Targeted Application of Dietary Fibers for Selective Modulation of the Gut Microbiota
and Improved Human Health

By

EdwardC. Deehan

A thesis submitted in partial fulfilment of the requirements for the degree of

Doctor of Philosophy
in

Nutrition and Metabolism

Department of Agricultural, Food and Nutritional Science

University of Alberta

© EdwardC. Deehan, 2020



ABSTRACT

Obesity and associatecbmorbiditieshave reached epidemgroportions worldwide
Observational studieprovide consistent evidence thaltantbaseddiets rich in dietary fibers
(DFs)reducechronic diseaseask. Mechanistic studiesaveestablished processby whichDFs
improve health, with we emerging mechams being the modulation ofyut microbiota
conposition andits functions However, results fromhuman interventios with purified DFs
remaininconsistentvith extensive btweenstudy heterogeneityl herefore guestiongemain as
to whether DFs can exertliable health effectswhen a reductionist appach is used with
purified DFs, what the efficacious doses,and if such doses are taddte The overallgoal of
this dissertation was texplore thepotentialof purified DFsto improve human healtthrough
more targeted approaches. This wekievel by the followingobjectives

The first objectiveof this dissertation was to summarize the effectpuwffied DFs on
immunometabolic disease markershimansand consider the role of DF dose, physicaocital
properties, interventioduration and the pleebo.Systematic review of 77 publications revealed
that purified DFs reduced markers of insulin resistanceand cholesterolin 36-49% of
interventions while <20% ofinterventions reducedysglycemia andhflammationmeasuresA
higher proportion of inteentions showed an effect if they used higher doses feaCtive
protein (CRP) and total cholester@0-63%), viscous and mixed plant cell wall DFs for total
cholesterol(>50%), and longer durations foERP and glucos€50%) Although additional
researchis needed, a more targeted applicatiorpofified DF with specific physicochemical
properties at higher doses and for longer durations shows priamisgroved clinical efficacy

As both the dose anphysicochemical propertiesf DF were relevant to dalth, he

second objective was to characterize theffects of high doses of soluble, fermentable



arabinoxylan (AX) on fecal microbiota compositi@amd shortchain fatty acid (SCFA), as
compared tansoluble,nonfermentablemicrocrystalline cellulose (MC), and integrate findings
using an ecological framerk. Using a randomized controlled design, we showed that AX
exerted global shifts to bacterial community composi{®X-vs-MCC: baselingp=0.17, week 6
p=0.019, PERMANOVA), promoted Bifidobacterium logum and Prevotella copri(g<0.15
Wilcoxon test) andincreased propionafg=0. 01 2, F r ibactbrabara@rsl aSCEAs t )
previouslylinked toimmunometaboli®enefits. SCFA responses to AX wendividualizedand
linked to compositional shifts anits baseline compositio(g<0.05, MLR moded), providing
evidence that such responses might be predictable.

The third objective of this dissertation was tevaluatethe gastrointestinal toleranoaf
fermentable AXat efficaciousamountsrelative to noAfermentable MCC and systematically
investigatelinks to fecal microbiota and diethis study showed thalAX increasedsymptoms
during the firstthreeweeks of supplementation relative to M@80.05, ManAWhitney tests),
but subj ects 0 adravprting th baseline tevels ®wardp thed oh seatment.
Adaption responses were individualized aodrelated with the relative abundanceBoflongum
at baseline ¢0.74,p=0.002), within the bacterial community that actively utilized &Xvivo
(r<=0.69, p=0.006), AXinduced shifts in aceta (=0.54, p=0.039) and greater habitual
consumption of meatmeat alternative relative to whole grains(rs=-0.54; p=0.042) and
cholesterolrs=-0.58;p=0.027).Thesefindings provide a basis for the developmeritsirategies
for improved tolerance of dicacious DF doses.

The final objectivewas to determine i$pecific doses ofliscrete DF structureould be
used to direct changesfiecalmicrobiota composition and its outpaft beneficialSCFAs. Using

a doseresponse trial with tfee typelV resistant starchesve found that crystalline and



phosphatecrosslinked starclesinduce divergent effects dhe gutmicrobiaa, promoting either
Eubacterium rectal€g=0.007,two-way repeated measurdsNOVA) and butyrate(p=0.05) or
Parabacteroides distasis (g=0.005) andoropionate(p=0.04), respectively. Thesdfects were
dosedependent plateauing at 35 gydandremarkably consistentith respectiveE. rectaleand

P. distasonignrichments detected in all subjec@senll, these findings support the potential of
using discrete DF structures to achieve targeted manipulations of the gut méeoidoits
functions relevant to health.

Together findings in this dissertatipnovideevidence thapurified DFs couldexert maoe
reliable effects in humans;dwever, targeted approache® neededhat apply higher doses of
specific DF structures and considedividualized responsed-indingsalso provide a basis for
the development of more precisetritional strategies based @urified DFs thatselectiely

modulat the gutmicrobiotaandimprove immunometabolioutcomes
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CHAPTER 1:; Literature Review

Versiors of Chapter 1 of this thesiswere published asDeehan EC and Walter Jhe
fiber gap and the disappearing gut microbiome: Implications for human nutffrends in
Endocrinology and Metabolisn2016;27(5):23242, as well asDeehan EC, Duar RM, Armet
AM, PerezMuiioz ME, Jin M, and Walter 3Modulation of the gastrointestinal microbiome with

nondigestible fermentable carbohydrates to improve human heédltrobiology Spectrum
2017;5(5):BAD00192017. In Cani P and Britton,Bugs as Drugs: Therapeutic Microbes for
the Prevention and Treatment of DiseaseChapter 20. ASM Press, Washington, DC

Subchapter 1.1 The Fiber Gap andthe DisappearingGut Mic robiome:
Implications for Human Nutrition

1.1.1Lifestyle-Induced Microbiome Depletion and its Implications for Health

Humans have evolved with dense microbipbpulations that colonize their
gastrointesnal tract and are integral to our biology, feranple, through the provision of
signalsthat aid the development of thenmunesystem. There is convincing evidence from
research in animal models that a disruptmfnthis hostmicrobiome symbiosis leads tan
increase in immunenediated patholyes related to chronic nenommunicable diseases
(CNCDs), such as obesity, cardascular disease, colon cancer, allergitser atopic diseases
(including asthma)autism, and autoimmune disedseghe role of the gut microbiome in
CNCDs is diffcult to test in humans, but disease riskpgkemiologically linked to practices that
disrupt theestablishment of the gut midimta eary in life (such as aesarean sections,
antibiotics, formula feeding), arghthologies are often associated withaderrant microbiome.
Importantly, mostCNCDs haveincreased substantially withthe past decades, suggesting that
modernlifestyle might have led to a loss of begal symbionts that are protectfein fact,
comparisos of the gut microbiota in undlustrialized rural human communities froBouth

America, Africa, and Papua Ne@uinea (vhich generally have a low preemce of CNCDS)



with that of communities ithe USA and Europe provide compellisgidence for a substantial

decline of gumicrobiome dversity through industrializeon®.

