of flavonoids is associated
with slower rates of cognitive decliiPevore et al., 2012; Letenneur et al., 2007; Shishtar et
al., 2020)and dementigLefévreArbogast et al., 2018andfoods rich in anthocyanins and
proanthocyanidins such as berrese also beeshown to improve cognitionsupported by a
growing bodyof preclinical data , as well as emerging clinical evidéBospflug et al., 2018;
Krikorian, Nash, et al., 2010; Krikorian, Shidler, et al., 2010; Lamport, Lawton, et al., 2016;

Lee et al., 2017; Travica et al., 2020; Whyte et al., 2021)

When it comes to clinical trials involving humans, consumption of blueberry has produced
shortterm (2-6 hours) improvement in executive function and memory in setged children
(Whyte et al., 2017and similarly using mixed berries for young healthy adWhyte et al.,

2019) In older agegroups, asingle dose of wild blueberry produced improvements in
executive function on the Go/NBo task compared to placebo in middiged adults aged 40

65 yeargWhyte et al., 2021)0ver the longer term, in older adults with early memory changes
wild blueberry juice supplementation for 12 weeks improved episodic memory performance
(Krikorian, Shidler, et al., 2010anda similar12-week randomised control trial involving
Concord grape juice resulted in a significantly better cognitive performance contpared
placebo in elderly adultsith memory changerikorian, Nash, et al., 2010A 6-month trial

found improvements in cognition and brain metabolism in older adults with mild cognitive
impairment(McNamara et al., 2018)n line with other findings from similar trials involving
grape juice supplementation improving cognition across the lifespan in younger and spatial
memory in middleaged adult§Lamport, Lawton, et al., 2016l the latter study biyamport,
Lawton, et al. (2016)effects of the Concord grape juice werbal memory and executive

function appeared to endure for some time after consumption, replicating similar findings of
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an enduring effect of an-8eek citrus juice consumption trial on memory and executive

function .

In addition to improvements in cogmi¢ function, the intake of a higifavonoid citrus drink
produced increases Blood perfusion in inferior and medial fronthrain regions(Lamport,
Pal, et al., 2016)Similarly, another study by the same authors detected regional ircmease
brain bloodperfusionin the anterior cingulate corteand left parietal regions a sample of
older adults (565 years) following the consumption of a cocoa study drink high in flavonoids
compared with a matched drink with lower concentration of flavori@asport et al., 2015)
However, these results come from studieslving doses ohigh concentration flavonoid
intake over a short period of tim& longer trial ofcocoa consumption for 3 months in middle
aged to older adults (ages-69 years)found changes iperformance on a test abject
recognition along with changes the dendite gyrusas measured by fMRIsing a regiorof-
interest approach focusing on the hippocampal ci(@sitkman et al., 2014)lthough these
findings werenot replicated in anore receni2-weektrial of cocoaby the same groufsloan

et al., 2021)Regarding berries, a Meek blueberry supplementation in healthy older adults
(mean age 67.5) was related with increasdaskrelated (Stroop test) regional perfusion
parietal and occipital regions addition to an improvement in working memory performance
between preand postsupplementatioocompared to placeb®@owtell et al., 2017)

Increased levels of BDNF are consideredupportiearning and memorfunctionvia its role

in increasing neural survivahd synaptic growttwith the hippocampuseing a major site for
its expressiofNeeper, GorazPinilla, Choi, & Cotman, 1996based largely on evidence from
animal studie¢Cirulli, Berry, Chiarotti, & Alleva, 2004)indeed, findings from animal models
have suggested a beneficial impact of berry intake on BDNF exprassienhippocampuis
conjunction with improved spatial memory performa(iRendeiro et al., 2012;.®1. Williams

et al., 2008) Findings from clinical trialsn humansusing peripherdy measuredevels of
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BDNF, for examplefrom circulating bloodsamplesare lessclear however.Although high-

flavonoid intake from fruit and vegetables has previously been found to increase serum BDNF

levels(Neshatdoust et al., 201&)study byAhles et al. (2020)ith a large sample size of 101
middle-aged adults found no impact of-t2ek supplementation of chokeberry on serum
BDNF. A recently published study involvir@) older adults aged 505 found no impact of a
12-week supplementatn with red berry mixturgcocoa or a combination of botin BDNF
(GarciaCordero et al., 2022)howeverthere was a significant association found between
BDNF levels and test of executive functioning.

