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ABSTRACT
Strawberries andut Health in Postmenopausal Women
Morgan T MacNeill

The gut microbiota has been implicated in both health and dise&ssuchdiet isa
significant determinant of gut health, whereby diet induced dysbiosis is associated with
cardiometabolic risk. Interestinglg,higher proportion of Firmicutes and a lower
proportion of Bacteroidees are implicated in obesitstrawbery polyphenols have

been shown to reduceardiovascular diseasesk in addition to exhibiting prebiotic
activity by increasing probiotic bacteria in the gaalyphenols have also been shown to
reduce the ratio of Firmicutes to Bacteroidetdherefore, detary modifications such as
strawberry consumption may heimprove healthoutcomes through the gutThe
objective of this study wa® analyze whether 18 freeze dried strawberry powddr1
cup/d fresh)consumptionreducesthe Firmicutes:Bacteroidetes rat@andincreases
microbial diversityand beneficialbacteria like Lactobacilliend Bifidobacterum. This
study was a 5week freeliving diet intervention trial conducted at California Polytechnic
Stae University, San Luis Opand The Eye Btical Center of Fresn®articipants
(n=10) hal a mean ag®f 60.5 + 9.13/ears anchad amean body weight of 74.71 £

10.61 kg. The participants completed -av8ek washout befora 2-week diet

intervention. Participants maintained their normal diet throughout the studyile
eliminating foods high in polyphenols and probiotidpon completiorof the study,
significant differences were found for body weight (p=0.22) or BMI (p=0.26). Likewise,
no significant differences were found for macronutrient, vitamin, or mineral intake
except for sugar (p=0.03), vitamin B12 (p=0.03), and fruit (p=0)0Ba&4dteria

abundance and diversity were not found to be statistically significant following
intervention. Since gawberry supplementation was not associated wattsignificant
change in the relative abundance of bactenidh the dose and duration admistered a
randomized controlled trialvould better determine the effect of strawberry
consumption on gut health.
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1. INTRODUCTION

Recent research has identifieth association between the gut microbiota and overall
health.Known factors such as genetics and lifestyle choices are shown to influence the
composition of the gut microbiotéSpecifically,esearch has shown a significant
relationship between diet andche gut microbida.! Diet affects a variety of variables
related to gut healthFor instance, igt-induced dysbiosis (imbalance of healthy and
harmful gut bacteria) has been linked to atherosclerosis, obesitytype 2 diabetes.
Additionally, esearchhas demonstrated the association between the ratio of the phyl
Firmicutes and Bacteroidetesnd specifihiealth outcomesFor example, aincreased
Firmicutes:Bacteroidete@-:B)ratio potentially contribuesto adiposity through greater
energy harvesandactivation oflipopolysaccharidel(P$accompanied bghanges in

the intestinal barrier integrity

Recent literature ha also identified a relationship between sex hormones, the gut
microbiaa, and their link to various disease states. Specifically, postmenopausal women
see a decline in estrogen as thiegginmenopausé which is accompanied Bn

increased risk for CVIResearch has found that CVD risk may be related to the gut

mi crobiota’s abi ILifestyle chaiceglikealiet enaysexaeehate thisg e n .
process by contributing to a state of dysbiosis, and therefore, resultidgareased
ability to metabolize estrogehAs it stands, postmenopausal women have a high
Firmicutes:Bacteroidetes ratimompared to menand reduced baselinghort chain fatty

acid SCFpmetabolism, both of which may also contribute to the pathogenesis of CVD.



As such, diet, especially fruitékke, may bean effective approach to improve health
outcomesthrough the gutNamely polyphenols found in strawberries have been
reported to stimulate growth of commensal and probiotic bacteria while selectively

inhibiting pathogen growtt¥

Previousdiet intervention trialshave investigated the consumption of variobggh
polyphenolfruit, berry polyphenols and berrieon the human gut microbiota proét1°
whereasstudiesthat assesshe impact of strawberry consumption on the gutyeeyet
to be investigatedThe effect of strawberry consumption on the composition and
diversity of the gut microbiota inverweightpostmenopausal womeis currently

unknown

Given the documented negative impact of lifestyle choices, including diet, on gut
health! and the potential forstrawberryconsumption to mitigate these effectdaily
strawberryintake could be aralternative to expensive treatment methods that can
generateunwanted sideeffects.Thus, the objective of this study is to assess and
determine the effect of strawberryconsumption on thaliversity and composition of the
gut microbiota It is hypothesied that daily consumption of 1§ (~1cupfresh
strawberrieg freezedried strawberry powder will reduce thatio of Firmicutes to
Bacterodetes while also increasing the microbial diversitydthe abundance of several

probiotic bacteria including Bifidobactenm and Lactobacillus



2. UTERATURE REVIEW

2.1 GutMicrobiotain Healthy Individuals

The bacteria that inhabit the gut kathe potential to influence overall human health
and weltbeing. Gut microbes produce large numbers of bioactive compounds, including
vitamins and shorthain fatty acids (SCFAJat promote cellular mechanisms which
maintain tissue integrity.However, wiie a large majority of the bacteria are
innocuousthey may alsglay a role in chronic diseas&sRecent findings have
consistentlyobservedthat low bacterialdiversityis associated wittdifferent diseases

and health conditiongncluding obesityand intestinal inflammatior! As such, e exact
role of the gut microbiota in the onset of diseasatdl being exploredThat is, does
disease precedehanges to tkB microbiota compositior dochanges in the gut
compositionlead todiseaseNonethelessmicrobial diversity has been linked with the
metabolic functions of the gut bacteria, and thus has the potential to influence human

health?!

2.11 Compositionof the human git microbiota

Thehuman gastrointestinal tract represents a langécrobialecosystem, housing
several trillion microbial cellspecifically bacteri#& To date, there ha been over 50
bacterial phyla identified? with Bacteroidetes and Firmicutes representing
approximatelyd0% of the gut microbiofd; Proteobacteria, Actinobacteria,

Verrucomicrobiaand Fusobacteria exist in smaller proportioffsgure 1).24
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Figurel. Predominant taxonomic gut microbiota compositjdtinninella201924



2.1.11 Predominant gut bacteria and their functions

2.1.1.11 Bacteroidetes

The Bacteroidetes phylumake up~23%of the gut compositio?? and includes genera
knownfor their role in human healthBacteroidegapproximately 75% of the
Bacteroidetes phylu?) and Prewtellaare two genera within the Bacteriodetes phylum
which specialize in the nt@bolic conversion of protein and complex carbohydrates (i.e.
plant polysaccharides like cellulose, starch, pectins, and xylans) to their respective
metabolites In addition,the Bacteroidetes phylum are major producers of the SCFA

propionate’’ while someBacteroides spp. deconjugate bile actéls

2.1.1.12 Firmicutes

The Firmicutes phym constitutes~50%80% of the gut microbiot& Notable genera
includeClostridium Lactobacillus, Bacillus, Enterococcus] RaminicoccusClostridium
represents95% of the Firmicutes phyluf Most butyrate productions occurs ithe
Firmicutes phylurf? with several microbial communitiesapableof fermenting
carbohydratego lactate?® For instanceStreptococcus spp. ferment simple sugars into
lactate, and the lactate is converted into propionate by Veillonella®8jhikewise, the
Lactobacillus spgproducelactic acidrom carbohydrate fermentatiomnd

Ruminococcus spp. degrade resistant starch to produce acétate.

2.1.1.13 Actinobacteria
Though the Bacteroidetes and Firmicutes phyla dominate the gut mataytihere are
some phyla present in smaller quantities that play a significant role in human health.

The Actinobacteria phylumomposes-3% of the gut microbiotd andis dominatedby



the Bifidobactenim genus?® Bifidobacterium spp. arpredominantin the infant gut

(90% of total microbiota)andtheir abundancedeclinesto <5% in adult$? This genus
contributes to gut health by producing lactate and acetdteugh carbohydrate
fermentation?® Bifidobacterum ferment non-digestiblecarbohydratesncluding

resistant starch, pectin, inulin, cellulose as weltabohydrates like mucin and human
milk oligosaccharidegroduced by the host® In addition,Bifidobacterum canproduce
vitamin B12and defensive bacteriocitt8 Other phyla represented in Figure 1 (i.e.
Proteobacteria; Fusobacteria; Verucomicrobia) will not be detailed as they are not phyla
and/or include genera that directly relate to the study objectivelsjéctives are

discussed in section 3.1

2.1.2 Functions of the human gut microbiota

Throughongoing researchi is recognized thagut microbial communitiefunction like

an orgarnthat benefit boththe host andthe bacteria®® Collectively, the functions of the
gut microbiota can be broken down into three categories: metaglbiosynthesis,

and effecton the intestinal environmentAs such, the gut microbiota are critical in the
daily functioning 6the human bodyby degradng non-digestible food compounds
synthesizingessential vitaminand SCFAandassisting inproducirg metabolic end
products?® The micrdiota alsostimulatethe host immune system to produce defensive
agents against harmful bacteria, and therefore maintain a favorable environment for

native commensal bacteri#



2.1.2.1 ColonicMetabolism

The gut microbiotglaya significant role in the digestiand colonic metabolisrof

food communds, includinglietary nutrients and phytochemical&or example,
Bacteroides thetaiotamicroproduces a collection of enzymes in a mutiep
degradation of carbohydratéesln additian, bacterial phytasesandegrade phytic acid in
grains which release minerals including calcium, magnesium, and phosphate.
Additionally,degradation of the polysaccharide and protein riohaus layerallow
bacteria to meet their own energy needaile assising in the turnover of the mucus
layer.! Establishing healthy mucus layer has been foundnaintainendothelial
integrity, therefore, preventing potentially harmful gut conditions such as

endotoxemial

2.1.22 Bile acidmetabolism

Bile acidsare needed tdacilitate the absorption of fat, cholesterol, and fsdluble

vitamins from the intestineThebile acids that do not recirculate to the livare de-
conjugatedby gut bacterihbile salt hydrolaseBSH)generating secondary bile aciék
De-conjugation reactions including dihgakylation, dehydrogenation, and

epimerization are performed by, but not limited to, the genera Bacteroides, Clostridium,
and Eubacteriuni® Recent literature hadeterminedan associatiometween bile salt
hydrolaseactivity and control of obesity and hypercholesterolemia. Joyce ébahd

that by elevating BSH, it reduced weight gain, serum cholesterol, and liver triglycerides
by directing expression of signaling pathways known for their role in lipid metabolism,

circadian rhythm, and epithelial cell functiéf.



2.1.2.3 Biosynthesis

2.1.2.31 Vitamin production

Awell-documentedfunction of the gut microbiota is its role in the biosynthesis of
vitamins Gut bacteria like Actinobacteria and Bacteroidetasgenerde vitamin Kand
B group vitamins includinipiamin, biotin,cobalamin, niacin, pyridoxin&late and
vitamin B12%®. Intestinal production of several vitamiinsdividually contributeso a
guarter or more of the suggested daily reference intake. For instance, production of
folate, niacin, pyridoxine, and cobalamin reach 37, 27, 86, and 31 percer# of th
suggestedlietary intake respectivel{? These vitamins participate in numerous
metabolic reactions throughout thedaly, with significant rolesn blood clotting,
hematopoiesisandtissue repaiwhichmaintain healthynervousand cardiovascular

systens.36

2.1.2.32 Short Chain Fatty Acigroduction

Oneof the most physiologically important products of the gut microbiata the SFCAs
produced by microbial fermentation of nedigestible dietary fibet SCFAs provide
energy for colorectal tissues and bacteria and proencé¢llular mechanisms that
encourage tissue integrityThe SCFAsonsist ofacetate, butyrate, and propionate

which collectively contribute to host health through various procesées.