1.1.2A Low-Fiber Diet is a Key Driver of Microbiome Depletion

It is likely that a combination of factofantibiotics, modern clinical practicesnitation,
dietary habits) have causdte decline in gut microbiome diversitidlowever, the only factor
that has beerempirically shown to be important is aetilow in microbiotaaccessible
carbohylrates (MACs), which are indigestible daay carbohydries that become availaltie the
microbes that colonize the intestiriResearch in mice showed that feedingjet low in MACs
substantially depletedut microbota diversity over the duratioof only a few generatiofis
Intake ofdietary fiber(DF), whichis the main source d¥ACs in thediet of adult humans, is
negligibly low in the Western world when cqrared wih both the diet consumed in ron
industrialized soieties and that of ouancestors Such a lowfiber diet pravides insufficient
nutrients for the gumicrobes, leading not only to the losssplecies reliant on these substrates
but also to a redction in the production ofermentation end products with important
physiological and immunological functidhsin other words, by shifting to a diet tha
fundamently different to the diet undewhich the humarmicrobiome interretonship
evolved, we might have disruptétis symbiosis, reducing or removing teeolutionary routed
benefits provided byhe microbes. The notion that this procesght have contributed tihe rise
of CNCDs and a substantial degree of morbidity andrtality provides a strong incentive to

considerattempts to conserve and pdiaty restore the gut mictmome.

1.1.3DF Can IncreaseMicrobiome Diversity and PreventCNCDs, but Consumption IsNot
Sufficient

DF and whole grains have beeshown to increase diversity of the huméetal
microbiotd®. Epidemiologicalstudies further consistently show significantverse associations
betweerDF intake and microbiomassociatedCNCDs, and allcause mortality, and research in
animal dsease mdels supports a beneial role. Human intervention studies acdten
inconclusive,but inconsistenciesnay stem from a variety of reasons thalve not yet been
sufficiently consideredrirst, interindividual differences in compdgin of the gutmicrobiome,

which is espeially pronounced in industrialized sociefiesesults in an individualized response



to DF that may increase variation the findings from human triadi$ Second,most hunan
intervention studies arpefformed with daily amounts dDF that are much lower than those
consumed byur ancestors, and therefore might not léadletectable physiological changes.
Accordingly, moving African Americans t@a traditional South African diet with a daitiose of
55g of DF was efficient tdmprove makers of colon cancerithin two weeks?,

The available data indicate a consideraptdgential for DF to elevate mictoiome
diversity and prevenfENCDs, butconsumption is on average only halfvafiatis recommend#
in dietary guide i ne s, which i s reediedivertdat Hosamicraiome he 6 f
symbioss evolved with a diet that ctained substantially mor®F than whatis currently
recommended, gtalped rfeal o@ftiibmearl bf engcriolialhdiveasityd c o n s
might be even largethan curretly appreciated These eviotionary considerations, the
appreciatiorof the gut microbiome's role in humaealth, and gpecially the recent findingsn
t he 60di sappear i ngovidaiacctear hncentivee for, societyides efforts to

fundamentally change thWestern diet and significantly increase doasumption oDF.

1.1.4What Can Be Done to Conservand Restorethe Human Microbiome?

Virtually all nutritional organizationsencourage consumption d@F. Despite tlese
efforts and a general undganding of the benefits, avera@¥ intake remains low thus
changes indietary recommendations alone aralikely to result in significant changes in
consumer behavior. What is necessargnsintegréed effort that involves acadérs, the food
industry, economics, nutritional policy makers, and regulatogaizaions with the goal to
systematally enhancehe DF content of the foodupply. In the USA, white flour provideke
largest portion ofDF, eventhough it is a vastly suboptimal souraeith around 80% being
removed duringprocessing’. Fiber supplementation afhite flour and white flousrich food
products, whch & e o6 ov er us e dnant camponent bf eghe Western didierefae
constitute an untapped oppamity to considerably increasBeF consumption. A variety of
purified DFs and fiberrich raw materialsas well as prebiotics with establishedACs, are
already commercially availabl® produceDF-enriched food productélable 1.1). Several of
theseDFs (such asacacia gum, polydextrose, resistatdrches, and soluble corn fiber) have
been shown in human thlato be welltolerated at daily doses of at le&® gamsand cold

therefore be used to subdially enhancedDF consumption withouadverse effects.



What is needed are clinical evaluationsfiber types, mixtures thereof, and acceptable
and palatablefiber-enriched foodproducts and diets through welésgned and rigorous
randomly coirolled trials with ¢ear health and micrdiomerelated outcomes. Unfortunately,
regulatory policies, especially in tHéSA and Canadamake it extremely difficult to dhin
diseaseoriented health claims for fooohgredents or products and to commeatie those to the
consumer, discouragingsearch and product development in #risa. The preservation of the
microbiomewill require regulatory policies specificalfpr foods and independéto those for
drugs that, while aspiring for stringestientific standards, permit innovativesearch and an
effective communicatioof validated health benefits to socieowever,even if such attempts
were sucessful, the additimal costs associatewith high-DF diets would still likely preent
them from being broadly embraceds indicated by the inverse relationshij@tween
socioeconomic status ardF intake. One avenue could e sulsidize food products with
estattished health benefits. If done right, tbests associated with promotindhealthydiet are
likely low compared wittthe healthcare expenditures that coulddesd®.

Although a stategy to boost the ceamption of MACs alone would likely deeneficial
and could be immediately impteentel, this might not restore midoimme diversitycompletely
without parallel efforts to reintroduce microbésat were lost through industrializatforThe
latter could be achieved througprobiotics (food) or live biotherapeutic&rugs). The
development of such strgies will be challenging from a saife perspective, and it will likely
take decadeqand adjustmest in the regulatory palies) for the first products to be
implemented. Even if such products wouldlecome available, microbes can only be
6reintroduced©6 i fthahsuppoatshesr growthn mravidirganadher datioadl to
envisage a fundamentahange to human diet as descriabdve.