Hereis described the impact of the-t&ekcranberry intervention ocognitive performance

in addition toneural functiondetected foregional CBF as measured by ASind plasma

BDNF, in this sample of cognitive healthy older adults

METHODS

COGNITIVE ASSESSMENT

Further details of cognitive tests are available in Chapt&l@al cognition was assessed
using the ACHII (Hsieh et al., 2013fxecutive functiorand working memory were measured
by using the TMT{Reitan, 1992pand the Digit Span (DS) tedfisual episodicmemory was
evaluatedusing theRCFtest(Meyers & Meyers, 1995The Supermarket Testas used as an

assessment of spatial orientation

A composite executive function score was also calculated out of thd IAC&tegory Fluency

score (/7), the Digit Span Backwards Raw Score (/14), and the Scaled Trails B from the Trail

Making Test based on previously published normative @atabaugh, 2004)
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MAGNETIC RESONANCE IMAGING

DATA ACQUISITION

MRI scans were conducted in all eligible and willing participants at baseline and end of
intervention and took approximately 30 minutes. In ordermonitor structural brain
information across the study, aWeighted 3D gradier¢écho MR sequence was conducted at
each testing visit. A Fweighted fluid attenuated inversion recovery (FLAIR) scan was also
conducted during the study visits. Arterial sfabelling (ASL)was used todetectchanges in
cerebral blood flow (CBFhased on regional blood perfusidturther details of imaging data

acquisition and the sequences can be found in Chapter 2.

IMAGING ANALYSIS

Voxel-Based Morphometry (VBM) was used erhole-brain Ti-weighted scans using the
VBM package in FSL (FMRIB Software Library, Oxford, UK) to confirm that there were no
grey matter structural differences between the cranberry and placebo gtdugsselinepr

whether there were any changes overdburse of the interventig¢@ood et al., 2001)

White matter hyperintensities (WMH) were rated using Miofiage Analysis GUI (Mango

version 4.1, Research Imaging Institute, UTHSCSA, San Antonio, TX, USA) by one rater (EF).

A well-established rating scale developed by Fazekas @aalekas, Chawluk, Alavi, Hurtig,

& Zimmerman, 1987was used to qualitatively rate WMH in periventricular (PWMH) and

deep (DWMH) regions using FLAIR images. WMH in the periventricular areas was rated as 0

= absent, 1 +thiioapsoiog,pnei smooth Ahal oo,
were raéd as 0 = absent, 1 = punctate foci, 2 = beginning confluence of foci, or 3 = large

confluent areas.

For regional perfusion (ASL), equilibrium magnetisatiorvlsihd perfusiorweighted images

were calculated Hiine on the scanner workstation. All furtheamalyses were performed using
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a processing pipeline written in bash and Python (v3.6, Python Software Foundation,

www.python.org, which was run on the ADA higperformance computing cluster at the

Uni versity of East Angl i a. The pipeline cl c
Disease Neuroimaging Initiative (ADNI, adni.loni.usc.edu) ASL -sulaly, substiiting

FastSurfer for brain segmentation instead of FreeS(ienschel et al., 2020)n brief, Mo

and perfusiorweightedmages were scaled and used to calculate CBF maps in physical units

of arterial water density (mL/mih00g). i-wei ght ed dat a wer e then se
FAST algorithm and the derived grey matter probability maps were used to register the ASL
perfusionweighted images to iTspacé v i a FSLO6Ss FLIRT algorithn
FastSurfer segmentation were then used to determinewi®®|CBF statistics: minimum

maximum, mean, median, and standard deviation.

STATISTICAL ANALYSES

Oneway ANCOVAOGs were used to detect baseline
controlling for age, education and gender. The impact of treatment on the cognitive outcomes
of interest was establisheding mixed linear model with time and treatment as independent
variables and with age, education and gender entered as covariatesbvdhotifferences

in grey matter intensities were analysed between cranberry and placebougiogpgBM at
baseline ad follow-up with age added as a covariate. Periventricular and deep white matter
hyperintensisties were compared between cranberry and placebo groups at baseline and
follow-up using ANCOVAs with age added as a covariate. Mean regional perfusion derived
from ASL scans were analysed using mixed linear modelling with age entered as a covariate
to determine and group x time interactioBpearmarcorrelations between significant

cognition and regional perfusion at follayp were also conductedo further analysethe

number ofresponders vs. neresponders betweamanberry and placelgroups participants

were grouped according to whether their significant cognitive performance or regional
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perfusion increasetletween baseline and follewp (responders) or if tiveperformance or
regionalperfusion remained the samedecreased (neresponders)Where there were more
than one test or neural regithrat was shown to have significant group x time interaction
effects from the linear mixed modelling, partiappgwere further grouped based on how
many tests or regions they were classed as responders for to detect whether there were
patterns of participants consistently responding across all significant out@wtgassquare
test was then performed to determine whegieups significantly differed in their
proportions of responderBinally, differences at baseline between groups for plasma
concentrations of BDNF was measured using-parametric ManfWhitney U tests, and
linear mixed modelling used to determine group X time interactions as a result of the
intervention. BDNF was therelatedwith performance on cognitive tests and regions of CBF

which showed significarthanges as a result of the intervention using Spearman correlations.

RESULTS

COGNITIVE PERFORMANCE

There were no differences between cranberry and placebo groupglatebaa the ACHII

total score or on the stdrores (Attention and Orientation, Memory, Fluency, Language,
Address Delayed Recall and Category Flueiigple 4.1) No difference at baseline was also
observedor any RCF scores DS backwards,TMT A-B Scaled Score, or for the composite
executive function score but there was a significant difference at baselireveoall

visuospatial performanda the ACEIll (p = 0.008).