All three SCFAmndecrease pH in the colamhich deters pathogen growttSpecifically,
acetate increases blood flow and oxygen uptake in the c@otsas a cesubstrate to
produce butyrate, and once absorbed, is an energy source for muscle andissaie?®

Propionate prevents proliferationf and induces apoptosis of colorectal cancer cells,



interacts with the host immune systermpromotes satietylowers blood cholesterol
levelsand improves insulin sensitiviy In a human studyinulin-propionate ester
significantly increased postprandial plasma PYY anelGami over the course of 24
days, propionate supplementatiagignificantly reduced weight gain, intelodominal
adipose tissue distributiorandintrahepatocellular lipid contentPropionate also
preventedthe declinein insulin sensitivitghat wasobserved in the inuliicontrol

group.3® Epidemiological evidencalsosuggestshat propionatecan travel through the
circulatory system to impact immune function and inflammation in peripheral tissues
such as the lungLastly butyrate stimulates the absorption of wateand sodiumin the
colon, educes oxidative stressprevents colon cancer anmblitis, and improves gut
barrier function by stimulating mucin formation, antimicrobial peptides, and tight
junction proteins?® These effects may reduce the likelihood of endotoxesfiauld any
pro-inflammatory substances leak acrase gut barrier3° Butyrate also acts to increase
host insulin sensitivitpy stimulating thereleaseof gastric inhibitory polypeptide from
enteroendocrine Keells3® Metabolically,both butyrate and propionatecan regulate
energy intake, expenditure, and storagediymulating thereleas ofthe satiety
hormones glucagotike peptide 1 (GL-R) and peptide YY from enteroendocrinedils,

therefore encouraging satiatiof#.°

2.1.2.4 Effect onthe intestinal environment
Another vital role of the gut microbiota is protecting against pathogen colonization and

maintaining a healthy gut environmeft Themicrobiotaachieve thidhhomeostasis



through competitive metabolic interactioyrecruiting host immune responsgand

encouraging vascularization

The gram negative and gram positivative commensal bacteria deter pathogen growth
by producing bacteriocins and proteinaceous toxins that inhibit members of the same
bacterial specied-or instanceE. colican produce bacteriocins when it needs to fend off
the related pathogen enterohaemorrhadic coli** Commensal bacteriand SCFAsan
also alter the pH of thgut environment to a level that prohibits pathogen colonization.
This allowghe commensal bacterito occupy intestinal nicheascolonization sites that

couldotherwise be filled by pathogenic bacteda.

Additionally, the commensal bacteria fend off pathogens and encourage epithelial
integrity by communicating with the host immune system. Since the lining of the gut is
the largest surface area in gtact with exogenous antigens, the gut microbiqgtay a
central role in mucosal immuniignd potentially preventing bacterial translocatiéh
Researclshows thatthe commensal bacteria promotpithelial barrier function by
synthesizing antimicrobial peptidessultingin fewer scenarios of pathogen
transbcation 3! Over time, the presencef commensal bacterienay result in decreased

incidence ofpathogen associatedisease.

Research has also investigated the role of the intestinal bacteria in vascularization.
Stappenbeck et acompared gerrdfree mice anB. thetaiotaomicrorcolonized
transgenic mice witPanethcells and found that the bacterghaped the development

of the intestinal villus microvasculature througanethcelldependentinteraction®

10



This study emphasieshow the gutmicrobiota may better promot@bsorption of

nutrients through increasedascularization.

2.1.3 Gut associatedlisease states

Through their many functions, gut bactehave the capacity to help or harm the human
body. Small disturbances to their environmenand thereforethe gut ecologycan result

in systemic complications for the humaost As such, dysbiosis and low diversity have

been associated witkiarious disese states

Thediversityof the gut microbiota has been associated whtliman healtt?*! A healthy

gut microbiota is characterized by high diversity with the ability to resist change under
stress,while lower species diversity and fewer beneficial microbes and/or presence of
pathobionts are associated with diseas@ut microbialdiversity, measured via

intestinal biopsies or fecal samplés the number and abundance of distinct typss
organisms found in the gastrointestinal traatd can be diined three ways*? Alpha
diversity is the average species diversity in a habitat; beta diversity is the diversity of
species between two habitats; gamma diversity is the total diversitylafdscapeand

is the combingon of alpha and beta diversiti.

Wong suggests that one advantage of having a greater microbial diversity could be to
guarantee that metabolic functions are unaffected by changegitrtomposition,
whereby select microbes with similar functions can fill indthrer microbes when a

certain metabolic task needs to be perform&d/aldeset al. proposedthat diversity is a
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good indicator of a heal thy gut’ in t

compensate for missing speci#s.

When the composition of the gut microbiome is altered, such as a reduced diversity, a
state of dysbiosis is preserdran imbalance of helpful and harmfoécteria®* Low
diversity can reduce resistance to pathogenic bacteria colonization, resulting in the
expansion of harriul bacteria®® Low diversity may alsimit production of SC&s since
less bacteria of different types are available for fermentati®mhis dysbiosis mafprm

the basis dr the pathogenesis of disorders such as atherosclerosis, IBS, diabetes, and
obesity? Notably,the imbalance ofFirmicutesand Bacteroidetes has been a point of
interest in gut esearch as varying levai§their abundance is associated with several
diseasestates*’*8namely obesityThe ratio of Firmicutes to Bacteroidet@shealthy
infants, adults, and elderlgre reported to bed.4, 10.9, and 0.6 respectively.
Conversely, the F:B ratio varies amatgse and lean individual&ith some studies
reporting an increased F:B ratiio obesity*®°0-5while others report the opposite
relationship®? Still, other studies have not found a correlation between BMI and the
reported F:B rati®3 Whilethe ratio of F:B has been quantified in healthy populaticas
taxonomic signature has yet tekestablished for unhealthy populatiotisiue to

interindividual varability from differences in diet, lifestyle, and other factors.

2.1.3.1 Atherosclerosis
Dysbiosidias been identified as a strong risk factor for atherosclerspiscifically
throughthe production oftrimethylamineN-oxide TMAQ.2? TMAOQinhibits reverse

cholesterol transport ands formed from trimethylamine (TMA) which ispaoduct of

12
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gut microbial degradation of dietagrecursors likd-carnitine and

phosphatidylchohie.>* TMA is converted into TMAO in thiger by hepatic flavin
monooxygenase 3 The gut microbiotdhat are thought to be involved in the initial
conversiorof I-carnitine and phosphatidylcholine to TMA incluglenera from the
Firmicutes and Proteobacteria phyla including Clostridium spp.,Escherichia fergusonii,
and Edwardsiella tard@ Furthermoreg foods high in levels ofdarnitine and
phosphatidylcholinesuch asheese, safood, eggs, and red meatan accelerate the
development ofatherosclerosishrough microbial TMAOproduction*® Gut microbiota
mediated therapy has been proposed as one strategy to teitrehibition of microbial
TMAO synthesi& In this way, the gut microbiothehavesasa potential preventive

agentof disease

2.1.3.2 Type 1 andlype 2 Diabetes

The gut microbita has also been implicated in other metabolic diseases, specifically
diabetes.A study by Larsen et alompared the composition dhe intestinal microbiota

in type 2diabetics versusan-diabetics?’ Theresults found a significantly reduced
(p=0.03)abundanceof Firmicutesn the diabetic group (36.8% mean) compared to
controls (56.4%), while Bacteroidetes was increased but not significantly in the diabetic
group.*’ Similar results were captured in a study comparing childvith type 1

diabetesto healthy childrenThe ratio of F:B in diabetic children (0)6&as significantly
lower (p=0.001) than in healthy children (0.97Both studies found that the F:B ratio
correlated negatively and significantly to plasma glucose level and concluded that this

ratio could be implicated in the glycemic level of the diabetic individuals.
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2.1.3.3 lIrritable Bowel Syndrome

Altered gut communities aralsoseen in irritable bowel syndrom@BS)In a review,
Collinset al.discussedh variety of tudiesthat repeatedly indicatedin association
betweenIBS bacterial dysbiosisandaltered ratios obacteria specie®’ For example,
whengermfree animalsvere colonizedwith fecal bacteria from patients with £8
compared to healthy contro]st resulted in maintenanceof IBS symptoms the germ
free animal. The microbial dysbiosis of the IBS gut microbi@ar(ore sulfatereducing
bacteria and less Bifidobactam) along withhypersensitivity to colonic distension were
maintained®® In addition, gveral studies hee seen an increase the phylum

Firmicues and a decrease the genusBacteroides in IBS patieritsinterestingly,
triggers such as infection, stress, andibmtic use initiate dysbiosis, which can alter the
gut microbiota and may account ftiie characteristic symptoms of IBS over tifie.
Presence of IBS has implications for overall headtkhe condition may impact
absorption of nutrients from the dietuch that vhen the gut microbita is disturbed,

the body may become less efficient at converting food to usable products.

2.1.3.4 Obesity

Alterations in he human gut microbiothas alsobeen identified asrisk factor for
obesity, however, there is debate as to what capacity the gut microbdotatributes to
the pathophysiologyf obesity.That isdoes obesity result frommhanges in the gut
microbiotaor does an obese statuater the gut microbita? Nevertheless,everal

mechanism$iave been proposetb account for this observatiar(1) increasedenergy
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harvesed from the diet; ) andchanges in the intémal barrierintegrity linked to

lipopolysaccharid¢P$3

In general, resealtindicates that there may benaassociatiorbetween theefficiency

of the gut microbiota teextract energyfrom the diet and the development of obesity
Turnbaugkhet. al.tested the mechanism behind this observation and fotmat when

an obeseamicrobiota wascolonized into germiree mice, it resulted in a significantly

greater increase in total body fat An increased concentration of butyrate and acetate
were also seen in the gut, which was accompanied by significantly less energy remaining
in their stools relative to the lean controlBurther, e obese microbiome had a

substantial increase in genes thencoded enzymes involved in the breakdown of

dietary polysaccharide¥.A siggested mechanistiat linked the guimicrobiota tothis
observationincluded provision of additional energy via conversion of dietary fiber to

SCFA®

Further, ahumanenergy balancstudyinvestigatedhow diets that varied in caloric
contentimpact the gut compositionResearchergound that alteration of the nutrient
load (2400 kcal to 3400 kcaksulted in rapid changes in the guicrobiota A20%
increase irHrmicuteswas associated with an increased energy harvest of ~158kchal
a20% increasé Bacteroidesvas associated with decreasedenergy harvest of

~150kcal suggesting the gut micrthdniest®® a’ s rol e

Another proposed mechanism that links the gut microbiota to obesity is the presence of

gut microbiota derived LPSLPS is an inflammatory cell wall constituent of Gram
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negative bacteathat, when released due to cell division or deathntrigger an
inflammatory cascade through Tdike receptor4 (TLR4)CD14, or Nk B’.Concerning
obesity, a hypothesis is that when LPS leaks into circulafioR4 activates pfo
inflammatory pathways where cytokine expressinduces altered metabolic function
in adipose tissu€? Evidence of this interaction has been explorednimals and
humans.Forexample,infusion of LP#icreasel adipose tissue, insulinemiand liver
insulin resistancén mice®? Additionally, iromen, intestinal permeability correlated
with visceral adiposity which was proposed to be related to®€IF8rthermore, a
positive correlation between serum LPS and Bhth triglycerides, and central
adipositywas seen in young obese subjett3.ogether, hese findingestablish the
possiblerelationship between LPS and obeslkiowever, sice thereremainquestions
relatingthe gut microbiotato health outcomes, it becomes increasingly more important
to assess how both nemodifiable and modifiable factors like diet can alter the gut

composition.