1.15 Closing Thoughts

The depletion of the gut microbionmeight well be one of the 21st centufjallenges to
modern society as it igkely to cortribute to growing diseaggandemis, with clear implications
for public health, clinical practice§ and human nutritich There arealreadyavenues available
to enrich the food supply witbF (Table 1.1) in an attempt to restore congtion and function
of the gut micromme. Howeer, their successful implemetitan will require a societyide

effort and essentially a transformation lmimannutrition away from a discipline thdbcuses



merely on meeting the nutritionakeds 6the human host to one thatdsncerned withalso

nourishing the syrhiotic microbial communities that are essential in health.

Table 1.1. A nonexhaustive ist of dietary fibers available on the market, product
names, andfood products in which thesefibers could be used

Dietary Fibers

Fiber Products

Potential Food Products

Resistanttarch

Arabinoxylan

pb-Glucan

Cellulose

Inulin/oligofructose

Galactooligosaccharide,
xylooligosaccharide

Human milk
oligosaccharides
Polydextrose
Soluble con fiber

Alginate

Pectin

ActiStaf® RM
Fibersyn? RW @
Hi-MAIZE® 2602
PENFIBE® RS4
Biofiber Gum
NAXUS®
B-CANTM
PromOat® @
Wellmuné®
Yestimurf
GRINDSTED® MCC
MICROCEL
SolkaFloc®
Vitacel’

Actilight®?
Frutalos& L90 2
NUTRAFLORA®?
Oliggo-Fiber® DS22
Orafti® Synergy1?
Bimund®?
BIOLIGO® GL
Vivinal® GOS?
Longlive XOS?
NovaGreen XOS
Mum's SweeBecret
Glycom

STA-LITE®?2
Litessé& Il @
NUTRIOSE®? FB 2
PROMITOR®?

AlgogelTM 2
KIMICA ALGIN
Manugel DMB?
Citrus Pectin USP
GENU® Pectin C74
Unipectine®

Flour-based foods, breads, pastrie
pasta, snacks

Flour-based foods, beverages,
soups/sauces
Flour-based foods, beverages,
soups/sauces

Flour-based foods, dairy products

Beverages, confectionery, presen
dairy products, floubased foods,
soups/sauces

Beverages, confectionery, presen
dairy productsflour-based foods,
soups/sauces

Infant formula

Beverages, confectionery, presen
dairy products, floubased foods,
soups/sauces

Beverages, confectionery, presen
dairy products, flowbased foods,
soups/sauces

Beverages, confectionery, presen
dairy products

Confectionery, preserves, dairy
products



Gum arabic/acacia gum Agri-Spray Acacié Beverages, confectionery, presen

EmulGold® 2 dairy products, soups/sauces
FibregumTM?
Gum Arabic SD

Guar gum GuarNT® Confectionery, preserves, dairy
Ricol Rg250 products soups/sauces

ViscogumTM Guar Gur
Fiberrich raw materials 6 Best 6 ® ea Fi b e¢Beverages, confectionery, presen

Corn ZTrim® dairy products, floubased foods,
Cranberry Fiber soups/saces

FibreXx? Sugar Beet

FIBRIM® Soy

Unicell® WF

aDietary fiberwith established microbiotaccessible carbohydrates (MACS).



Subchapter 1.2: Modulation of the Gastrointestinal Microbiome with Non-digestible

Fermentable Carbohydratesto Improve Human Health

1.21 The Gastrointestinal Microbiome and Chronic Non-Communicable Diseases

Vertebrates have evolved with dense microbial populations in their gastrointestinal (Gl)
tract (referred to as the Gl microbiome) that contribut¢htoperformance and health of the
host®. Although symbiotic in naturegnimal experimentsave established that the G| microtai
plays a causative role in the developmenthlobnic noacommunicable diseases (CNCDs)ch
as obesity, diabetes, cardiovascular disease, colon cancer, autisimmaute diseases,
allergies, and other atopic diseasncluding asthméFigure 1.1)}". CNCDs are often associated
with microbial dysbiosis, which is typically characterized by a reduced diversity, a bloom of
facultative taxa guch as enterobacteria), and a lower output of flalemetabolite$. These
associations provide a clear ratiandbr the development of strategies that modulate Gl
microbiome structure and function for the preventd@NCDs®.

Various strategies have been developed for the introduction of live microbes to modulate
the Gl ecosytem, through either probiotics, live biotherapeutics, or fecal transplants. These
approachesave generated tremendous inteéfestowever,diet has also been shown to readily
alter GI micobiome structure and functi®ff®, making it a particularly promising modifiable
lifestyle factor of interest for the treatment of CNCDs. In addition, dietary supplements that
employ nordigestible carbohydratedNDCs) have been developed for several decades as
prebiotics, tageted to supporthe growth of beneficial GI microbta in an attempt to improve
healtt*.

Interestingly, the incidence of most microbic@esociated CNCDs has substantially
increased in recent decades in indusiéli countrie®?6 suggesting that practices associated
with industrialized lifestyles predispose to disease. Although the exact factors that drive disease
development are unknown and likely complex, the lack DCNis one contributing factéf28
Humans likely evolved consuming more than 100 grams of NDCs daily, and nonindustrialized
communities still exist today that have intakes that parallel those of our anestattse 1970s,
Denis Burkitt and colleagues compared industrialized (USA and UK) and nonindustrialized
(rural Africa) populations, and found strong epidemiologicaks between urbanization and a
reduction of dietary NDC intak®&*’ These lifestyle shifts were associated wthincreased



prevalence of CNC¥8°° Recent research densirated that a diet low in NBChat are
accessible to the GI microbiotae( non-digestible fermentable carbohydrates [NDF(&3ulted
in reduced production of fermentation end products that provide important physiological and
immunological functions tethe host®. Moreover,a diet low in NOFCs has been implicated in
the depletion of microbiome diversity observediridustrialized societid$?3® and the loss of
bacteral species that rely on them for growtiTherefore, a possible explanation for the rise in
CNCDs is that by shifting away from a diet in which our humaarobiome interrelationship
evolved, we have essentially disrupted this symbiosis, ultimasycirng or removing the
evolutionary routed breefits provided by the microb&s