Table4.1 Cognitive performance at baseline and folopr Baselinedifferences determined
using MannWhitney U Independertbamples Test, and group x time interactions on linear

mixed modelling.

Baseline Follow-up Group x Time
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Measures Treatment M SD p M SD p
ACE-IlI Attention Cranberry 17.65 72 219 1766 .55 467
Placebo 17.35 1.11 1760 .62
Memory Cranberry 2497 1.8 726 25.10 1.05 .498
Placebo 2484 1.70 25.67 1.95
Fluency Cranberry 12.45 1.53 512 13.24 91 .164
Placebo 12.26 1.44 1243 1.48
Language Cranberry 25.79 .49 .305 2576 .51 401
Placebo 25.58 .54 25.83 .46
Visuospatial Cranberry 15.62 .73 .008 15.76 .51 .120
Placebo 15.97 .18 15.83 .38
Address Cranberry 6.10 1.05 466 6.34 .81 .332
Delayed Placebo 6.19 1.28 6.07 1.46
Recall
Category Cranberry 6.34 1.17 .759 6.66 .61 431
Fluency Placebo 6.32 91 6.43 .68
RCF Copy Score  Cranberry 34.52 2.61 .994 35.34 1.05 .092
Placebo 35.00 1.29 34.97 1.28
Delayed Cranberry 1859  7.67 416 23.41 5.96 .028
Recall Score Placebo 20.53 592 22.25 6.06
DS Forwards Cranberry 11.28 2.28 437 11.41 2.01 .309
Raw Score Placebo 10.84 2.28 11.39 2.50
Backwards Cranberry 7.76 2.18 .781 7.86 2.5 .165
Raw Score Placebo 7.58 2.03 830 255
T™MT A-B Cranberry 3741 21.84 416 35.93 16.22 .639
Placebo 33.29 16.89 34.14 13.73
B Scaled Cranberry 14.83 1.79 .756 15.03 1.66 127
Placebo 15.13 1.73 15.37 1.97
Executive Composite Cranberry 28.93 3.50 .964 29.34 3.73 430
Score Placebo 29.03 341 29.93 3.45
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Supermarket Egocentric Cranberry 3.32 1.84 .383 3.76  1.96 .906

Test Score 1 Placebo 3.67 1.76 392 191
Egocentric  Cranberry 5.28 1.95 917 568 1.65 .936
Score2 Placebo 5.04 2.01 558 1.79
Egocentric  Cranberry 8.60 3.29 .656 9.44  3.29 .885
Total Placebo 8.71 3.36 950 3.27
Allocentric ~ Cranberry 11.72 435 324 1254 831 .267
Error 1 Placebo 13.00 4.94 1196 5.81
Allocentric  Cranberry 14.28  3.00 .164 15.47 10.54 481
Error 2 Placebo 1411 455 13.27 4.76
Allocentric  Cranberry 13.00 3.14 .964 13.98 8.88 .325
Error Total Placebo 13.55 4.47 12.70 4.70
Allocentric ~ Cranberry 5.64 1.50 .562 592 1.80 417
Heading1 Placebo 5.33 1.66 6.00 1.25
Allocentric  Cranberry 5.60 1.50 .489 584 1.34 .697
Heading 2 Placebo 5.38 1.41 579 1.29
Allocentric  Cranberry 11.24  2.67 .386 11.76 8.44 413
Heading Placebo 10.71 2.46 11.79 2.23
Total

ACE IlI: Addenbrooke's cognitive examination Ill; RCF: Rey complex figure test; TMT: Trail magatg

At follow-up, a significant group x time interactidf({, 55) = 5.060p = 0.028) was observed

in performance of the RCF test delayed recall such that the cranberry group showed a
significant improvement in performance between baseline and foippeompared to the
placebo grougFigure 4.1) Posthoc analysis revealed a significagiffect of time in the
cranberry group(1,28)=30.44p<.00], but not the placebo group(l, 29.64)=2.893=.099

Linear mixed modelling to detect group x time interactions between the groups between
baseline and follovup did not reveal any differential impact of the intervention on groups pre

to posttreatment for the copy scooe on ACE-Ill, TMT or DS scoregp > 0.05) (Tablet.1).
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Figure 41. RCF Delay performance between groups baseline to fallpMrror bars

represent 1 SO * p<.001. RCF = Rey Complex Figure.

No significant differences were detected betwg@mups on the egocentric, allocentric error or
allocentric heading subtotals and totals of the Supermarket Test (Table 3). When the linear
mixed modelling was run on these subtotals and totals, no significant group x time interactions

were found g > 0.05in all cases).