2.14 Factors that influence the gut microbiota composition

As previously mentionedhe gut mcrobiotaseemsto behave lkea f | ui d ‘ or gan’
continuously adapts to its environment. As such, there aremalifiablefactors like

genetics, age, and hormoneasd modifiable factoréike antibiotics, smoking, exercise,

and dietthat contribute to its compositiomnd associated functions

16



2.1.4.1 Non-modifiable factors that influence the gut microbiota

2.1.4.11 Genetics

While there is intraindividual variability microbial communities, the human
microbiota is generally stable at the phylum level with variation in phylum proportions
between individual#2 As such, genetic factocmngovern these individal differences
seen in the microbial populations. In a metagenomic study, researchers comared
pair microbiotas across 1,000 fecal samples from the Twisbpulation. The study
identified a variety of microbial taxa whose abundance was influencdtbbly
genetics3®indicating a link between host genetics and the gut micrabidleverthdess,
the Bacteroidetescommunity was found to be shaped mostly by environmental
factors®® This suggests that some bacterial species arenedtable andare likely

influencedby other factors

2.1.4.12 Age
In addition to genetics, the composition of the microbicteanges with agé~igure 2)
Microbes begin to colonize the gut shortly after biethd the bacteria continue to
develop during breastfeeding as tloé#gosaccharides in breast milk encourage growth
of Lactobacillus and Bifidobactem.! Once the baby switches to whole foods, the
bacteria population shifts to favor bacteria that are needed to utilize fiber and other
nutrients present in adult dietike Bacteroidetes and FirmicutésWhile a variety of
factors govern the composition of the gut microbiebacluding genetics, puberty,
ovarian cycle, pregnancy, and menopausgeisindependentlyassociated withthe

abundance of particular bacterfa
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The gut microbiota omhifants (3wk-10mo), adults(25-45yr), andolder adult(70-90yr)
populationswere sequenced with the following resultgie infant gut microbiota was
dominated by Bifidobactewnm (Actinobacteria phylum}he adult gut microbiota was
dominated by Firmicuteand Bacteroidees, andthe gutmicrobida of older adultsvas
dominated byBacteroidetesand Firmicuteswith a signifcantpresence ok. coli
compared to adultd® TheBacteroideggenus abundance wasjuivalent in all age
groups*® Total bacteria count was significantly lower in infants than in adults and
seniors.Regarding the elderly populatiothe gut microbiota of 17 individuafsom a
geriatric departmenshowed that the proportion of Bacteroidetes was significantly
higher than in younger adufidwith similar findings reported by laesson et &
Reasons for the shifts seen in dominant bacterial spewiesinclear, but living situation
(i.e.longterm care vs. community dwellinggltered diet! changes in digestive
physiologyandreduction in transit time and digestivaecretionshavebeen

postulated*®
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2.1.4.13 Interaction between sexelated hormonesand the gut microbiota

Il n additi on t omawigleence the gptenicrebi@nCorssidesirgy the age
related decline in sex hormones in both men and women, researchers have investigated
the relationship between estrogen and the guicrobiota. Santoélarcos et al.

analyzed the gut microbiota in 17 premenopausal and 20 postmenopausal women and
matched the two groups with men by ag&esultsshoweda higher Firmicutes

abundance in postmenopausal women versus premenopausal women, with a higher F:B
ratio in postmenopausal women versus men. In addition, estradiol levels positively
correlated withvarious bacteria classes and families. Interestingly, the researchers
observed a lower relative abundance of SCFA producing bacteria, with lower butyrate
and propionate metabolism, in postmenopausal versus premenopausal wéihleis

has implications for women’'s health as SCF

19



health. Teixeira et al. found that adtier level of fecal SCFA in women correlated with
metabolic syndrome risk factorsgith the authorssuggesting that increased colonic
fermentationmaycontribute to obesity?® However SCFAs hawasobeen shown to
regulate metabolic homeostasis through AMBtivated protein kinas@ while reducing
postprandialfree fatty acidsand increasing satiety hormonésTherefore, it is unclear
whether SCFAs contribute to metabolic riskhavethe opposite effect by regulating
appetite and energy homestasis Nonetheless, lte researchers concluded that the
differences in gut composition between men and wonveere influenced by hormonal
status in women, and these differences may influence incidence of metabolic disease

and their varied prevalence in men and women.

Interestingly, not only has estrogen beassociated witlthe gut microbiota, but recent
studies have shown that the gut microbiota is related to the development of3CVD.
Research indicates that a transfer of fecal microbiota induces metabolic disease and
obesity3’ The literaturealsosuggestshat an associatiomxistsbetween metabolic risk

and gut microbita changes in postmenopausal womé&tin one study, fecal DNA from
obese postmenopausal women were analyzed and a systematic search was performed
for bacterial genes associated witterkers ofinsulin resistance, inflammation, and lipid
metabolism Researcherfound that 114 metagenomic speciesrcelatedpositively or
negativelywith the previously mentioneanetabolic markerg? The authors also found

that diet modulatedbeneficial bacteriand emphasized the importance of focusing on

diet when studying the link between gut microbiota and metabolic markers.
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As it relates to CVD risk in generagimen tend to experience weight gain, particularly

in visceral adipose tissue, a few years prior to menopdgsith postmenopausal

women experiencing greater intrabdominal fat versus prenenopausal womeri? This
physiological change coincides with losing 80% of their estrogen per year beginning the
first year of menopausewhich is accompanied by shifts in adipose tissue deposition

and expansiori* Deposits of fat, especially in visceral adipose tissue, correlates to
increased circulatig adipokines which are implicated in insulin resistance and €X®.
such, women exhibit Iger risk for metabolic disease as they age and with the transition
to postmenopausal statdsvhichis proposed taesult from reductions in circulating

estrogen®

As such,lte association between estrogen and metabolic risk may be explained by its
interaction with the gut microbiotaThe gut microbiotasecreteg3-glucuionidase which
convertestrogengo their deconjugated fornf.Theestrogen then interacts with

estrogen receptosto elicit downstream effects restiftgin physiological changém the
uterus, ovaries, bone, breast, liver, muscle, white adipose tissue, and ¢dloeffect,

the gut microbiotaencouragegstrogen homeostasidf gut dysbiosis and low gut

diversity occur, a reduction in estrogen metabolism is possible due to a lack of estrogen
metabolizing bacteri& Furthermore, a dysfunction in these physiological responses
could contribute to disease states including CVD, obesity, MetS, endometriosis,
polycystic ovaryymdrome, and breast cancéProposed mechanissfor some of these

conditionsincludelow gut microbiota diversity and low circulating estrogen leVels.
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Of interest phytoestrogers may be able toeduce the risk of developirgpme of these
conditions as they are a ligand for estrogen recepfoksrecent article by Chen et al.
explained that the microbiota can metabolize estrogé® compounds to their active
form, and these compounds camcourage proliferation of certain bacteria typ&s.
Phytoestrogenc foods,including soy and ligninaye alsoshown to improve weight gain
and are associated with a lower rate of overweight and ob€e8ithus, phytoestrogens

may play aole in preventing MetS through gut transformation.

Furthermore,based on metagenomic analysis and the observed link between a decline
in estrogen levels and metabolic healgfgstmenopausal women appear to be at an
increased metabolic risk through botltered gut composition changes and the decline
in estrogen that may be exacerbated by dysbiosis. Additiorsaflge a sedentary

lifestyle, poor diet, and decreased mobility promote overweight abdsity,and
combinedwith decreased estrogen levels in postmenopausal women, this age groups

becomes a target fogut dysbiosis, MetS, diabetes, and CVD

2.1.4.2 Modifiable
Of the factors that influence the gut microbiota, there are a few that may be modified.
Such factors include the use of medications, especially antibiotics, smoking, physical

activity level, and diet.

2.1.4.21 Antibiotics
It has been well establisheddhalthough antibiotics are critical for killing harmful

bacterig beneficial bacteria are often destroyed along with the harmful bacteeimg
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targeted by the antibiotics. Use of antibiotics can suppress the commensal microbiota
community within thegut along with their resistance against pathogens. This provides
an opportunity for pathogenic bacteria to colonize the gastrointestinal tta€ine

deadly complication that can arise from antibiotic treatment is Clostridium difficile

associated diarrhea, resulting in decreased microbial divetity.

2.1.4.22 Smoking

Smoking has also been found to alter the gut micrtbi€apurso et al. found that
smokingwasassociated with amcreased rate of C. difficile infectiovhile smoking
cessatiorcorrelatedwith increased microbial diversiyf The authors note however,

that confounders such as diet or an increase in body weight could have accounted for

these change$’

2.1.4.23 Exercise

While antibiotics and smoking have been negatively associated with the camopas

the gut microbida, evidence suppogthe positive role of exercise in gut health. In a
mouse model, Luo demonstrated that moderate exercise increased gene expression for
antimicrobial peptidesaccompanied by bbwer degree of intestinal permeability and
bacterial translocatiori® Further, Mika et al. dewnstrated that the onset of exercise
increased Bacteroidetes and decreased Firmicutes, a ratio associated with ledhness.
Interestingly,O’ S u |l | iexptaimshat the vadus nerve controls gastrointestinal
inflammationandexerciseinducedactivation of the nerve may encourage an anti
inflammatory environment in the g Therefore exercise magfluenae the quantity

and quality of the gut microbiota compositiéh.
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2.1.4.24 Diet
The diet is among the most powerfafluencersof the gut microbiota compositiorthe

following section will detail its impact on the gut microbiota.

2.2 Dietary Effects on the Gut Microbiota

Due to the diverse and variable diet of the average human, the gut microbiota must also
diversifyto satisfyta body’' s metabolic needs. As such,
in the human gut is due to the microbial enzymatic capacity required to degrade
nutrients! For instance, adequate insoluble fiber and nitrogenous protein consumption
encouragebacterial fermentation in order to produce SCRAglditionally, detary

intake appears to be a significant shaahd longterm regulator of the composition of

the gut microbiotaf! However, only a small number of randomized controlled dietary
intervention trials have been conducted in humans, of which, diets rich in, fihet,
andvegetables are associated with gut microkaativity that are linked to health
benefitsincluding increased abundance of probiotic bacteria and decreased intestinal
inflammation?? Thus, research seeks to isolate specific dietary patternisiticeease

microbial diversity while discouraging dysbiosis.

2.2.1 Flexibility ofthe gut composition

Diet can selectively and quickly alter the gut microbiota composition withys.One of

the few studies in this area was Bavid et. alwho demonstated how the gut

microbiaa can be rapidly alteretly diet®! For five consecutive daysach participants
consumed two dietsa ‘ gblaasretd di et 'legumies; fhuitsjand vegetabies) s |,

and an-b‘asreidmalli et r i ¢ch i .A7he amgmaltdist obsenvgdyas , and
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signi f i c a n-diversity ater a single dayutrthe But microbiota reverted to
their original structure two days after theet intervention ended! This study showed
that the human gut microbiota can rapidly switch between herbivorous and carnivorous

bacterial profilesn orderto maximize nutrient utilization.

2.2.2 Diet-inducedmicrobial diversity

Diversity has been associated with different diet patterns.ifstance, individuals
consuming a planbased diet versus a meatised diet are shown to have a more

diverse fecal microbiota compositidrin fact, the phylogenetic diversity seen in the
human gut is as follows: herbivore > omnivore > carni$éf@onsunmg a complex diet

may increase levels of different types of bacteria and therefore increase SCFA
production#® With these considerations, #diet-inducedimbalance occued, the

microbiota can adapt, and the host will be less susceptible to disease and more resilient

to stress?

2.2.3 Diet-inducedmicrobial dysbiosis

Normally, the gut microbial communities are in syiogis with the host and perform
their physiological functions. Howeveliet can lead to microbialysbiosisn the gut
Diet-induced dysbiosis associated with disturbed gut barrier functions, increased gut
permeability, and increased plasma LPS conegions, leading to lovwgrade

inflammation that is associated with diseases such as obesity and &S,

Regardingliet-induced dysbiosjgonsuming excess dietary fatshown toexpose the

body to potentially preinflammatory free fatty acids which caiter the gut
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composition andncrease plasma LPSMice fed a higHat diet sawincreased plasma
LPS concentratiohy favoring the growth of certain Granegative bacteriaesulting in
increased liberation of LEP3Dysbiosis frontdecimation of Firmicutes and Bacteroidetes
was associated with a disrupted intestinal barrier and LPS lea@agss the gut wall

due toreduced tight junctions or carried with fat that was absorbed from the®ut

2.2.4 Diet, Obesity, and the Firmicutes:Bacteroidetes ratio

As mentioned previously, the human gut micrditcs composed 050-80%Hrmicutes
and~23%Bacteroidetes An enlarged Firmicutes and reduced Bacteroidetd® (F:B)
seemtor epresent the ‘bacterial tYAasdchmar k'’
human and animal data support the theory that an increased ratio of Firmicutes to

Bacteroidetes may contribute to the pathophysiology of obesity.