The connections described above provide a makofor the application of NBCs to
modulatethe composition and/or function of the Gl ecndbbiome to benefit host higla. In
Chapter 1.2, we discusad i) the concepts by which the Gl microbiome can be modulated
through the intake of NDCs that de¥rmentable (or accessible to the microbes), ii) the effects of
these strategies on the Gl micrathy iii) the mechanisms by which these strategies promote
health, and iv) the future research needed to optimize these strategies for their use indhe field
human nutrition.Specific attention is given tostrategies thatvould allow for the systematic
increase of NIBCs in the human adult diet by means of supplements such as prebiotics,
fermentabledietary fiber (DF), and microbiotaaccessible carbohydrat€81ACs), and not
through whole food sourcesich adruits and vegetables. Supplemental FI3 couldprovide a
promising avenue for targeted modulatiminthe GI microbida once they are understood at a
mechanistic levé?. They could also provide an applicable strategy for increasingFOND
consumption within the context of amdustrialized lifestyle, since current whdteod-focused
strategies encouraged by nutritional organizatimasge shown little success in increasing D
intake">3". Furthermore, even though WOs such as human milk oligosaccharides are important
for infant growth and development and have tremendous potential to beeidcin infant

formula®®, Chapter 1.2will focus onthe application of NBCs in weaned children and adults



Diseases associated with the Diseases associated with a diet low in
gastrointestinal microbiome non-digestible carbohydrates

Asthma
Atherosclerosis

Autoimmune Diseases
Colorectal Cancer

Constipation
Diabetes
Essential Hypertension

Appendicitis

Gallstones Diverticular Di
Irritable Bowel Syndrome IMErRiCHiar Discase
Hemorrhoids
Gastroesophageal Reflux

Inflammatory Bowel Disease
NAFLD
Obesity
Stroke

Figure 1.1 Chronic non-communicable diseasesQNCDs) that are associated with the
gastrointestinal (GI) microbiome and diets low innon-digestible carbohydrates(NDCs). An
industrialized lifestyle is associated with an increased prevalence of ma@h@®s*. Most of

these diseases have now clearly been associated with the Gl microbiome (pathology in animal
modek is dramatically different undgermfree conditionsand the GI microbiome displays a
dysbiosis in humans suffering from the disease). The Venn diagram desighii&sthat are
associated with the GI microbioMé®**! and a diet low ilNDCs®4243 NAFLD, nonalcoholic

fatty liver disease.
1.2.2 Modulation of the Gl Microbiome through NDFCs: Three Concepts

1.2.2.1Prebiotics

Although the potential to modulate the hun@hmicrobiome through NBCs had been
recogni zed decades earlier (especially in Jap
and Roberfroid in 1995. A prebiotic was initially definedasmondi gesti bl e f ood
beneficially affectsthe host by selectively stimulating the growth and/or activity of one or a
limited number of bacteria already resident in the colon, and thus attempt to improve host
h e a?%. tTheddefinition has been adjusted various tithesith the Intenational Scientific
Assaiation for Probiotics and Poetics (ISAPP) cosensus panel proposing the most recent
def i na substta that i6 selectively utilizely host microorganims conferring a health

b e n &fCuterdly, the most commonly used definitionds selectively fermentethgredient



that results in pecific changes in the composition and/or activity of thastrointestinal
microbiota, thus conferring benefit(spon host healt. Although, most definitions do not
restrict prebiotics to carbohydrates, currently only lactulose, htygie fructans,and trans
galactooligosaduarides are considered prebiotfcs Polydextrose, glucooligosaccharides,
lactosucrose, soybeangidsaccharides, and xylogbsaccharides have been further proposed as
6candi dat ‘4 Howeverptheoctitériz thabese carbohydrates woutve to fulfill to
move beyond the status of me@ndidatediavenot been clearly establisHéd
To date, most definitionsncluding the recent definition brought forward by the ISAPP
consensus pel®, require that prebiotics hateo be O0speci ficd for or 0s
promoting taxonomic groups. Conceptually, the idea is to shift the Gl microbial community
towards a mor e 0 h etad derived fromsety dindiags fromtciltgrebasemn ¢ e p
and later probeand primetbased studies that found bifidobacteria and lactobacilli (putatively
healthpromoting organisms) to be selectively stimulated through prebiotics such as inulin and
galactooligsaccharideS. However, even though there is a strong rat®tmbpecifically target
the beneficial components and functional attributes of the GI microbiome, the prebiotic concept
as it currently stands has been repeatedly criticitte being poorly dfined*484% and/or
scientifically outdatetf-°°>! Some scientists have suggested revisions to the céhosptle
others corsider it completely obsolet&®® Criticism is primarily focused on the concept of
6seilwicttyd and the questi on odthatslould be argettédPe nt i f vy
First, based on the most current scientific un@ing, it is too simplistic to categorize
Gl mi crobes as either 6goodd6é or 6badéd. Mi cr o
traits, strains of one species can differ widely inrtlagributes, and their role is highly context
dependentd.g. host genetic predisposition, host physiology, Gl microbial ecology, diet, etc.).
Second, it has been argued that the specific targets should go beyondifidbbécteriumand
Lactobacillus species, because many bacterial generaAkkermansia, Eubacteriymand
Faecalibacteriumhave been linked to health benéf®*, including taxa previously considered
to be detrimental, such &lostridia and Baderoides>®¢ Third, given that the Gl microbiota
functions as a complex community,nilay be imperative to support community characteristics,
such as diversity, stability, and ecosystem functionabtg.(shortchain fatty acids [SCFAS]
output), which have all been positively correlated with héatth To this end, the formation of
SCFAs does not rely on selective fermentation. Moreowdthough some strains of
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bifidobacteria and lactobadilhave been reported to produlsetyrate and propionate which
are the SCFAs with the most evidence for health effedtem the metabolism of aimo acids,
the amount s p r oaeu less dhan (1% 10% @hat ebdtjeria produce from the
fermentation of carbohydrafé$? Bifidobacteriaand lactobacilli lackte biosynthetic pathways
to praduce butyrate and propioeafrom the fermentationf carbohydraté$® and therefore
cannot be théarget of prebiotics that aim at boosting these SCFAarth, human studies using
nextgeneration sequencing have shown that tepaese bthe GI microbiome to NBCs that
are currently regarded as prebiotics, such as inulin, is not as selective as previously®felieved
while NDFCs that were considered to be broadly fermented result in restrictedadithe Gl
microbiomé@”®, In this respect, it is important to consider that no carbohydrate is fermented
solely by one or two species (partially because bacterial traits are shared between bacteria
through hoizontal genetransfef®), and no carbohydrate is broadly fermented, especially not
under the competitive conditions within the Gl tfacBo the recent proposition by the ISAPP
consensus panel thsglectivity ccould extend to several microbigdoups,just not alé*®, would
essentially mean that any bahydrate would qualify as a prebiotic.