MAGNETIC RESONANCEIMAGING

Among our study population, 47 participants were eligible and underwent the neuroimaging
component of the study (26 in the cranberry group and 21 in the plgcebp). Due to
COVID-19 restrictions and reduced cajtp of hospital facilities, 10 followp scans could

not be conducted. An additional 5 follawp scans could not be scheduled due to participants
(n = 1) or scanning facilitiesn(= 4) being unavailable during the critical follayp time

window. Additiondly, ASL data for 2 baseline scans and 1 folawscan were naible to be
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included in the analysdue tosignificantmotion artefacts in the imagess such, ¥ cranberry

and 11 placebo participants had complete baseline and falipwscans.

STRUCTURAL BRAIN CHANGES
There were no differences in whole brain grey matter intensity between cranberry and placebo

groups found at either baseline or follap scansThere similarly weredt any st at i s
significant differences observed between groups in periventricular white matter
hyperintensities between the cranberry and placebo groups at bagel6&8] or followup

(p=.833), or for deep white matter hyperintensities at basgmé93) or followup (p=.723)

usingA N C OV Aabesch time poinvith age added as a covariate. Two participants were
rated as 636 for periventricul ar white mat

remaining participants being rated betweeh 0

BLOOD PERFUSION BRAIN CHANGES
Supplementary Table 3 details ameregionablood perfusiorfrom arterial spin labelling for

the cranberry and placebo groups at baseline and falfpvNo significant differences in
regionalbrainbloodperfusionbetween cranberry and placebo groups were detected at baseline
(pGs > 0.05). Mixed linear modelling controlling for age and education detected significant
group X time interactions for the right caudd€l( 29.275) = 4.20f = 0.049), righthucleus
accumbensH(1, 31.744) = 4.916 = 0.034), and right entorhinal cortéx(1, 30.558)=5.202,

p = 0.030)(Figure 4.2) All models showedan increase irbrain bloodperfusion between
baseline and follovup in the cranberry group compared to a relative decredsaim blood

perfusion over time in the placebo group.

As a significant group x time interaction was found for the delayed recall of the RCF, a
correlation analysis was performed between the follgnRCF delay scores and follewp
regional perfusion data, however significant correlation was found for either groygds(>

0.05).
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Figure 4.2. Representative magnetic resonance imaging data from this study, obtaardd in
yearold male/female subject (COMBAT_041 baselingd) axial Tl-weighted inversion
recovery fast spoiled gradient echofSPGR) image; B) axial T&eighted fluid attenuated
inversion recovery (FLAIR) image; C) an axial view of FastSurfer cortical and subcortical
segmentations superimposed on awgighted image; D) a coronal view of the Fieighted

image indicating regions that showed significantly increased perfusion after 12 weeks
consumption of cranberry extréchamely, from superior to inferior, the right caudate nucleus,
accumbens area, and entorlioartex; E) an axial cerebral blood flow (CBF) map, in the T1
space, derived from arterial spin labeling data; F) a coronal CBF map highlighting the regions
indicated in D and G)differences in mean blood perfusion for tight caudate nucleus (rCN),

right nucleus accumbens (rNAc) anght entorhinal cortex (rEC)with p values represented
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for group x time interactioeffects between cranberry and placebo groups from baseline to

follow-up. MRI imagegenerated bipr Donnie Cameron.

RE$ONDERS AMDNRESPONDERS
Regarding responders vs. amsponders, 24/29 (82.8%) participants in the cranberry group

showed improved RCF performance at folawcompared to baseline, whereas 16/30 (53.3%)
of participants in the placebo group showed improved perimceand these proportions of
responders vs. naeresponders differed significantly between the groep2}E5.85,p=.016).

For individual slopes of RCF performance between baseline and foppsee Figure 3.

x‘v’; Placebo

. Cranberry

RCF Delay Score (36)

Baseline Follow-up

Figure 4.3.Individual participant slopes for Rey Complex Figure (RCF) performance at

baseline and follovwup. Labels represent participanétudy identification numbers.

Regarding the regions which found significant grox time interactions fomean blood
perfusion(see Figure 4.4 for individual slopeshe number of responders in the cranberry
group for the right nucleus accbenswere 10/Y (58.8%), compared t&®/11 in the placebo
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group @5.3%0), however this difference in proportions between groups wasigwificant

(6 2)E.480, p=.488). For the right caudate nucleus, 1D($8.8%) cranberryparticipants were
respondergompared to 4/1(36.4%) in the placebo groyghowever again theggoportions
did not differ between groups (2)E1.348 p=.246). Finally, regarding the right earhinal
cortex, 1017 (58.8%) cranberry and 4141 (36.4%6) placebo participants were classed as
respondersyith again thesg@roportions not found to mgnificantlydifferent between groups

(6 20)1.348 p=.246).