At baseline, gnetically obese mice are observed to hawere Firmicutes than
Bacteroidetes compared to their lean counterpattdn order to support this
observation as well as exclude that this ratio is restricted to genetically obese mice,
studies have characterized the gut microbiota of highfed mice. Murphy et al. found
an inceased Firmicutes and reduced Bacteroidetes proportion in mice fed a high fat

diet.5° Similar findings were observed in two other hifgh diet mice trial*°2

In humansadult female monozygotic and dizygotic twin pairs concordant for leanness
or obesiy revealedthat the obesegut microbiotawasassociatedvith significantly
lower Bacteroidetesaind decreased diversifi?.This observatiorwasanalyzedn adiet

andweight loss study with obese individuako were assigned to one of two low
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calorie diets: fat or carbohydrate restricté8 At baseline, obese people had fewer
Bacteroidetes (P<0.001) and more Firmicutes (P=0.002) than the lean coAftels
calorie restriction, ander time, Firmicutes decreased significantly (p=0.002) and
Bacteroidetes increased significantly (p<0.0@l9bese participantsThe resultshowed
that irrespective of which two diets were assignétke lower FBratio correlated with
weight loss*® This study indicates that certain bacteria may be implicated in obesity,
and that manipulating the gut communities could be one approach to addressing

obesity.

In addition to the observed variation in the F:B raticedo calorie restriction, iet

pattern variationsare shown tacorrelate with changes in the microbiota. For example, a
lower ratio of F:B was observed in children from rural Africa consuming alpdeseid

dietary pattern versus European children consugninwesterrstyle diet®’ The authors
speculated that this change may be a mechanism to maximize energy uptake from their
fiber-rich diet®’ This finding may explain why high fat digtanice correlated with

higher Firmicutessincethe Bacteroidetes phylum specializes in fiber degradation.

While substantial evidencieom robuststudiessupport the association between the F:B
ratio and obesity, conflicting reports exist in the literature. Schwiertz et al. characterized
the fecal microbiota of overweight, obese, and lean adults and fabhatiwhile the

total amount of SCFA was higher lretobese group, consistent with the obesity
hypothesis, they founa significantly higher abundance of Bacteroidetes than

Firmicutes in overweight and obese subjects compared to lean sulSfdatsddition

one study found thathe F:Bratio didnot have a function in determining obesitgt
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least at the phylum level, between lean and obese individefdfsirther, he obesity
associated Western digthas been shown to increase the Bacteroides genus within the
Bacteroidetes phylunf® but evidence alsshowsthat obese individuals have a high

baseline F:B ratié?

While research has founchaassociatiorbetween the gut bacteria composition and
obesity, it is difficult to draw conclusions due to conflicting evideAsesuch, the link
between obesity and the gut microbiotaaybe more complicated than a shift in the
Firmicutes:Bacteroidetes ratiGherefore, since the link between the microbiota and
obesity is inconclusive, it may be beneficial to examine how dietary patterns as a whole

impact the gut to determine if an assoti@n persists across lifestyle factors.

2.25 Dietpatterns

2.2.5.1 Westerndiet

The Westernlifestyleis often characterizetly high fat and high sugar consumpt#én
with a high incidence of chronic diseasecluding CVD and type Il didabs. Diet and
gut healthstudies have linked the Western diet to unfavorable changes in the gut
microbiota.In addition to the effects of highat diets alreadydiscussegthey can
increasemicrobial production ofleoxycholidile acid(DCAkoncentrations®® which isa
compoundassociated withiver cancer®® Further, DCAvasshown tosignificantly
increase Firmicutes while decreasiRgcteroidees,’® similar to those observed in mice
fed highfat diets Diets high irsaturated fathave also beefound to increase numbers
of pro-inflammatory microbedike Bilophila wadsworthi&” Additionally, fat in lard form

increased toHike receptor activation and impaired insulin sensitivity versus
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consumption of fish oil in mice. The authors conelddhat an interaction between gut

microbiota and the saturated fats led to these metabolic effééts.

2.2.5.2 PlantBased

Compared to the western diet|gnt-based diets are favored as they tend to produce
end products like SCFAs that assist inagut overalhealth.Vegetarian and vegan diet
studieshavesubstantiated thebenefits of plantbaseddiets. In apooled analysisf 5
cohort studiesmortality from coronary heart diseas€CHD was reduced 24%h
vegetarians compared with nevegetarians! As suchplantbased diets may confer
health benefits througimodulationof the gut microbiota. A greater abundance of
Bacteroidetes with a lower abundance of Firotes was observedshenconsuming a
plant-based diet versus consuming a typical western #fi€@onverselycompared v a
Western diet a Japanese dieti¢h insoybean, radishes, cabbage, fish, seaweed and
green tea) resulted in lower counts of Bacteroideneraand higher counts of
Lactobacillus® Similar findingsvere observed in those following a vegetarian and vegan
diet versus a omnivore control dietboth intervention groups saw significantly lower
Bacteroides and Bifidobacteriuoounts,andvegans had significantly lower E. Coli and
Enterobacteriaceaeounts® The discrepancy seen in thesknt-basedstudies maybe
explained by host genetics, different methodologies, or different microbiome profiling
techniguesNonetheless, this datmdicates that different diet patterns, specifically a
plant-based patternhave the capacity to alter the gut microbiotahichmay or may not

be related to positive health outcomes like reduced CHD
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2.2.5.3 Mediterranean

BEvidence also reveals that the Mediterranean diwedy confer benefits to the hosby
alteringthe gut bacteriaAs adiet that is plantbased the Mediterranean diets
encouraged as a healthy eating pattemestablish and maintain good heart heak¥}.
Emphasiss placed orconsumng highfiber, vegetablesfruit, grains fish and poultry

and minimizingntake of ed meat dairy, and sweetd-urther, saturated fat intake
should be limited in favor of monounsaturated fatty acids and polyunsaturated fatty
acids!®One study found thavegan, vegetariarand omnivore participants whose diets
aligned with the Mediterranean diehadincreasedecal SCFAg$-irmicutes and
Prevotella(Bacteroidetes phylumvhile lowadherence to the diet was associated with

elevated TMAQ0!

2.2.5.4 Probiotics

Probioticsare live bacteria thgtonce consumedyenefit the host by colonizing the gut

and exertinghealth promoting functionsProbiotics argrescribed to aid in restoring

gut ecologyin diseases such #BS, IBD, enterocolitis, and infectious diarrh&a/arious

Lactobacilli andBifidobaderium strains are recognizeas probiotic ageis and are

thought to restore gut health®2 Thaér mechanisms vary depending on the strain of

bacteria and the disease in which it is used to treat, and include maintaining host

microbe interactions and pathogen growth, mucus secretion from goblet cells,

maintaining epithelial barrier integrity, and prodimg antibacterial factorgcluding
activation of the ho ¥inayplacabdcantdllédraredoniizedmune s

controlled trial (RC7, 60 overweight healthadults consumed probiotics with various
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strains of Bifidobactenm, Lactobacilli, and Streptococcus, which resulted in increases in
concentration of the same bactert&3 Additionally, yogurt with protwtic strains of

bacteria reducd counts of enteropathogenic E. coli and Heliobagtglori in-vitro.104

2.26 Fruit

Plantbased diets arshown to significantly alter the gut composition, and a large food
item consumed in a plarbased diet is fruitFruit is currentlythe second most popular

food item in the USandby sales alone, berries, apples, bananas, grapes, and citrus rank
in the top fivehighest grossing fruits, with berry sales ranking the highest at $3.02
billion.1% Compared to other berries, strawberry consumption is much greater with an
estimated per capita annual consumption of 7.9 pounds per Y&aNith increased
accessibilityand per capita consumptigrhigh levels of vitamins, minerals, and
antioxidants, fruit has the potential to be an effective approach to improving health

specificdly through the gut

Gut health has been associated with the cor
probiotics, prebiotics, and polyphendl¥.As such,@search hamvestigatedhe effect

of berries and berrpolyphenolson the gutas theyhave receivedttention as

antioxidants with properties to prevent chronic dised8&Thegut bacteria convert

polyphenols into activand bioavailable metabolites, suggesting that variations in the

gut microbiota can affect polyphenol activi#§and thus may haveshort andlongterm

impact on human health
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2.2.6.1 Previous work: polyphenols and gut health

While relatively low in polyphenols compared to strawberries, several studies have
assessed the potential foron-berry consumer fruits to modulate the gut microbiota.
Shindhara et alfound thatconsunption oftwo apples per day increadé.actobacillus
and Streptococcusvhile C. perfringensnd Enterobacteriaceadecreased:? Oranges
and banams have also been identifieds a fruit with the ability to beneficially alter the
gut microbiota. In a SHIME (Simulator of the Human Inteshiiedobial Ecosystem)
vessel, Duque et. dound that fresh orange juice significantly increased commensal
bacteria speciedrom generalLactobacillus, Enterococcus, Bifidobacteriamg
Clostridium)while reducing Enterobacterig.Mitsou et al. assessed the impact of
bananason the gutmicrobiotaand found that 60 daysf banana consumptioresulted

in a nonsignificant increase iBifidobacteriumlevels in the banana grous.

In addition to whole norberry fruit, two studieshaveinvestigaed the influenceof red
wine polyphenol®n the humangut. QueipeOrtunoet al.had 10 healthy merconsume
272 ml a day of red wing797.86mg gallic acid equivalesfGAE] ofotal phenol9, de-
alcoholized red win€733.02GAE ofotal phenols) or gin, eachior 20 days’ Red wine
polyphenolssignificanty increasel ProteobacteriaFusobacteria, Firmicutes, and
Bacteroidetes, while the dalcoholized red wine increased Fusobacteria but
significantlydecreased Firmicutes and Bacteroidet&éheauthorsconcluded that red
wine polyphenols exhibit a prebiotic effect. Moreover, changeshimlesterol and €
reactive protein concentrations were linked to changes in Bifidobaateriumbers.®

With the samediet supplement but in participants with MetSvloreno-Indiaset al.
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found thatred wineand dealcoholized red wineconsumed for 30 days each
significanty increased the number of Bifidobactam and Lactobacillus while
decreasindacteroidesE. coljand Enterobacter gp!° The polyphenolslso improved
various meabolic markersTheauthorsconcludedthat the changes in théetS
participants g ut mdouddrbe respangibée for the improvement in the MetS

markers?0

Polyphenols in the form of fruit extract&n alsampact the gut microbiotaMolanet al.
assignedhirty healthy men and women to consurbdackcurrant extract powder with
lactoferrin and lutein or to consume only blackcurrant extract powder in capsule form
four times per day for two weekd.Both forms of blackcurrargignificanty increasel
Bifidobacterum and Lactobacillipopulation sizesvhile Clostridium sp. and Bacteriodes
spp. decreased significanththeauthors concluded that blackcurrant powder can act as
a prebiotic!! Similarly,in a controlled trialLiet al.instructed20 normal weighthealthy
male and females to consume a daily dose of 1000 mg of pomegranate gx8acing
GAE of total phenolsgquivalent to 8 oz of pomegranate juice, for 4 we&ks
Consumption of pomegranate extragignificanty increagd Actinobacteriawith a
significant decrease iRirmicutes The authors proposed thahese results may have
implications in weight maintenance and insulin resistangehanging the ratio of

Firmicuteso Bacteroideted?

Numerous studies have investigated tbiect ofwhole berrieson the composition of
the gut microbiota. Specificallygd berrieshave been analyzed in several controlled

diet intervention trials Vendrameet al.investigated the daily consumption of a wild
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blueberry (WB) freezdried powder drinkn aRCT, crossovetijet intervention.1®
Twentymale volunteers with at least one risk factor for CVD conslian250 mL WB
drink (259 of WB freezdried powder 375 mg anthocyanin®r a placebo drinfor 6
weeks Blueberrypolyphenolssignificanty increasel Bifidobacterum spp.after the

blueberry treatmentwith increased.actobacillus acidophilwfter both treatmentst!®

In anotherdiet intervention Igeet al.assigneddur female volunteersdo consume 600
ml of blueberry puree per day for 29 daysBeforestool analysis, the samples were
incubated for Lactobacillus spgnd Enterobacteriaceae spp. The authfingnd that
consumption of blueberry yiree resuledin new strains of Lactobacillus bacteria while

other Lactobacillus strains resisted the antidant properties of the blueberry.