The notion that carbohydratearrently accepted as prebiotiage not utilized differently
by the GI mi cr obi ot a D#shhasmrecentty ingeramieerstiatetl usingd r e g u | &
vitro fecal fermentations of inulin (a wedlescribed prebiotic) and pectin (not considered a
prebioic)’?. Both carbohydrates induced multiple substsgecific compositional shifts. The
fermentation of inulin resulted ithe increased abundance of five taxa, while the fermentation of
pectin resulted in the enrichment of seven different.td@vertheless, both carbohydrates
resulted in comparable amounts of SCEAZhis illustrates that both inulin and pectian lead
to aspecific enrichment of different bacterial species among the Gl microbiome, which would
allow targeted modation of Gl microbiotaln spite of this, the rationale for why only one of
them isconsidered a prebiotic is not obvious from thesdifgs, especially considering that
selectivity, according to theSAPP consensus paneb,c o u |l d extendhbdao sev
group$f®. Wha constitutes a specific fermeation, thereforeyemains iltdefined

In this respect, it is important to point out thia¢ specificity of a prebiotic has, to date,
been exclusively established only by théedmination of compositional shifts. However, species
that utilize a prebiotic might produce metabolites without becoreimgched. For example,
Bacteroidesnumbersoften decrease after the administration of prebiotics even if they are able to
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utilize thenf®™ likely since their growth is negagly affected through a reduction pH that
results from the production of SCF&S®>® To truly establish whether a prebiotic is selectively
fermentedwvould require the use of techniques such as stable isotope pfotiiagallow for the
identification of all microbes that are able to utilize the substrate witltonglex microbial
community, including those that do not become enriched. Finally, there are often substantially
different interindividual reponseswithin the Gl microbiome dward a prebiotic, yet this
variation has not been considered in the concept®at all

Overall,in agreement witlrecently published statemefft$*4¥0, the prebiotic concept
remainsill-defined and based on outdated scientific views. To address these inconsistencies,
Bindels and <coll eagues proposed up-digestblmg t he
compund that, through its mabolization by microorganisms in the GI tract, modulates
composition and/or activity of the GI microbiota, thus conferring a beneficial physiological
effect o*h Bytremevinch tbesreéqdirement of specificity, thisidigion embraces the
complexity of hosimicrobe metabolic interactions and focusesemological and functional
features of the microbiota that are more likely to be relevant for host physiology, stcé a
production of SCFASStill, consensus on the dfion of a prebiotic has not been reactfednd
some scientistprefer to abandon the term altogethiddowever, the terrprebiotic doesemain
helpful, as it has become well known in the scientific community and is recognized by
regulaors, industry, consumers, and healtlre professional Therefore, the prebiotic concept
could remain valuable after the inconsistencies in the definition have been resolved.
1.2.2.2Fermentable DF

Based on current definitions, most prebiotic carbohydrateDFs, but not allDFs are
considered to be preltios’®’® Nonetheless, a cleaut distinction between prebiotics and
nonprebioticDF is not possibl€, and it is increasingly recognized that the fermentatioDFof
by the colonic microbiota contributes to human health.

The termdietary fibebwas initially coined in 1953 by Eben Hipsley to describe the non
digestible components of the plant cell WalLater in the miel970s, Trowell and colleagues
refined t he emhantsiohplanticells resistant t0 thydrolysis by the alimentary
enzmes of man, the group of substances that remain in the ileum but are partially hydrolyzed by
bacteri a & @ince then, the aéfinitiolias undergone several revisions. The most
widely used definition was put forth in 2009 by the Codex Alimentarius Commission, a joint
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principal branch of the Food and Agriculture Organaatand the World Health Organization,
which definesDFa s 6 ¢ aate lpaymersiwith ten or more monomeric units, which are not
hydrolyzed by the endogenous enzymes in the human small intestine and belong to the following
categories:

1) edible carbohydrategbymers naturally occurring in the food as consumed,

2) carbohydrate ggmers which have been obtained from raw materials by physical,
enzymatic, or chemical means and which have been shown to have a physiological
effect of benefit to health as demonstratgdgkenerally accepted scientific evidence
to competent authoritiesnd

3) synthetic carbohydrate polymers which have been shown to have a physiological
effect of benefit to health as demonstrated by generally accepted scientific evidence
to competent authorite®s 6

The decision to consider mnhydrates with three to nine monomeric units
(oligosaccharides) aBF was left to individual country authoriti¥s Recently, the Food and
Drug Administration in the United States updatexdfood labeling regulations to model the
Codex definition by requiring tht 0i sol atedd and o6synthetico
demonstrate a beneficial physiological effect in humans prior to being permitteDasraa
food labef?.

DFs can be foundn plants, bacteria, and fungi and can be chemically synthesized
(Figure 1.2)8485 Plant-derived norstarch polysaccharides display a substantial variety of
chemical structures due to the diverse functional roles that they play irffplBfs also include
starches that are resistant to human digestion (resistant stfR3d&s which are divided into
five subtypes based on the mechanism respon&ibltheir inaccessibility to host digestfin
Given the heterogenic chemical structures fourldhs, their utilization within thé&sl tract often
requires a diverse array of enzymes distied amongst various microbial members. The extent
by which differentDF types are utilizedr fermentedy the Gl microbitais therefore structure
dependent and relies on the metabolic capabiiti o f an i ndividual 0s
ultimately determines the bacterial metabolites produced from the fermetftation