Furthermore among participants who were classed as responders to any regidhs,
cranberry grouB/13 (61.5%)were responders to all 3 regioB£13 (23.1%)were responders
to 2 regions and 2/1Q35.4%) were classed as responders to only 1 redihme placebo group,
3/6 (50%) participants classed as responders for any regions were respfon@dr8 regions,
1/6 (16.7%)were responders for 2 regions and £8.3%)were responders for 1 region.
However, the difference in proportions betwegeoups for types of respondétisat is, whether

they wereresponders to 1, 2, or 3 regiomgre not significantq 2)¢ .682,p=.711).
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Figure 4.4.Individual participant slopes faegional perfusion as measured by A&lbaseline and followp. Labels represent participan®
studyidentificationnumbes.

rCN = right caudate nucleus; rNAc = right nucleus accumbens; rEC: right entarbite.
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MARKERS OF NEURONAL SIGNALLING
The placebo andranberry groups did not diffen plasma levels of BDNEignificantly at

baseline, MamWhitney U(1, 39)= 1.510,p = .219 There was no significargroup x time
interaction forBDNF concentratiorbetween cranberry and placebo over the course of the
intervention(F(1, 3976)=.300, p = 0587). Although concentrationappearechigherin the
cranberry groughan in the placebo group at follow (igure4.5.), this difference was not
significant MannWhitney U(1, 39)=.575, p=.488BDNF at the followup visit did not
correlatesignificantly withfollow-up RCF delayedcore oregionalCBF in eithertreatment

group @6 3.05).
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Figure 45. Impact of cranberries and placebo on circulating concentrations of the brain derived

neurotrophic factor (BDNF) over a 4#eek period and as measured by ELISA in plasma.

DISCUSSION
The results reported here show that dargnberrysupplementatioover 12 weekgproduced

promising results focognitive performance anblood perfusioncompared to the placebo

123



group Daily supplementation witthefreezedried cranberryed to significant improvements

in visual episodic memory performance, which coincided with increé$eald perfusion of

key neural areas which support cognitibrterestingly, ar results are in direct contrast to a
previously conducted clinical investigation in which no significant change imane
performance was established following cranberry in{@kews et al., 2005)rhe dscordance
between these results likely relates to experimental inconsistencies such as duration of the
intake (6 weeks versus 12 weeks) or product formulation (cranberry juice versusditiedze
whole cranberry powder)The improvements in episodic memapgrformance is in line
however withlongerinterventions(~12 weeks)n older adults with early memory changes
involving blueberriegKrikorian, Shidler, et al., 201&nd high-anthocyaninConcord grape

(Krikorian, Na#, et al., 201Q)

Surprisingly,our cranberry intervention had no further impact updditionalneurocognitive
domains. Working memory and executive functioning (including the executive functioning
composite score), remained unaltered despite the contrary being reported by others
investigatingflavonoid-rich juices(Lamport, Lawton, et al., 2016J his could in part relate to

the distinct polyphenolic composition of each distinct intervention. Conversely, this may be a
product of cognitive test choig¢de Jager et al., 2014) contrast to other studies which used
more laboratonbased measures such as the Stroog$#siop, 1935)It could also relate to

task difficulty, since as this was a group of cognitively healthy adults it is possibldnéhiask
difficulty of the DS and TMT tasks was not sufficient to detect differences over time between
these groups. Indeed, previous studies have detented pronounced effectsf berry
supplementation on cognition for more cognitivdlymanding testéNhyte et al., 2021)in
agreement with our results, a longerm 12week intervention with wild blueberry juice
(Krikorian, Shidler, et al., 2010)ed to similar improvements upon episodic memory

performance in older adult8Vhen takeriogethey these findings suggetstat longer duration
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of supplementatiomay berequired to establish episodic memory enhancement associated with

high anthocyaniferries.

Although other interventions investigating the impact of polyphenol intake on spatial
navigation arenot known, there have beebservationafindings oflower ratios of omegé

to omega3 fatty acidrelating to better performance on virtual navigation tasks, suggesting that
the cognitive processes underlying spatial navigation may represent a target for nutritional
intervention. However, this cranberrytenvention did noproduce significant improvements

in spatial navigationAlthough deficits in spatial navigation has been proposed specifically as
an early marker for the development of Al zhe
memory change@d-u et al., 2017)evidence suggests that similar spatial disorientation may not
be exhibitedby cognitively healthy older adultéLithfous, Dufour, & Despres, AB; Serino,
Morganti, Di Stefano, & Riva, 201%Yhile episodic memorfunctioncanstill beimpacted in
normal ageingPark et al., 2002)Furthermore, the specificity of spatial navigation deficits
appears to beo the early stages of AD compared to other forms of neurodegenerative
conditions(S. Tu, Spiers, Hodges, Piguet, & Hornberger, 2017; Yew, Alladi, Shailaja, Hodges,
& Hornberger, 2013) Therefore, it is possible that this sample of healthy older adults did not
exhibit detectable deficits in spatial navigation more typical of early &2l as sucmo

improvamentsin performances a result of the cranberry interventiweredetected

As anticipated, the cranberry intervention had no impact upon differences in structural grey
matter between groups, nor did it influence differences in white matter hyperieteasier

the 12week period of investigation. Howevarelative increase ibrain bloodperfusion was
detected in the cranberry group between baseline and fallosompared to the placebo group