In addition to blueberries, raspberriesVealso been targeted as a fruit rich in
polyphenols with the potential to impart health benefits through the duata freeliving

diet intervention trial,Gillet al.instructed10 male participants to consume 2Qf
raspberry pureg296 mg gallic acid equivalen{®r day for 4 day¥® Following stool
sample analysis, it was observed that the raspberry supplementation resulted in small,

yet insignificant changes to the microbiota compositién.

In addition to assessing the impact of single fruits on the gut microloimtaposition,

one researcher investigated theynergistic effect oh combination of wholeed berries

on the gut. PuupponerPimiaet al.assigned 32 male and female participants with MetS
to consume eitheB00g of fresh berrie§70.7 mg anthocyaning€omprised of 100y

strawberry puree, 100 g frozemaspberriesand 100 g frozen cloudberries to restrict
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berry consumptiorfor 8 weeks'® Participants maintaied their habitual diet but
restricted consumption of berries to 8§/day. Stool samples were collected during five
separate laboratory visits andlere analyzed for microbial diversitiResultsshowed that
4 subjects in the berry gup saw insignificant changes to their bacterial profilele 13
participantssaw no changeFurther, no significant differences in diversity of

predominant bacterial populations were seen between grotfps.

Compared to thdop fruits consumedn the USas reviewed in the studies above,
berries including strawberriegontain a widespectrumof beneficial ingredientsand
combined with their affordability and accessibility, give them the potentiairtprove

healththrough the gut

2.3  Strawberries

The strawberryfgenus: Fragaria3 a member of the Rosacetamily and is widely
consumed in the Mediterranean diet due to their diverse nutritional compositin.
While researchers havpist recently begun studying the health benefitfisstrawberries,
the strawberry dates back to the first century A.D. and have been eatsmall
guantitiesby people worldwide sincengient times''°l t wasn’t unt i |
the French transplanted theild strawkberry into the gardenthat strawberries began to
be cultivatedand widely consumedrhe spread of this berry was slow and was fully
appreciated until the end of the 1Bcentury when the Chilean strawberry was crossed

with the Virginiastrawberry, giving rise to the modern strawberry known tod&§
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2.3.1 Biochemical composition

The unique biological caposition of strawberrieyieldshealth benefitshrough their
high content of essential nutrients and beneficial phytochemicHtey exert their
effects on human healtby impacting lipid profiles, insulin responseymunological
responsesand pathogen growth and thus have implications for heart and gut hedfh.
The nutrients in strawberries that are likely to have the greategtact on improving
human health ardiber, vitamin C(see appendid for strawberry nutrient compositioy
and various plyphenols namelyflavanoids hydrolyzableannins andphenolic acid¥®
(Hgure 3 (see appendix B fatrawberrypolyphenol composition)Briefly,as a
functional component ostrawberries, fiber slows digesti@and cancontrol calorie
intake through satiatiort*! Apart from their role in lowering LBCH increasingnsulin
sensitivity, and aiding in gut motilif}2fiber also improvegut healthwhendegraded to
SCFAs/tamin G a known antioxidantparticipates in gene expression andisofactor
in enzymatic reactions throughout the body including collagen, carnitine, and
neuropeptide synthesist®Various cohort studies show that vitamin C is associated with
lower risk for hypertension, stroke, and coronary heart disel8@he impact of
strawberry polyphenols on gut health are specific to each subgroup and will be

discussed individually in the following sections.
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Figure3. Main classes of strawberry polyphenols

2.32 Effects on heart health

Recent literature has shown that strawberries exhibit beneficial effects on heart health.
While the mechanism is still unknowrtanvberry polyphenols signdantly lowered
triglyceridesand oxidized LDCH (low density lipoprotetnholesterol)after

hyperlipidemic adult men and women consumed a Highmeal!'* Additionally,
strawberrieshave been found teignificantly decrease total and LLCH inadult men

and women with MetS° while significantly decreasg serum cholesterol levels in
overweight and obese men and womék.In addition, strawberries appear to ent a
protective effect againstthe developmentand/or progressiorof inflammatory

conditions such as CVBor instance,n various LPS treated cell models, including
mouse macrophages and human fibroblast cells, strawberries were shown to counteract

LPS induced oxidative strdsgredudngROS and nitte levels;protecting againsDNA
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damage andipid and protein oxidation; antedudng pro-inflammatory cytokines (HLB

and|L-6) while increasng the antkinflammatorycytokinell-10.117:118

2.33 Effects on gut health

As a rich source of polyphenotsjotherway strawberries impart their health benefits is
through modulation of the gut microbiotdolyphenols undergo metabolism by the gut
microbiotatherefore producingnetabolites that are more readily available to the
body %7 Colonic fermentation of polyphenols yield numerous absorbable
biotransformation products including phenylacetic, phenylpropionic, phenylbutiric,

valeric acids, valerolactone, and urolithin A antB.

Once ingested, polyphendteve been shown tpromote the growth of bacteria
including Lactobacillus and Bifidobacteri.X?’ In this way, polyphenols exhibit prebiotic
like effects and can be viewed as relevant modulators of beneficial microbfo®ach
effects have been documented in a variety o¥itro and clinical studies with
polyphenotrich foods, many of which have been detailed in the above text [Section
2.2.2].Further, recent studies have shown a positive association between consuming

polyphenotrich foods andh lower F:Batio.%0120.121

2.34 Phytochemicals

As previously mentionedfrawberries derivesome oftheir health benefits from
nutritive compoundsStrawberriesalso consist ohonnutritive phytochemical
compounds that impart their benefits through the géthytochemicalare plant

metabolites that enable the plarib overcome environmental threatshile controlling
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growth ard reproduction!?? Such effects have prompted reseaechito identify
phytochemicals with therapeutic potential humans including tlose found in
strawberries. Thenajor phytochemicalgpresent in strawberriegicludeanthocyanins,

flavonols, flavanolsllagitannins, andhydroxycinnamithydrobenzoicacids!!?

2.3.4.1 Anthocyanins

Anthocyaningepresenta major phytochemical groum strawberriesnvith more than 25
different anthocyanin pigments reporteidcluding pelargonidins and cyaniditf§ A
meta-analysis by Giampieet al.details the health benefits dftrawberiesandexplains
that anthocyaninsavoid absorption in the smalitestineand subsequentlpass
through to the colon where bacteria convert the chemical into smaller phenolic &Sids.
Regardingheir impact onhuman health one studyfound that anthocyaningxerted an
anti-inflammatory effect in human epithelial cells infected with Heliobacter pylori
therebyameliorated gastric mucosal damagdé* Another studyfound thatone month of
consumng500g of strawberriesn healthy individualsvas associated with
improvement of the serum lipid profil&° Thereforg the intakeof anthocyaninrich
strawberries coulgotentially prevent gastrointestinal distress aikde pathogenesis

CVD.

2.3.4.2 Flavonols

Another bioactive compound in strawberries are flavonols wiemhsists of quercetin
and kaempferol compounds! Members of the flavonoid class are primarily degraded
by Clostridium and Eubacteriuk®? Quercetin has been shown to exhibit prebiotic and

anti-microbial potential by stimulatig Lactobacillus spmrowth and inhibiting E. cdit®
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while enhancing the intestinal barrier functiori® Research also reported the ability of

guercetin to attenuate the increase in the F:B ratio in Kighfed mice?®

2.3.4.3 Flavanols

Flavanols consist of compounds including catechins ananphocyaniding!
Proanthocyanidins are found in theratvberry flesh'! and, like arthocyanins, are
processed by the gut bacteria to produce phenolic a&iélin a doubleblind crossover
RCT, cocoa flavanols increased Bifidobacterium and Lactobacilli popukatidns
decreagd Clostridia count3?’ Like flavonols, flavanols may also impart health benefits

through prebiotic activity.

2.3.4.4 Hydrocinnamic/Hydrobenzoic acids

Hydroxycinnamic hydroxybenzoic acelast within the phenolic acid group amttlude
caffeic acid, gallic acid, and coumaric ad€fDf the available researchytrocaffeic acid
hasbeen shown taexhibitanti-inflammatory activity in vitro and in vivo, eluding their

anti-cancer propertied?8

2.3.4.5 Elagitannins

Hydrolyzabldgannins represent the seconaajor phenolic clasm strawberriesWithin
this class, ¢hgitanninsare the only major group!! Elagitanninsare comprised of
various compounds includirgjlagitannin.ellagic acidellagic acid glycosides, sanguiin
H-6, and galloybisHHDPglucose'® Hlagitannirs areonly found in cloudberry,
raspberry, rose hip, sea buckthorn, and strawbelwgtably, strawberries exhibit

antimicrobial propertiegshrough the activity oellagitanninst® Anin-vitro study found
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that phenolic extracts from strawberriesgicited antimicrobial activity against Bereus,
H. pylori, C. jejuni, and C. albicans, therebyealingthat ellagitannins are principally

involved in pathogen suppressiaf?.

Of specific interest,te gut microbiotecanconvert ellagic acid into bioavailable

urolithins; a class of compounds showneghibit anttinflammatory and

anticarcinogenic effect®® The bacterigGordonibacteurolithinfaciensand other

unknown species are involved in the conversion of ellagic acid to urolithin A, isourolithin
A, and urolithin B%” Urolithins are produced in various concentrations depending on

the individualwhich may have implications for healtf? In a study looking anicrobial
metabolism ofellagic acid, three different urolithin phenotypes were consistently

observed inhumaninterent i on tri al s: Phenotype A: pr

Phenotype B: produce isourolithin A and/o
‘“Phenotype 0: no ’'é%¥Thesecobsercatioasweré made ol i t hi ns
independent of age, gender, BMI, health status, or amount and type of ellagitannin food
ingested. However, phenotype B was observed in individualsMettSor colorectal

cancer associated with dysbio$#8Based on these dat#he gut microbiota

composition may modulate urolithin production abibavailability thereforetargeting

the gut may be beneficial when considering the health benefits of ellagic acid.

2.4 Conclusion

Due to their popularity, accessibility, and higblypherol contentcompared to other

popularconsumerfruits, grawberries have recently emerged asuactional food which
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are implicated irdisease preventioand health promotn.% Specificallythe phenolic
compounds found istrawberriesstimulate the growth of commensal and probiotic
strains of bacteri@ and thus,may be an alternative to pharmaceutical interventions for
improving gut healthFurthermore, recent research has linked the gut to a variety of
cardiometabolic disease states, and thus, diet modification magrganethod to

promote health through modulatig the gut bacteria.

To date, research has not assessed the potential etfeatdaily, modest consumption
of strawberiies (~1 cup/dpn the gut microbiotan overweight,postmenopausal
women Researchasshown that CVD risk increas@s womenwith ageand the
transition through menopauseSince research has shown a significant relationship
between diet, the gut microbiotaand risk factors focardiovascular anthetabolic
diseasé’ targeted dietary interventions may be effective at improving cardiometigbo
health in postmenopausal women through the glihereforeto add to the body of
research and reduce the gap in the literaturtihe aim of this study it evaluatethe

effects of strawberry consumption on gut health in postmenopausal wamen
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3. MATERIALS AND METHODS

3.1 Objectives
Given the potential role of strawberries on gut health, and the association between gut
bacteria and health outcomes, the objectives of this study were to determine the impact
of daily strawberry consumption on specifjut health changes in overweight,
postmenopausal women. Specifically, we identified if 13 g/d of FDSP would impact the
following objectives:

1 Objective #1: Firmicutes to Bacteroidetes ratio.

1 Objective #2: Bacterial diversity.

1 Objective #3: Relative abundance of Lactobacillus and Bifidobacterium.

These objectives were based on the hypothesis that polyphenol intake may modulate
the gut microbiota by influencing the growth of specific bacteria linked to host health.
Therefore, tke hypothesis is that daily consumption of FDSP, equivalent to 1 cup of fresh
strawberries, will beneficially affect the composition of the gut microbiota by reducing
the ratio of Firmicutes to Bacteroidetes, increasing microdaidiversity, and increasing

the relative abundance of probiotic Lactobacillus and Bifidobacterium bacteria.