The chemical structure of ®F also determines other important physicochemical
properties such as solubility and visco%ityvhich influence its accessibility to microbes. Most
linear DFsform crystalline structures (like cellulose), whisignificantly reduces their solubility
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in water. MeanwhileDFs with charged moieties or structural irregularities in the sugar backbone
and si de cdiuaan)nend t¢ indrelase in fsolubility, which is often correlated with
fermentability®. However, one common exception would be RSs, which are typically insoluble
in water yet highly fermentalf® Furthermore, most solubBFs tend to also be viscous in
watef®, which relates to their ability to render a solution gelatinous via the absorption dfwater
Solubility and viscosity are important characteristics that influence the fundyoolh DF, but
for the purpose of modulating the Gl microbiota, fermentability is of particular relevance.
MDietary fiberd is a widely accepted and useful term to describe NDCs that influence
health benefits. Most consumers recognize the teetauset is a required part of the nutrition
facts label of processed food. However, to describ&CHthat are intended to whalate the Gl
microbiome, the term has obvious limitations. Various mechanigngs réduced absorption
through viscosity, bile acid binalg, stool bulking, etc.) have been identified by whixfh can
benefit human health completely indepentiertf their dfects on the Gl microbion¥é In
addition, as described above, not BHFs are fermented by the microbiota. The definition of a
prebiotic proposed by Bindels andlleagues would encompad$§s for which there is evidence
that they improve health via the Gl microta}, but as described above, there is no agreement
on the definition of a prebiotilt What is cleais that the portion oDF that is fermentable or
baccessi bl ed by aais whatdlétermingsuis labblity to miodulate tBé o
microbiome. This notion is central to the concept of microkeatzessible carbohydrates
(MACs).
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Non-Digestible
Carbohydrates

Chemically
Synthesized

Starche: Carbohydrates

* RStypel | (a-cyclodextrin \

* Carboxymethylcellulose * Chitin
* RS type ll » Arabinoxylan * Hydroxypropyl * Chitosan
* RS type llI oligosaccharide methylcellulose * Collagen
* RS type IV » Fructooligosaccharides/ * Lactulose * Chondroitin
| *RStypeV Oligofructose * Methylcellulose * B(1-3)-glucan
» Galactooligosaccharides * Polydextrose * Levan
« Raffinose * Resistant Maltodextrin * Xanthan gum
* Stachyose

Q(vlooligosaccharide

4

Celluloses Hemicelluloses Polyfructoses Gums & Mucilages Pectins
* Microcrystalline | [ * Arabinoxylan * Inulin « Alginate * Arabinan
cellulose * B(1-4)-glucan « Agar * Arabinogalactan
* Powdered * Glucuronoxylan » Carrageenan * Homogalacturonans
cellulose * Glucuronoarabinoxylan « Galactan * Rhamnogalacturonan|
* Xylan « Galactomannan * Rhamnogalacturonan|l
* Xyloglucan « Glucomannan * Pectic galactan
* Gum tragacanth
* Mannan
* Psyllium

Figure 1.2. Categories ofnon-digestible carbohydrates(NDCs). NDCs are a heterogeneous
group of compounds that display diverse chemical structureshwhithe basis for their
categoization alongside their origit®48% Non-digestible oligosaccharides are NDCs comprised
of three to nine monosaccharides and atéeeifrom plant or animal origin, as well as
chemically synthesized.
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12.2.3MACs

To address the limitations of the concepts discussed above, especially as they relate to the
inter-individual differences of the human Gl microbiome, Sonnenburg &odnenburg
introduced the concept of MAESMACSs can be divided into dietary MACs (WOs such as
prebiotics andF) and hosderived MACs (such as mucosal glycdn§etermining whether a
NDFC is considered a MAC is not entirely dependent on thag~QID s physicocher
characteristicshecausea n 1 ndi v i du da@amis alsG haventhie enzymhatic capatity
metabolize f>°C For example, cellulose does not qualify as a MAC for humbasausehe
capacity of the human GI microltéoto ferment cellulose is extremely 18t while it would
qualify as a MAC for other host speciesg.hindgut and foregut fermenters). On the other hand
RS typelll would be considered a MAC for most individuals, assiteadily metholized by
their Gl microbiota. However, individuals that lack the keystone sp&uesinococcus bromii
do not have the enzymatic capacity to metabolize RSItypand thus for these individuals, it
would not be considered a MAT The cmcept of MACs is therefore particularly applicable to
efforts aimed at personalizing human nutrition, which could customize dietary recommendations
toward the goal of incorporating specific RDs that are known to baccessible to an
i ndi vidualofas GI microb

The concept of dietary MACs is essentially equivalent to that of fermeri2&hheith the
additional criteion regarding the individuality of the GI microbiota in their capacity to utilize
certain NOFCs. Both oncepts would include the same typesNIFCS, and according to
Bindels and colleagues, these carbohydrates could be considered prebiotic if they exert a health
benefit via the Glmicrobiotd”®. Overall, there is currently no unifying concept that describes
NDFCs that target the GI microla&for health purposes

1.23 How do NDFCs Modulate GI Microbiota Composition andFunction?

1.2.3.1 Modulation of Gl Microbiota Composition and Diversity

Consumption of NDFCs has the potential to improve human health by changing both the
composition (structure and diversity) and the function (metabolism) of the microbial
communities that reside in the Gl tract. Digtadministration of NDFCs alters the nutritional
niches in the Gl tract by providing substrates for microbial growth. Thus, in general, species that

are able to utilize these substrates can expand their populatiemsexample, administration of
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RS has been shown to enrich specific bacterial grdBifissi¢bacterium adolescentif. bromii
and Eubacterium rectalein a subset of individudis§®®. The taxa shown to be enriched differ
between RSype-ll (which appears to be similar to RS tyi®) and RS typdV®°, indicating
thatsh fts are dependent on the carbohydrateds cl
of galactooligosaccharides mainly indud&fdobacteriumspecies that posse the enzymatic
machinery to efficiently utilize this substrateln addition to its enzymatic capacity, the ability
of a microdb® to @Sdadhbstrate and to tolerate
from fermentatio (e.g.low pH) determines whether a microbe can become enriched. Although
RS is utilized by many mebpers of the human GI microbidt@°* the species that become
enriched under competitiorB( adolescentisR. bromii, and E. rectalg have been shown to
directly adhere to thisubstrate in the human GI tr¥ct