the entorhinalcortex the caudate and nucleus accumhbeéltse entorhinal cortex forms part of
themedial temporal lobe (MTL) collection of structures which are implicated in supporting
memory function(Scoville & Milner, 1957; Sperling et al., 2003Jhe caudate and nucleus
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accumbens form part of the striatum, and although tieéationship to cognitive aging and
neurodegeneration is less specific, they do form part of frstriatal circuits whichunderpin
cognitive, affective and motgroceses(Alexander & Crutcher, 1990; Lehéricy et al., 2004)
Among the studies that are most comparablkedaurrent study, a 1®eek placebaontrolled
intervention of daily blueberry concentrate supplementation in healthy older adults (ages over
65 years) found increaseddrainbloodperfusionin parietal and occipital lobgis conjunction

with results approaching significanctr improvements inworking memory which
corresponded to taskssociated activation in the anterior cingulate, precuneus, insula and
thalamus(Bowtell et al., 2017)In another studyBoespflug et al. (2018pund a 16week
blueberry interventiom older adults with MCproduced increased BOL&xtivationin frontal

and parietal region®Regardingnterventions involving high concentration polyphenol foods
more generallyl,.amport, Pal, et a(2016)found increasegerfusion in the middle and inferior
frontal gyrusin younger adults following consumption of a hifigvonone citrus drink, in
addition to improvea@xecutive performan¢and the same group found increased perfusion in
anterior cingulate and parietal regidofowing cocoa intake in older adul(samport et al.,
2015) As such, our findingfor regional blood perfusion in the braio not overlap with those

of previous polyphenol interventiong/hich in turn have been laly inconsistent in their
findings However, the finding of increased entorhinal cortex perfusion in particular as a result
of this cranberry intervention is innk with our findings of improved episodic memory

performance.

When the results were further analysed to identify responders comparedrespondersat
the interventionywhen categorised based on whether visual episodic memory performance as
measured byhe RCF increased between baseline and fellpwt the individual levelthere
were significantly mor@articipants classed as responders in the cranberry group compared to

the placebo groupSpecifically, a large majority (82.8%) of cranberry participants showed
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increased performance at follawp, compared to a significantlgwer percentagé€53.3%) in
theplacebo groupthe latter ofwhich is a ratef responders vs. nemespondersloser to what
would be expected by chamdt is important to note thatlassifyingresponderdased on
increased performance between baseline and falljpws vulnerable tanfluencefrom other
factors such as practice effects, which is of partiael@vanceo the current studgs alternate
versions of the RCF were not used at baseline and falpwowever, the fact thahe
proportion of responders was significantly greater in taalmerry group indicates thatactice
effects alone would not accouiet the improved performances between baseline and follow
up due to this difference between groupshe poportion of participants who improved.
Regarding regional neural esion, there was a larger proportion of participants in the
cranberry group who were classed@sponders due to increased regional perfusian the
duration of the study for all three regions that were found wifferentially impacted by the
intervention however in these cases the proportions of responders vsesnders did not
differ between groupgAs only approximately half the full sample had compleeeline and
follow-up ASL scans availablehe analysis of group differences in proportions may have
been adequately powered to detect significant differerBgscontrast, lie linear mixed
modellingmethodwhich detected significant group x tintgeractionsn mean perfusiofor
these regionsvas choseln part because it isorerobustthe impact oimissing datgoints
Furthermore, when analysing furthghich individualsclassed as respondexgre showing
improvementsn perfusion consistently across multiple regidghg, majority of responders in
the cranberry group(13) were responders across all three regifwigywed byonly 3who
were responders for two regioasd only 2 participantaere responder®r just one region
The number of total responders the placebo group was smaller with only 6 participants
respondes toat least one region, of which half were responders to all three remiorbke

remainder responders to one or two regiohgain, a larger sample of participants with
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available scans may have revealed a more significant disparity in nunmbspofiders in each
group however the proportionsf responders and neesponders in each group and
furthermore the number ofapticipants who were impacted consistently across all significant
regions aren proportions that would be expected if the cranberry intervention were hawving a

effect onneural function.

Furthermorewhen observing individual slopes for both RCF delay performance and regional
perfusion, it is clear thakhe individual trajectories of participants between baseline and follow

up are not uniform, and that some participasitdew considerably steeper ireses and
decreases over time. This may not dmmpletely attributed to effects of the cranberry
intervention, as both cranberry and placebo participants show steep trajectories in either
direction (that is, increases and decreases over tifug)hermore particularly regarding
individual slopes of neural regional perfusion, it is apparent that some participants show
consistently steep increases (such as cranberry participants 11 and 54) and decreases (such as
placebo participant 28cross all regionsHowever, observation of individual slopsisows
generally more increases over time in the cranberry greppasentetly red slopes) compared

to the placebo groupdpresentedby blueslopes, which is supported by results of the other

analyses.