3.2  Participantsand Recruitment

Participants were recruited from San Luis Obispo and Fresno counties through flyers,

digital, and social media advertisement@nweights t abl e (<5% body wei ¢
previous 6mo), overweight (BMI 2Z8.9 kg/n¥), postmenopausal women (age ~46y;

>12mo since last menstrual cycle) volunteered to participate in this study (Figure 5).
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Participants were generally healthy ahdd not alteredheir physical activityevelsfor

at least 6 months prior to the start of the studgxclusiorcriteriaincluded

1. Smoking or tobacco use (current or within the past 6 months);

2. >7 alcoholic beverages/®R > 2 servings/day (beverage = 12 oz. beer, 5 oz.
wine, 1.5 oz. distilled spirits);

3. Currently following an energsestricted (intentionally reducing energy intake to
lose weight) or lowfat (<20% energy from fat) diet;

4. Regular physical activity level8dmin/wk of moderate to high intensity physical
activity, excluding activities normally

5. Planning to begin engaging in moderate to high intensity physical activity
>90min/wk after being sedentary for >6 months;

6. Use ofmedications or supplements that could interfere with the outcomes of
this study(including probiotics and antibioti;s

7. Unwilling or unable to consume <5 serv/wk of soy (specifically tofu and
soybeans), green tea, or higlocoa (>60%) dark chocolate, doimed,;

8. Unwilling or unable tavoidconsumingmnore than 1 serving of red wine per
week;

9. Allergic to strawberries.

3.3 Screening

Volunteers were screened through a tvgtep process: 1. Completion of an online or

phone eligibility questionnaire and 2. In person verification of BMI. The study website
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was hosted on Cal Poly’s Drupal Secure For
with the eligibility screening questionnaire. If the volunteers were eligible based on the
screening questionnaire, they were invited to come to the Cal Poly Human Nutrition Lab

for an inperson screening to verify BMI. Following thepgrson screening,ligible and

interested individuals were asked to read and complete the informed consent form and

complete a health history questionnaire in order to participate in the study.

3.4 Experimental Design
This study was aweek freeliving dietintervention trial consisting of a-®&eek

washout (Figure 4) followed by angek diet intervention treatment.

Screening Supplement Participation
Washout Intervention eids

participate T

Health Check Health Check

Figure4. Study flow diagram.

3.5 Intervention

3.5.1 Washout

Once informed consemasobtained,eachparticipant completd a 3weekwashout
phasewhich required theparticipant toavoid consuming dietary sources high in
polyphenols and probiotics, including, but not limited to foods or beverages with fresh,

frozen, or processed berries. Participantsrwa | so asked to consume <
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week of tofu, soybeans, gen tea, and higltocoa chocolateA list of foods to awid was

given to participants toeference for the duration of the studgee appendixX).

3.5.2 Health Check #and #2

After the participants sccessfully completed the washquhey proceeded to the first
Heal t h Check. waddbaadine ket o€dssssikents ihcluding
anthropometricstwo fecal collectios, and 3day dietand physical activity records
After the washout, participants began thtervention andthen ended the study with
“Heal t h The sam&healtt?check assegentsthat were performed in Health

Check #1were performedduring Health Check#2

3.5.3 Supplementintervention

For 2weeks during the supplememttervention, participants cosumed 13y/d of FDSP
equivalent to ~12%) fresh strawberrie$~1 cup fresh)in 4-8 oz of water evey day. To
ensure palatability, participants were given the option to mix into a smoothie form with
banana, orange juice, aze (one participant mixesgtrawberrypowder with almond

milk). Thesupplementcompostion isas follows:

Freezedried strawberry powder 13 g FDSP; composed of dehydrated strawberries
representing a mixture of cultivars commonly availalol€onsumers in the United
Statesas fresh and frozen berri€See AppendiR and B for nutrientompositionand

polyphenol conpositionof FDSR

46



3.6 Assessment Procedures

Abrief schedule of assessments completed by the participsdfown belowTable 1).

A weekby-week breakdown of the study activities was given to participants along with
a calendar that depicted when to collect the stool samples and when to complet® the

dayweighteddiet and physical activity records.

Tablel. Assessments.

Assessment Tim

Study Phase Point (Wk) Assessments*

; Anthropometrics, Health
Screening 0 History%uestionnaire
Washout 3 Anthropometrics, Gut

Microbiota, Diet & PA
Supplement 5 Anthropometrics, Gut
Intervention Microbiota, Diet & PA

*PA=Physical activity

This study was approved by Cal Poly Institutional Review Board (IRB2ZDRC®).

3.6.1 Anthropometrics

Both body weight and heighivere assessedt baselineWeightwasdetermined using
Secascale(seca 876Seca Gmbi Co. KGHamburg, GermanyHeight was detenined
using aSecastadiometer §eca 217SecaGmbH & Co. KG, Hamburg, GermaBpdy
weightwas assessedlfter the 3week washoutind following the 2veek intervention

period. BMI was calculated from weight and height.

3.6.2 Diet, Physical Activity, & Health History
Diet, PA, and healthistorywasassessed at baseline using a Healthdtyst

Questionnaire Three-day weighed fooénd PA record (seeAppendk D and Ejyvere
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used to document, track, and assess dietary intake andrféAwvere performed within
the week before each health chedkarticipants used a tracking log to documeéetries
and other foods high iprobiotic andpolyphenolicthat may have been consumed
throughout the studyDiet andPA data weranalyzed using ESHA Food Processor

(v10.14.2).

3.6.3 Gut Microbiota Health- Fecal Analysis

Followingthe washoutand supplementintervention, participantsprovided 2 fecal
samplesover a4-7 day period duringthe last week of the washout phase anithin the
two days following the end of the supplement interventidParticipants wer@rovided
wi t h u BookGot&xpleret™ collection kit(Figureb) thatincludedinstructions
and return procedures atgy withall necessary supplie8ll participants were given
gloves to reduce the risk of fecal contaminatidhe kit is equipped with the following
materials:a collection vial, swabsg, replacenent vial a sample return bag in which the
sample is placed befonautting in the return mailer, and a return mailer (with prepaid
postage by uBiomepll participants collected their stool samplascording to protocol
outlined in the kit.Briefly,following a bowel movemengparticipants were instructed to
use a sterile swab to transfer a small amount of fecal material into a vial containing a
proprietary lysis and stabilization buffer that preserves the DNA for transport to the
uBiome research facility at ambient temperatut&s Participantsobtained the stool
sample bywiping the swab to the soiled toilet papand then swirled the sab in the
vial for one minuteAfter collection, participants mailed their ddentified samplego

the uBiome research facilifpr DNA extractia and 16S rRNA gene sequencing.
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Swab Stir

Run the swab over the used toilet paper. Stir the swab for ) minute.

You may now dapose of the packaging.

! x

San Francisco, CA 941124487

USPS TRACKING #

RN

9402 0102 0079 3808 8193 82

Do not mail both the gut sample tube
and spare tube.

e S —————————————— TIEMET SR

Figure5. uBiome ExploréM gut kit.

3.6.4 DNAextraction and16S rRNA GenSequencing

According tauBiome protocalsampleswere lysed using bealeaing, and nicrobial

DNA was extracted in a class 1000 clean roomdpyaaidine thiocyanate silicalumn
based approach using a ligdéindling robotPolymerase chain reactioRCR

amplification of the 16S rRNA genes was performed using universal V4 primers (515F:
GTGCCAGCMGCCGCGGTAA and 806R: GGACTACHVGGG TS¥NpIesAvgre
barcoded with a unige combination of forward and reverse indexes allowing for
simultaneous processing of multiple sample€R products were pooled, column
purified, and sizeselected through microfluidic DNA fractionatidbonsolidated

libraries were quantified by quantitate realtime PCR using the Kapa #ad iCycler

gPCR kit on a BioRad MyiQ before loading into the sequeBsguencing was
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performed in a pakend modality on the lllumina NextS&QO0 platform rendering 2 x

150 bp pairend sequence$®®

3.7 Compensation
Upon completion of all study requiregnts, participantsvere compensated with 50

gift card toTarget or Amazobased on their preference
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4. RESULTS

4.1 Participants

A total of31 participants completed the online screening questionnair2 of whom
qualified for the study based on the questionnaffegure §. At California Polgchnic
State UniversiySLO, 5 participants were screened to confirm their final eligipdity
each qualified Atthe Eye Medical Center of Fresno participants were screened to
confirm their final eligibilityand each qualifiedOf the12 total participants who

qualified, 10 completed the study: 4 fro8an Luis Obisp&Qand 6 from Fresno.
Reasons fomparticipantdrop-out included health concerns and stomach discomfort from

the supplement
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[ Enrollment ]

Completed questionnaire (n=31)
Screened for eligibility (n= 12)

Excluded (n9)
1 Not meeting inclusion criteria
(n=0)
1 Declined to participate (n=0)
1 Other reasons (n=0)

v

[ Intervention ]

Began intervention (n=12)
9 Received allocated intervention
(n=11)
9 Did not receive allocated intervention
(n=1) @lue tohealthconcerns)

l

[ FollowUp ]

Lost to followup (n=0)

Discontinued intervention before end of study (n=2
9 1=early withdrawal due to health concerns
9 1=early withdrawal due to intolerance to FDS

i

[ Analysis ]

Analysed (n=10)
1 Excluded from analysis (n=2)
0 2=did not complete intervention

Figure6. Consort flow diagram of participant participation.
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Baselinechamacteristics are shown in TableMone of the characteristics were

significantly different between participants froBLCQor Fresno.

Table2. Participant baseline characteristics, mean + SD.

Characteristic SLO (n=4) | Fresno (n=6) | Mean (n=10) | P-value
Age, years 59+6.27 |61.5+11.11 |60.5+£9.13 |0.70
Body weightkg) 75.9+9.98 73.91+11.88| 74.71 + 10.61| 0.79
BMI (kg/m?) 31.7£4.05 28.83 £ 3.03 | 29.98 £ 3.58 | 0.23

SLO=Saruis Obispo
BMI=Body Mass Index

4.2 Measures ofAdiposity

Results for body weight and BMI among all 10 participants are shown inJable

Table3. Measures of adiposity at baseline, week 3, and wedk510)

Measure of

Adiposity! Baseliné Week 3 Week % P-value
Body weightkg) | 74.71 (3.30) | 74.15 (3.30) | 74.39 (3.30) | 0.22
BMI (kg/m?) 29.98 (1.11) [ 29.76 (1.11) | 29.80 (1.11)| 0.26

aParticipants were categorized as a random effect

bl_east squares mean (standard error of the mean)

BMI=Body Mass Index

There were no significant differences in body weight between baselinesalpsequent

weeks Average body weight at baseline was 24&gand was 74.1%kgand 74.3%g on

week 3 and week 5 respectively.

Similarly, here wereno significandifferences in BMI between baselinagsubsequent
health checksAverage BMI at baseline was 29/@8m?and was 29.7&g/m? and 29.80

kg/m? at the end of week 3 and weekrBspectively.
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4.3 3-Day Diet Record
Results from the ®ay Diet recordscludingcalorie countand macronutrient and
micronutrient intake are show ifiables 4-7 below.