Furthermore, the degradation of many complex NDFCs does require a different species
with complementary enzymatirepertoires for their degradation, which establishes syntrophic
interrelationships within the GI microbidtf’. Primary fermenters directly deade NDFCs,
leading to the release of partial breakdown produatist@ production of metabolites that can
benefit themselves, as well as be beneficial or inhibiterg. through acidity) to other ta%&
Secondary fermenters are able to benefit through -teesng on these pial carbohydrate
breakdown productsand the metabolic ergroducts released by primya fermenter®:%
Through coculture experimen®, bromiihas been identified aspaimary fermenter of RS types
Il and Ill, whereupon RSlegradatiorreducing sugars are released that support the growth of
secondary fermenters that are not able to degrade RS directly, incBdiadolescentisE.
rectale and Bacteroides thetaiotaomicréh Another crosdeeding relationship exists for
hydrogenconsuming species, such Blswutia hydrogenotrophicawhich flouristesin the mouse
Gl tract only if in btassociatiorwith B. thetaiotaomicrory utilizing the hydrogen generated as
an end producof fermentation by the lattf. Removal of hydrogemaintains the redox
balance (NAD/NADH ratio) in the Gl tract, providing conditions favorable for fermentation,
and can result in the formation of methanansthanogenss(ich asMethanobrevibacter smithii
and acetate by acetogemssi¢h asB. hydrogenotrphica), which is further converted to butyrate
by other taxa, includinoseburia intestinali§*1°3 Lactate is anther metabolic end product of
NDFC fermentation that can also be converted to butyrate throughfesabsg between lactate

producing species and lactatilizing butyrogenic specié§'®4
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While the processedescribedabove lead to the enrichment of Gl microbes through the
fermentation of NDFCs, with different species being either directly or indirectly stimulated, there
are taxa that simultaneously become inhibited through the metabolites produced. Foe,nstan
Bactaoides species ofterdecreasaén number after the administration of NDFEC%’4 even
though this group of bacteria is well equipped to utillmse substrates. These inhibitory effects
are due toBacteoideshaving a low tolerance towards acidic conditions generated from the
SCFAs produceduting the fermentation of NDF®s'6,

The impact of NDEs on the GI microbiome composition displays several consistent
chamcteristics that are important for therapeutic applications. First, the magnitude of the induced
changes can be substantial, with specific species becoming enriched to constituten®(eot
of the fecal microbiof§°°"3 thus providing a potential strategy for terichment of minority
members of the Gl microbiome to become dominant members. However, these changes are only
maintained as long as the substrate is consumed. Once the substrate is no longé, availab
resilience of the microbiome results in a returntiie original state Second, the microbial
response to NDFCs is highly individualized, with some individuals showing subspetdic
shifts, whle others do not respond at®af> The reason for this individuality is not yet
understood. Individals might lack keystone spedigsr contain strains with varying enzymatic
capacity towards the substr¥fe Third, although individualized, compositional changes
observed after administration of NDF@snain resicted to certain groups of microbéhis is
true for classic prebiotics like inulin and galactooligosaccharides thasugesed to be
selectively fermentéd!® but also applies to substrates that were assumed to be broadly
utilized, such as RSs and peéfif?’2 The reason for thesdservations stems from the highly
competitive conditions within the human Gl tract, which allow for only certain microbes to
benefit directly from the NDFCSL Although central to the original prebiotic coné&pivhether
such specific shifts are related to health outcomes still remains to be established.

Most CNCDs are associated with a dysbiosis that displacreases in bacterial diveysit
and/or geneti richness of the Gl microbiorif’%8 Although it is difficult to prove whether
these patterns are the cause or an effect of disease, community ecology thedayepdsigh
diversity as a beneficial trait that is attributed ttee stability and functionality of the
ecosysterm®. Several independent research groups have consistently shown that individuals

from nonindustrlized populations in various parts of the world have greater Gl microbiome
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diversity when compared to individuals from irstriaized regiond This increased diversity is
reflected not only in the number of bacterial species (or operational taxonaitsipQiflUg)%32

35 but also the abundance ofngdic functions encoded in the GI microbicth&Vhile there are

many possible factors that couldusa reduced GI microbialiversity through industrialization
(e.g.sanitization and antibiotic use), dietary diverss considered a key mediatéf’. Research

in humanized mice (mice that have been colonized with a humanicgbbiota)demonstrated

that a maternal diet low in MACs induced significant depletions in the Gl microbiota diversity of
the offspring within only a few generations and that this depletion was irreversible even after the
re-introduction of MAC4. Enrichmat of the naternal diet with MACs maintained the Gl
microbiota diversity in the offsing over multiple generatiohsMoreover, the transition of nen
human primates from wild to semicaptive to captive conditions led to a reduction in bacterial
OTU richnessAn in-deph analysis of the chloroplast sequences found within the 16S sequences
obtained from the fecal samples suggested that this depletion was in part driven by a reduction in
the diversity of dietary plant content, and particularly a reduction inctrsumptio of
NDFCs!,

Overall, there is convincing evidence that a depletion of NDFCs in the diet results in a
reduction of microbial diversity within theuman GI microbiome, thus providing a ratianr
targeting micobial diversity through dietary modulations. An enrichment of both the amount and
structural diversity of NDFCs could in theory enhance microbial diversity and gene richness by
generating rihe opportunitie. Crosssectional assessments of lelegm dietary intake in
overweight humans have shown that ldegn consumption of fruit andegetables, and
therefore NDFCs, is associated with higher Gl microbial gene richness and tgfité?%i
Conversely, shoiterm dietary intervention studies hapeoduced conflicting resuft$!®11?
Studies supplementingF-rich whole foods have been shown to @ese Gl microbial
diversity’®, while most shorterm feeding trials wit purified NDFC873110.112or even whole
plantbased diefd had no effect.

In summary, although clear associations exist between the consumption of NDFCs, Gl
microbial diversity, and improved metabolic and inflaatary markers of CNCDs, rigorously
controlled human intervention studies witHDFCs that assess walefined clinical and

microbial endpoints are needed in order to determine (i) if diversity can be enhanced by NDFCs
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and (ii) to what extent this constitst@ microbialdependent mechanism by whibiDFCs can
improve human health.
1.2.3.2 Impact of NDFCs on G Microbiome Function

The provision of NDFCs does not only impact microbiota composition as described
above, but also changes the profile of microdimlved metabolites within the Gl trdét The
fermentation of NDFCs results in the production ohdfecial metabolites €.g. SCFAs) and
microbial gases (K CQ, CHs), with SCFAsbeing the main focus of recent reseatch?
Acetate propionate, and butyrate are the domird@FAs (at >95%}“. A sgnificant pation of
acetate (around 24%) can support the production of butymategh microbial crosteeding?.

The total amount and proportion ofdividual SCFAs producedsidependent on the type of
NDFC!6 as wd as the individual microbi@'’, further reinforcing that the response of the
human GI microbitato NDFCs is mdividualized.