Finally, dthough it was anticipated that BDNF may increase in the cranberry grbog with
improved memory performancehe resultsfrom this studydid not indicate thisPrevious
studies focusing on the impacttogh flavonoidintake from fruit and vegetablésve found a
positive increase iserum BDNF in older aduli®Neshatdoust et al., 201&nd the dosage of
proanthocyanidins, anthocyanins and flavonols in the cranberry powsdat in the current
intervention was selected to approximate the levels used by that Gtelyikely reason for
this might be that a high concentration of BDNF was measured at baselotemdmsked the
overall impact of cranberries at follewp. Such increased concentration may be related to
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participantsd higher «c¢ons ump,talihaugh thisdiffeccacé f ei n e

did not reach significance. Additionally, since a nembf follow-up plasma samples were
unable to be collected due to COVIDM restrictions it is possible that the sample was not large
enough to detect differences between grodpsvever a similarstudy by Ahlsand colleagues
(Ahles et al., 2020nvestigating the impact of 2deeks chokeberry on cognitive and vascular
outcomes did not detect a change in serum BDNF with a sample of 101 partidipais.in
contrast with an earlier study which found higher polyphenol intekemlly from fruit and

vegetableproduced increased levels of BDNIFeshatdoust et al., 2016)

These findings are however certainly encouraging that sustained intake of cranberry ever a 12
week period produced significant improvements in memory and neural function in older adults
who were cognitively hathy, however underlying mechanisms relating to improvements in

neuronal signalling as reflected by BDNF levels cannauggestetbased on these results.
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CHAPTER 5:GUT MICROBIOME COMPOSITION AND FUNCTION

INTRODUCTION

Polyphenols in berrieparticularlyproanthocyanis, have been found to directly alter the
relative abundance of bacterial populations in the bddyh-polyphenol berry
supplementation has been shown to stimulate changes in gut bacterial abundancesd in an
models particularly for increasing beneficial species sucAldsermansigAnhe et al., 2015;
RodriguezDaza, Daoust, et al., 2020; P. Tu et al., 20B&garding cranberry, whole
cranberryhas beeround to increase the abundance of bemnafspecies of bacteria

including LactobacillusandBifidobacteriumwhile decreasing the prevalence of potentially
harmful bacteria such &utterellaandBilophilain the gastrointestinal tracts of mi¢@ai et

al., 2019) Polyphenols present in berries have also shown inhibitory actions aggttestial

populationghat are considered detrimental to he@iMbhynek et al., 2006)

In humans there have beeery scarcenvestigations of gut bacterial changesulting from

berry supplementatio®ne study found thahé consumption of a wild blueberry drink

derived from freezelried fruit in 20 healthy adult men daily for 6 weeks resulted in increased
abundance of beneficial microbial specesh adbifidobacterialpopulationgGuglielmetti

et al., 2013)The addition of sweetened dried cranberry to the diet of 10 human subjects daily
for 2 weeks influenced the composition of thedal micobiome(Bekiares et al., 2018yvith

7 subjects showing increased microbial divergiyother shorterm intervention found that
daily consumption of freezédried whole cranberry for 5 days produced a decreased
abundance dfirmicutesand increase iBacteroidetesindattenuated the impact of an
animatbased diet on the gut microbiorfiRRodriguezMorato et al., 2018)The impact of
longerterm cranberry consumption has been little explored, particularly in healthy older
adults and furthermore no studies/estigatingherelationshipbetween these changes in gut

microbiome omposition and functioandcognitive ageing.
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The microbiotais alsoable to enhance the health benefits of polyphenols, largely through
metabolising them down into their constituent compongit&aoutari et al., 2013; van
Duynhoven et al., 2011Berry polyphenols are able to be converted by bacteria into several
key bioactive secondary metabolites, such as benzaldehydehippuric, benzoic, cinnamic,
phenylacetic and (phenyl)propanoic agi@sandra et al., 2019ndeed, microbiatlerived
metabolites of anthocyanins make up the majority of phytochemical compounds absorbed
from berriegKay, PereiraCaro, Ludwig, Clifford, & Crozier2017; Williamson, Kay, &
Crozier, 2018)and ncrease the impact of dietary polyphenols on a number of systems

including the brain via circulation in the blood stream.

The previous chapter has shown that the cranberry intervention had a significant effect on
cognitive performance and brain blood psifun. In this chapter we explore how the

cranberry intervention changed the gut microbiota and how this mightélaved tahe

results for cognition and brain healffhe aim was to measure abundance and functionality
changes in the microbiome as a result of the cranbersus placebmterventiors, as

measured bghotgunmetagenomics fronbothbaseline and followup faecal samples.
Additionally, metabolites detected urine and circulating plasma samples were measured

and related to cognitive performance and shifts in microbial abundances. Finally, changes in
key active phenolic compounds metabolised from polyphenols were measured to detect
changes due to the intenten and their relationship to changes in cognition gegional

neuralblood perfusiondetected previously
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METHODS
MICROBIOME ANALYSIS

DNA EXTRACTION, QUALITY ASSESSMENT AND LIBRARY PREPARATION

DNA extraction from faecal water, quality assessment and library preparation was conducted
at the Quadrarinstitute Genomic DNA was extracted from all faecal samptakected at
baseline and ftdw-up, andDNA concentrations of each sample were evaluatetpre-
madelibrary prepared according to methods described in Chapter 2, ieégpeemade

library was sent to Novogene Europe for sequendaga processing and analysis of shotgun
metagenmic sequencing data was conductedPrgfessotesley Hoyes,Nottingham Trent

University.