Table4. Calorie count and macronutrient intak@=10)

Nutrient Week 3 Week 3 P-value
Calories (kcal) 1634.39 (148.82) | 1618.02 (145.65) | 0.78
CHO (g) 202.83 (20.54) 205.31 (15.40) 0.84
Protein (g) 57.48 (5.38) 60.37 (7.38) 0.48
Fat (g) 68.34 (6.39) 63.11 (8.23) 0.28
Fiber (g) 20.92 (2.16) 19.14 (1.93) 0.34
Fiber (per 1000 kcal) | 13.01 (0.93) 12.11 (1.12) 0.54
Sugar (g) 66.02 (6.72) 80.49 (7.51) 0.02

3_east sgares mean (standard error of the mean)

bggnificant value (g0.05)

CHO=Carbohydrate

There were no significant differences in calories, carbohydrates, protein, fat, or fiber
betweenweek 3 and week.5There was a significant difference in sugar intake between
week 3 and week §=0.03. Sugar intakat the end ofweek 3was 66.02 (6.72) while

at the end ofweek 5increased to 80.49 (7.53) Sugar intake was not significant

(p=027) when the sugar from the FD$R96g) was removed from the analysis.

54



Calories (kcal) Carbohydrate (g)
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Figure7. Participant calorie, CH@rotein, and fat intake at week 3 and week 5.
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Fiber (g) Hber (per 1000 kcal)
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Figure8. Participant fiber and sugantake atweek 3 and week.5
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Thecalorie count anamacronutrient intake variebetween participants fronweek 3 to

week 5(Figure7 and 8.

Tableb. Vitamin intake (n=10)

Vitamin Week 3 Week 5 P-value
A-RAE 464.49 (66.61) 471.76 (65.38) 0.94
DUy 1.91 (0.38) 2.45 (0.45) 0.19
E (mg) 8.01(2.55) 6.39 (0.99) 0.40
KUy 85.38 (22.95) 47.84 (14.19) 0.20
B1 (mg) 0.97 (0.22) 0.92 (0.20) 0.43
B2 (mg) 1.26 (0.18) 1.33 (0.20) 0.46
B3 (mg) 12.02 (1.77) 13.70 (2.66) 0.33
B5 (mg) 3.11 (0.34) 2.70 (0.44) 0.39
B6 (mg) 1.07 (0.16) 1.19(0.20) 0.33
Biotin (B7) ¢ Y 12.16 (3.68) 7.76 (2.54) 0.13
Folate (B9 ¥ 300.13 (55.16) 263.73 (38.73) 0.36
B12 (0 1.79 (0.30) 3.04 (0.56) 0.03
C (mg) 84.83 (18.23) 106.22 (11.39) 0.36

8 _eastsquares mean (standard error of the mean)
bSignificant value §D.05)

There were no significant differencesany vitamirexcept forvitamin B12(p=0.03.

The average vitamin B12 irka at the end ofveek 3was 1.79 (0.30) gnd was 3.04

(0.56)p @tthe end of week 5
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Table6. Mineral intake (n=10)

Mineral Week 3 Week 5 P-value
Calcium (mg) 625.02 (93.66) 641.46 (104.92) 0.72
Chromium g § 0.59 (0.21) 1.04 (0.37) 0.12
Copper (mg) 0.91(0.22) 0.63 (0.11) 0.08
Fluoride (mg) 1.52 (0.56) 1.02 (0.29) 0.46
lodine (mcQ) 38.33 (8.66) 34.25 (9.94) 0.35
Iron (mQ) 12.30 (3.03) 12.61 (3.01) 0.71
Magnesium (mg) 226.71 (47.02) 180.45 (26.18) 0.19
Manganese (mg) 2.25 (0.95) 1.33 (0.27) 0.27
Molybdenum (mg) 15.36 (6.44) 7.67 (2.84) 0.11
Phosphorus (mg) 805.94 (157.82) | 734.79 (123.41) 0.51
Potassium (mg) 1772.9 (163.31) | 1696.42 (148.07) | 0.69
Seleniumf Y 50.89 (9.23) 45.08 (6.37) 0.47
Sodium (mg) 2165.8 (271.40) | 2193.65 (274.56) | 0.89
Zinc (mg) 6.13 (1.22) 6.28 (1.04) 0.82

3_east squares mean (standard error of the mean)

There were no significant diffenees in mineral intakbetweenweek 3 and week.5

Results for fruit and vegetable intake are showiaible 7below.

Table7. Fruit and vegetable intak¢n=10)

Food Group Week 3 Week 5 P-value
Fruit(cup equivalent) 0.87 (0.21) 2.09 (0.28) 0.00124
Vegetableg(cup equivalent)| 1.56 (0.32) 1.22 (0.27) 0.43

3_east squares mean (standard error of the mean)
bSignificant value §D.05)

There was a significant difference in fruit intafpe=0.0014petweenweek 3 and week
5. Fruit intake was not significant (p=0.24) when theening of fruit from the FDSP was

removed from the analysi§here was no significant difference in vegetable intake

betweenweek 3 and week .5
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44  Gut Health
Strawberry consumption did not result insggnificant change to the F:B ratio a-

diversity. Likewise, Bifidobacterium and Lactobacillus abundance did not significantly

change

4.4.1 Bacteria abundance and alpha diversity

Table 8 andhe followinggraphs(Figure8-10) depict changes iRirmicutes,

BacteroidetesBifidobacterum, Lactobacillus, and-diversity betweernweek 3 and

week 5

Table8. Bacteria abundance and alpha divers{ty=10).

Bacteria Week 3 Week 5 P-value
Firmicutes 49.67%(2.72 | 51.58%(3.03) 0.97
Bacteroidetes 35.18%(2.11) | 38.34%(2.45) 0.09
Bifidobacterium 0.50%6(0.19) 0.68%(0.27) 0.24
Lactobacillus 0.16%(0.13) 0.47%(0.45) 0.18
a-Diversity 1.83%(0.07) 1.78%(0.09) 0.81

3 _eastsquares mean (standard error of the mean)
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Week 5
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Figure9. Abundance ofirmicutes and Bacteroideted week 3 and week.5

There was aonsignificant increasen Firmicutes and Bacteroidetbégtweenweek 3

and week 5.
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Week 3

0,
0.60% (0.50%)

0.50%
0.40%

0.30%

0,
0.20% (0.16%)

0.10%

0.00%
Bifidobacterium Lactobacillus

Week 5
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Figure10. Abundanceof Bifidobacterium and Lactobacillas week 3 and week.

There was a nosignificant increase iBifidobacterium and.actobacillubetweenweek

3 and weelb.
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Week 3 Week 5
(1.83) (1.78)

Figurell. Alpha diversity at week 3 and week 5.

There was a nogignificant decrease ia-diversitybetweenweek 3andweek 5

45  Statistical methods

Statistical analysis was performed on a personal computer with JMP software (SAS
Institute Inc., Cary, NC). Analysis of variance was used to evaluate variance in both body
weight and BMI between baseline and the two health checks. Paitest tvas used to
evaluate any variance in calories, macronutrients, vitamins, and minerals consumed by
the participantsbetweenweek 3andweek 5 Paired ttest was used to evaluate-

diversity andrelativeabundanceof the different bacterial groupbetween week 3 and

week 5 In all statistical tests performed, P uak 0f<0.05 were considered significant.
Analysis ointhropometrics, 2day diet records, antlacterial abundancand diversity

were performedon 10 participants.
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5. DISCUSSION

The presentstudy assessed theffect of strawberrieg13g FDSP/d)n gut healthina b
week diet intervention trial with one treatment grouftrawberry consumption was not
associated with significant changes in measures of adiposty¢dy weight, BMI) or
changes in dieti.e. maaonutrients, vitamins, mineralgxcept forsugar vitamin B12,
and fruit consumptionThere were no significamifferences ima-diversity orany
bacteriaphyla or genea. The data suggests that strawberry consumption agABFDSP
does not result in significant changes to obesisociated gut microbiota dreneficial

bacteria genera

The current research imigue compared to previous research &everalreasonsThe
population was composed of postmenopausal women, a population that is strikingly
underrepresented in nutrition researcRostmenopausal women were selected as the
study populatioras they are a target for gut dysbiosis andhibit increasedCVD riskAs
previously discussed, studies show that polyphenol rich fruits like strawberries may
ameliorate dysbiosis and decrease Q¥gR.In addition, to our knowledgehree
studies3t133have investigated diet and gut health in postmenopausal women, while no
study has assessed the eft of strawberries and gut health in postmenopausal women.
One strawberrydiet interventionstudy analyzed the combined effect of strawberry
puree, raspberries, and cloudberries on gut heathpwever,the population was not

comprised of postmenopausal women and the intervention material was not strictly
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strawberries. Furthermorehis is the first study to evaluate the effect of strawberries

on gut health in postmenopausal women.

5.1 Measures & Adiposity

Participants did not exhibit significant differences in any measure of adiposity from
baseline toveek 5 nor were any significant differences seen between population
groups. While no previous research has evaluated the effect of strawberry consumption
on body weight or BMI in postmenopausal women, these findings are consistent with
other gut health diet inerventions.lna 6wk RCT evaluating probiotic strains and fiber
on gut composition in overweight postmenopausal wongere wereno significant
differences in anthropometric measures compared with placEB&imilarly in a red
wine polyphenol gut health studyesearcherslid not observe a significant difference in
weight from baseline to end of interventidh.ikewise, a vk RCT assessing coeoa
derived flavanols on gut health found no significant change in'BMVeight loss or

gain was not anticipated for the current research and the data reflects this.

5.2 3-Day Diet Records

This study was supplementary in nature and therefore did not include a controlled diet
regimen; however,n the course of &veeks, partigpants did not show any significant
differences in macronutrients, vitamins, or minerals except for sugar (g), vitamin B12
(v @ and fruit consumptionkruit consumption increased, but upon further analysis, the
1 serv/d fruit from the FDS&ccounted forthe significant increase in fruit consumption.

Therefore, itmay be the casthat any changes in the gut microbigtahile statistically
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insignificantwere a response to strawberry supplementatidikewise, lhe relatively
high sugar content of 1§ FDSRxplainedthe significant increase in sugar intake
betweenweek 3 and week .5 hisrevealsthat strawberryintake significantly

contributed to overall sugar consumption.

5.3 Gut Microbiota

Following strawberry supplementatipparticipants did not Bow a significant change in
bacteriaabundancgi.e. Firmicutes, BacteroidetesifiBobacterium, Lactobacillus) ar-
diversity.Our hypothesis was that we wousde a decrease in Firmicutasd/or an
increase in Bacteroidetes (leading to a decrease in F:B,rationcrease in
Bifidobacterium and Lactobacilluandthat there would be anncreasen a-diversity
following diet interventionHowever at the end of the study, there was no stgtically

significant change in any of these three objectives.

Previous research of similar study design and duratiso did not detecsignificant
changes in theelative abundancef gut microbiotaas demonstrated by raspberry
pureesupplementation® and suppementation consisting of a mixture of berries
(including strawberries)® Converselyarange of high polyphenol fruiis both mice and
human modelsappear to have the ability tsignificantlyalter the gut microbiota
compositionin ways thatmaybenefit the host>11.16.134Notably, strawberry powder
supplementation {167 g freslstrawberry) for 37 daysncreaseda-diversity and
alleviated dysbiosis by increasing probiotic bactéeig. Bifidobacterium and

Lactobacillusin mice with colitis Additionally, srawberry powder(~160 g fresh
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strawberry)administered for 10 weekwas $iown to increase Bifidobacterium in
diabeticmice. However, 2weeks ofstrawberry consumptiorat the current dos€~125 g
fresh strawberrydid not alter the microbiota ipostmenopausal women ia

statistically significant way.