METABOLOMICS

URINARY METABOLOMICS

Metabolic phenotypes were derived from plasma and urine samples at baseline anrdgollow
and analysed by Professor Jonathan Swanrtalfehguest the University of Southampton
Metabolic phenotypes were measured udiMdR spectroscopywith methods desibed in

Chapter 2.

STATISTICAL ANALYSIS

For maintaining the blinding during the analysis the following cedse kept for the
metagenomics and metabolomics analySe8L (Cranberry group at baseline); A_FU
(Cranberry group at follow up); B_BL (Placebo group at baseline) and B_FU (Placebo group
at follow-up). Measures of alpha and beta diversity were determined using Phyloseq v1.30.0
(McMurdie & Holmes, 2012)with specied evel data (where counts

relative abundance across all metagenomes) rarefied to 3,389,582 reads prior to analysis.
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Non-rarefied count data were subject to analygeagkalWallis for differences between
groups, angbaired Wilcoxon rank sum tests for comparisons within controceamberry
groups) using ALDex2 v.1.14(Fernandes et al., 2014o characterize the phylogenetic
composition of bacterial communities in our samples, the adprasity of microbiota othe
separate groupsas compareusingWilcoxon rank sums (pairedyVilcoxon rank sums
analysiswasalsoconducted within groups to detect differenbesnveen baseline and follew

up in relativemicrobialabudanceat the class, order, family, genus and species levels

Urinary metabolites were analysed usimthogonal projection to latent structudgscriminant
analysigOPLSDA) modelsby Prof Jonathan Swann and colleagues. GBRASnodelswere

built in R using the MetaboMate packagkinary metabolic profiles served as the descriptor
(X) matrix and various measures were used as the response eeRCE delay scordaecal
Eggerthellaceaeounts). The predictive ability @¥) of the model was calculated using a
sevenfold cross validation approach. Permutation testing was performed to establish the

validity of the model.

Plasma polyphenometaboliteswere compared between groups at baseline using non
parametric ManitWhitney U analysisMixed linear modelling was used detect within group
differences between baseline and folap;, as well as group x time interactiafgpolyphenol
levels Responders and naasponders were grouped according to whether ghigmificant
polyphenol metabol levels increase¢responderspr did not increasénonresponders)
between baseline and follewp. A chi-squared test was then performed to determine whether
placebo and cranberrgroups significantly differed in their pportions of responders
Spearman correlationgere conductetietweemolyphenol levels anfbllow-up RCFdelayed
score and regiondllood perfusionfrom MRI ASL in regions found to be impacted by the

cranberry intervention in the previous chapter
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RESULTS

MICROBIOME ANALYSIS

Unpaired and/or duplicate metagenomes and those metagenomes-feitth dd/erage lower

sequence coverage than the average across sangpeesamoved from analyses, leaving 28

and 27 paired metagenomes, respectively, for the cranberry and placebo groups. One

participant had 1@old lower sequencing covagethan other samples sothisar t i ci pant 6 s
correspondingpaseline sample were removed from analydedotal, 28 samples from the

cranberry group and 27 samples from the placebo group were included in the analysis.

MICROBIAL DIVERSITY

ALPHA DIVERSITY

KruskallFWallis comparisons for each group (cranberry, plageketwveen baseline and

follow-up determined no significant differences were observed on species richness (observed
species), indicating no major shift in bacterial community richness and diversity following 12
weeks supplementation with either cranberoiea placebo (Figurg.1). However, Wilcoxon

rank sums (paired) showed significant difference in the Shadinersityindex (p =

0.02294) for B_BL vs B_FU, indicating changes in both abundance and evenness of the

placebo samples between baselinefatidw-up.
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Figure 5.1.Estimation of the alpha diversity within faecal samples from the four groups.
KruskalWallis statistics showed no significant differences among groups (FDR < 0.2).
Wilcoxon rank sums (paired) showed significant difference in tla@sn index (P =

0.02294) for B_BL vs B_FU. Cranberry group at baseline: A_BL; Cranberry group at follow
up: A_FU; Placebo group at baseline: B_BL and Placebo group at fopo®_FU.Figure

created byProfessot esley Hoyes

BETA DIVERSITY
As observedn Figure5.2, Bray-Curtis dissimilarity detrended correspondence analysis
(DCA) comparison of microbial communities in the samples did not produce a clear

separation of the samples in the PCoA plots. Further analysis separating by treatment at
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