The finding that there wano significant change in bacteria and diversdyld bedue

to sample sizesupplement dosing, study duratioand interindividual variability in

bacteria compositonThe st udy’ s smal |llessaougttmearsi ze r es
values, and therefore less power to detect chanfiee lack of change possibly indicates
that the supplement dose was not high enough to detect significant change or that the
study duration was not sufficiently long. It is possible thdtigher dose of strawberyr

a longer duratiormay encourage growth of different strains of bacteria that may have
been reflected irsignificant values and ancreased alpha diversitResearch indicates

that freeze dried blueberries at a dose of @75 mg anthocyanins) for six weeks

results in significant changes in the gut composifib@onsidering that blueberries have

a much higher polyphenol concentration than strawberries, a dose of strawberries at
least this amoun{while adjusting for densityghould be implemented in future studies.
Additionally, the variallity in gut composition between participants renders it difficult

to measure the true efficacy of the interventioi/hilethe increase in Bifidobacterium

and Lactobacillus wassignificant, participants eliminated polyphenol foods from their
diet, so in heory, the slight increase in these beneficial bacterial could have resulted
from the strawberry These preliminary findings, while valuable to shape future research

methods, cannot be generalized to the current target population.
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While nosignificant shifts in the F:B ratio were measurids important to note thatwve
were not able to measurtotal bacteria countlt is known that bacteria such as

Firmicutes and Bacteroidetes ferment plamised substancesnd thusit is likely that

introducing FDSP into the diet increased the total bacteria load. Bacterial load can vary

greatly in response to factors such as diet and hégltnrecent study published in
Naturefoundthat healthy individuals compared to unhealthy individuals have one order
of magnitude higbr bacteria load3® This indicates that given a longer length of an
increased polyphenol diet, a significant effect on the gut microbiota may have oceurred
at some point, theranay have beeenough growth of total bacteripopulationsto

change the ratio significantly

With this consideration, thassociatiorbetweena higher F:B ratiand obesitymay bea
spuriousconclusionsince it does notliscloseinformation about totalbacteria
populations or changes in these populations. The ratio only retieal the relative
population growth or decline causes one pltylof bacteria to grow or decline to shift
the ratio, but there is no way to kngvor example the rate at which Firmicutes is
changing compared to Bacteroidetdscould be that both phyla increased but one just

increased faster than the other, resulting in a shift in the ratio.

Theory says that obesadividualshavea high baseline F:B ratit§but considering the
current data, since all weoaldtest for is ratio,an alternativeconsiderationmay bethat
the unhealthy gut conditions associated withesitysimplylowers overall populations

of bacteria.lt may also be thatigts that gaerally lead to obesity may be less favorable

to large populations of gut bacteria as opposed to plaased diets that encourage
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fermentation and therefore larger populations of bacterfatal bacteria population
numbers may be a betténdicator of gut health than ratié3> which mayexplainwhy
discrepancies regarding the F:B ratio exist in the literatRecent literaturesupports
the observation that there isurrentlyno taxonomic signature of obesitigat exists in

the gut microbiome®

Furthermore, he F:Bratio has been shown to both negatively and positively correlate
with BMI1>3136s0 perhaps limiting the study population by this measure is premature. It
may be beneficial to determine at what dose strawberry polyphenols affect the gut

microbiotain postmenopausal womebeforerestricting the population by weight.

54 Conclusion

In the context of gut healthstudies have emphasized the importance of analyzing
whole diets versus evaluating changes in microbial populations from isolated
compoundsFoods contain different mixtures of fiber and polyphenols, and results from
studiesanalyzingsingle compounds couleach different conclusions froeonclusions
drawn fromthe context of real lif¢3” As such, the strawbeesmay work synergistically
via its numerous health promoting compounds to confer he#dt the host through the
gut. For this reason his study analyzed howhole strawberry consumptiorn a diet

may favorable alter the gut microbiota.

In addition, whilethere isa wealth of literature supporting the association between
ratios ofbacteria phyla and obesity, the pathogenesis of obesity is multifactorial and is

likely more complicated than a singahift in Firmicutes and Bacteroidetdduch of the
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supporting evidene linking the F:B ratio to obesity was from murine studidsch
complicates the extrapolation of mouse research to huménsould be more beneficial

to first look at theabsolute quantity of microbeandevaluatehow these numbers
correlate with diseasand subsequently see how different species and their metabolites

influence health.

55 Strengths and Limitations

This study was short in duration to minimize attrition and maximize participation.
Another strength is that the freéving nature of the stug closely mimicseality which
allows the results to be better generalized to other populatioAdditionally,

participants were given individually labeled, grackagedsingle serving strawberry
powder for each day of the week. This enabled participants to easily keep track of their
intake, therdore ensuring they consumed the proper quantity of strawberry each day.
Another strength is that the portion size and type trasvberries (fresh and frozen
cultivars available throughout the US) as well as the concentration and type of
polyphenols was likely consistent within each individual and between sulgewis
participants were consuming homogenized powder from the saatetbhFurther,

uBiome was utilized for all stool sample processiaking it possibléo expand the

study to Fresno countysamples were shipped directly to the lab, as opposed to
processing at Cal Poly, giving the study a high degree of flexibility. @citsg sample
analysis also decreased chances of sample contamination by human error and

minimizedhumanexposure to potentially harmful pathogensastly, a washout period
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was utilized to standardize the detection of the effect of the strawberry powder by

reducing intersubject variation

This study is limited bihe relatively small sample sizealarger sample size may have
yielded more power to detect significant resulkdowever pilot studiesdo not have a
defined sample sizédditionally, no control group was usedwe cannot conclude for
certain the true effect of thereatment. A crossover RCT would be the preferred study
design for a diet intervention of this typAdditionally, a more restricted diet as

opposed to frediving may have better standardized detection of changes by reducing
intersubject variabilityFinally, the sample of feces collected was very small and may not
have been representative of the overall proportion of feces to bacteria that inhabit the

intestine.

5.6 FutureResearch

As this is a pilot study, was designed as a preliminary study fdaager 18week study
being conducted by future graduate students in the department of Food Science and
Nutrition at Cal PoRSLO. The t®&eek study will look at the effect of strawberries on

gut health in additiorto their impact on hearhealth. The methodology tested this
research will havestablisted a more seamless process to reitrand screen

participants was effective in troubleshooting any equipment problerasd familiarizd

the study team with procedure$urthermore, a pilot study enabled the main study to

run more smoothly by solving many of the minor problems encountered during the pilot

phase.
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In addition, the data generategave dirst impression of the variabilitgf the data and
established feasibility given the population. This stpdyidedthe opportunity to
evaluate the representativeness of the sample in addition to the relative cost and time
necessary to conduct itvien withthe small sample sizéhe data ca still be used to

draw basic conclusions to help inform the-d@ek study.Sincewe used resources to
minimize labor and cost, the 1M8eek study with better reflect any potential effect the

strawberries may have on heart and gut health.
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APPENDICES

A. Nutrient composition of freezedried strawberry powder

Nutrient Per 100 g
Proximates

Water (g) 10.3
Ash (g) 4.31
Calories (kcal) 350
Calories from Fat (kcal) 15.2
Protein (Q) 6.83
Total lipid () 1.7
Carbohydrate (g) 76.9
Dietary Fiber (g) 14.3
Sugars, total () 61.2
Fructose (Q) 28.8
Glucose (g) 24.4
Sucrose (Q) 8.1
Minerals

Calcium (ppm) 1730
Iron (ppm) 32.1
Potassium (ppm) 16800
Sodium (ppm) 102
Vitamins

Vitamin C (mg) 346
Thiamin (mg) 0.06
Riboflavin (mg) 0.048
Niacin (mg) 0.4
Pantothenic acid (mg) 0.115
Vitamin B6 (mg) 0.0207
Folate (mg) 0.0399

* Source: California Strawberry Commission
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B. Polyphenol composition of freezdried strawberry powder. Estimated
values*

Per13g
Total phenolics (md) 521.58
Total anthocyanins (mg) 40.04
Ellagic acid (mg) 10.66

*Adapted from Basu, 200%°

lexpressed as mg gallic acid equivalents
2expressed as mg cyanidiglucoside
equivalents
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C List offood sources high in probiotics and polyphenols

Srawberries and Gut Health in Post-menopausal Women
Dietary Intake Directions for Washout

& Supplement Intervention Periods

While participating in this study, please maintain your current diet pattern, but avoid dietary sources
that are high in polyphenols and probiotics. In addition, do not consume greater than 5 servings a week
of soy, green tea, or cocoa products. In addition to avoiding the foods listed below, please adhere to the
following directions during your participation in this study:

Do not smoke or consume tobacco

One alcoholic beverage isequal to 12 oz beer, 5 ozwine, and 1.5 oz distilled spirit

Do not follow an energy restricted or low-fat diet (<20%energy from fat)

Polyphenol Sources

Probiotic Foods (other than what is provided during diet
intervention)
AVOID Alternatives AVOID Alternatives
Yogurtsthat do not Alcohol - wine & beer
Yogurt (limit to oycup or 4 contain 'Live & Active (limit to <5 servings per Apple juice, Pineapple
ounces per day) Qultures seal week) Juice, Grape Juice
) . Green Tea, Black Tea,
Kefir Avoid Oolong Tea Chamomile tea
QGocoa Powder and
associated products: high-
Kombuchatea Avoid cocoa, polyphenol-rich White Chocolate
chocolate (i.e. semi-sweet
chocolate; dark chocolate=
>60%chocolate)
Berries: (strawberries, Melons (cantaloupe,
. . honeydew, watermelon),
. blueberries, blackberries, .

Tempeh Avoid . ; Kiwi (green), Mango,
cranberries, raspberries, Pineapple, Apples, Figs,
etc.) (limit to XL cup/wk) Ganned Peaches

Qultured Condiments
(horseradish, pickle relish, Avoid Pums Persimmons
sauerkraut)

. Grapes (green), Dried

Natto Avoid Grapes (red & black) Qranberries, Raisins

Probiotic and Prebiotic .
Qupplements Avoid Pomegranates (H/wk) Bananas
Cherries Fruit jellies & jams
Nuts (pecans, hazelnut, Almonds, Cashews,
walnut) *OKto consume if Macadamia nuts,
already part of daily diet Peanuts, Pistachios
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D. Example template of-Bay Food Record

Srawberries and Gut Health in Postmenopausal Women Sudy ID:

3-Day Diet Record Date:

At the end of each washout and diet intervention period, use thisworksheet to record (in detail) all foods and beverages you
consume throughout the day.
Instructionsto Remember:
1. Sart anew page for each day of recording. Note: the exact daysthat you record your diet intake should correspond to the
exact days you record your physical activity on the 3-Day Physical Activity record forms.
2. Maintain your current eating patterns. Any foods recorded on this form should represent your usual intake.
3. List any vitamin, mineral, or other supplements taken on the back side of this worksheet.
*Do not forget to include water and alcohol in thisrecord.
*Bxamples are shown in the shaded rows.

Preparation

Food or Beverage Item Brand/ Source Method Amount/ Wt
Time Meal/ Shack ge it (manufacturer, if X (ounces, grams, fluid
(Name and Description) " (bake, boll, fry,
available) etc) ounces, cups, tsp, Thsp)
8:15 .
Total Cereal General Mills NA 1oz/1cup
8:15 . . .
Light Soy milk, vanilla Sk NA 4fl oz/ .5 cup
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E. Example template of-Bay Physical ActivitiRecord

Srawberriesand Gut Health in Postmenopausal Women

3-Day Physical Activity Record

Sudy ID:
Date:

Use thisworksheet to record any physical activity you engage in during the last week of the washout and/ or diet intervention study
phases (depending on which study phase you are in).
Instructions:
Maintain your current level of physical activity. Any activity recorded on this form should represent your usual level/intensity

1

2.
3.
4.

of exercise.

Sart anew page for each day of recording.
Activity record should correspond to the exact days of the 3-Day Diet Record.
Please refer to the definitions of low, moderate, and high intensity (shown below) when completing your records.

Low Activity

requires minimal to no effort with no

change in heart rate

Moderate Activity
requires amoderate amount of effort and
causes increased breathing with a
moderate increase in heart rate

High Activity

requires a large amount of effort and
causes rapid breathing and a substantial

increase in heart rate

walking slowly

sitting at computer

standing light work (cooking,
washing dishes)

stretching

fishing

playing catch

light yard/ house work

walking briskly

heavy cleaning (washing windows,
vacuuming, mopping)

mowing lawn

bicycling lightly

hiking

recreational swimming

jogging/ running

mountain climbing
bicycling more than 10mph
step aerobics

jump roping

treading water

Srawberriesand Gut Health in Postmenopausal Women

3-Day Physical Activity Record ;ng
Examples are shown in the shaded rows.
Time of Day m)ései;:fezl)&cteic\i/ity Description of Activity Intensity (*low, mod., Duration
8:00am Jogging fggﬁi::ﬁggg Moderate 15 minutes
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