Fermentation of NDFCs within the Gl tract leads to vareystemic effects on the host,
including an influence on energy homeostasis and metat3élignmajority of the SCFAs
produced are rapidly absorbed in the Gl tract, with only arouttd1®% being excreted in the
feces!® Upon absorptin, the majority of butyrate is metabolized by the colonocytes andsserv
as their major form of enerd?. Propionate reaches the liver via portal circulation, where it is
primarily utilized for hepatic gluconeogenesis (GNG). Acetate, on the other hand, reaches
peripheal circulation at extensively higher concentrations than the otheA§Gkhere it is
metabolized by peripheral tissues for energy, in addition to being utilizethebyiver for
lipogenesi§*>, NDCs provide e host with Oto 2.5 kcall/g (with digestible carbohydrates
providing 4 kcal/g), dependent on their level of fermentability byGhenicrobiota?.

A low intake of NDFCdeadsnot only to a reduction in SCFAs, balso shifts in Gl
microbiota metabolism toward the utilization of less favorable nutrients, particularly dietary and
endogenouslgupplied proteins®. For instancemoving the diet of humans volunteersifr a
weightmaintenance diet to a higirotein low-carbohydrate diet not only significantly reduced
the production of total SCFAs and butyfdfe but also led to an increase in potentially
detrimental metabolites derived from the fermentation of amino acids, includinghbdarhain
fatty acids, ammonia, amineN-nitroso compounds, phenolic compounds includirGresol,
and sulides Figure 1.3)*211?2 These metabolites are thought to directly contribute to the
development of CNCDs, particularbolon cancéf? In addition, depletion on NDFCs within
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the diet subsequently causes the Gl microbiota to shift their gfpcaging behavior towards
utilizing hostderived substrates such as mucins by upregulating the expressioteofbgenes
necessary for the metaldtion of mucosal glycoproteitt This shift towards the fermentation
of mucosal glycans leads to a significant depietié the epithelial mucus layét, which can
cause GI inflammation and increasé&s the hosto
In summary, the metabolic effect BiDFCs is central to their importance in human
nutrition and their effects vém used as supplemetifsn the form of prebiotics ofermentable
DF’®. Although the fermentationf NDFCs is considered beneficial, this subject is not without
its controversies. Individuals with obesity tend to have increased fecal SCFAs whearedhap
their lean counterpts'?’, and SCFAs might contribute to weight gain by providingrgp. In
addition, butyrate has a controversial role in the induction of colon cdresayset has been
shown to fuel the hyperproliferation of colon epithelial cells in a mowselel of the
diseas&®1?® However, epidemiological studies consistently report a negative association
between DF consumption, which would increase SCFAs, and both ob&signd colon
cancet®® 132 Futhermore, as discussed below, the majority of the physiological effects

associated with SCFAs are considenedeficial.

1.2.4 Physiological Effects oNDFCson the Host

Two primary signaling mechanisms have been described by which SCFAs are able to
influence the biological responses of the host. First, SCFAs can impose epigenetic regulation
through direct intiition of histone deacetylases activity and expres&ioHistone deacetylases
inhibition has been inditad as a centtanechanism by which SCFAs modulate the immune
system and inhibithe development of colon cané&r Second, SCFAs can bind topEotein
coupled receptors (GRR with the primary receptors activdtedoy SCFAs being GPR41,
GPR43, and GPR109%X. GPR41 and GPR43 are coexpressed locally on colonic
enteroendocrine 4cellS$T 3413 as well as systemically expressed initeshadipose tissue,
skeletal muscle, and the livét36137 GPR109A (which is also commonly referred to as Niacin
Receptor 1 sice niacin is its primary ligartéf) has ben shown to be expressed on ileal and
colonic enterocytes, adipocytes, and immune C&#&. Agonists for GPR41 can be ranked in
the following order based on potency: propionate greater than or equal to hubyrigtate

greater than acets however,these SCFAs exhibit similar potencies for GPR3%’ Butyrate,

21



on the othehand, is the only SCFA known to bind to GPR109A. Overall, SCFAs are a primary
microbiomedepexdent mechanism by which NDFCs modulate host Reatirough the
regulation of satiety, glucose and lipid metabolism, as well as systemic inflamniatjone(
1.3).
1.2.4.1 Regulation of Satiety

The regulation of te balance between hunger asatiety, which ultimately impacts
energy intake, is highly complex and influenced by multiple physiological, psychological, and
environmental factoté’. SCFAs are able to act as physigloal regulators of satiety by
primarily functioning as signaling molecules through the enhanced production of key anorectic
hormones such as peptide tyrosine tyrosine (PYY) and gluddgopeptidel (GLP-1) (Figure
1.3)%L. By means of activating GPR41 and GPR43, SCFAs induce the release of both PYY and
GLP-1 from colonic enteroendocrine-dells into systemiccirculation*>'43 PYY has been
shown to promote satiety by acting orethrcuate nucleus within the hypothalamus to suppress
neuropeptide Y neurons and activate-pppomelanocortin neurons whikdso delaying gastric
emptying**1%> GLP-1 similarly influences the hypothalamusy thinding to the GLPL
receptot*®14” while also inhibiting gastric emptying and the secretion of gastric'*4¢fd
Furthermore, the GFAs acetate and propionate have been shown to act on white adipose tissue
to stimulate the production of leptin, another anorectic hoariowolved in the regulation of
satiety Figure 1.3)1°0.151

SCFAs can alsaegulate the interplay between hunger and satiety independent of
anorectic hormones. Acetate has been shown to induce satiety through directly eliciting
hypothalamic appetite suppressitn Furthermore, propionatand butyrate promote an -up
regulation of intestinal GNG gerexpression, which positively flaences energy homeostasis
and promotes satiety by portal vein glucose seh$dré Besides influencing energy intgke
SCFAs may also affect energy expenditure. In rodents, SCFA supplementation promoted a
increased rate of oxygen consumption while also enhancing mitochondrial function, adaptive
thermogenesis, and fat oxidatiét°6. However, the extent of this influence and its relevaace

humans is not currently known.
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NDFCs are fermented by th8l microbiota to SCFAs, which upon absorption into enterocytes
can activate intestinal GNG, leading to improved satiety and glucose homeostasis. SCFAs can
further stimulate enteroendoceir_-cells to secrete PYY, GL:P, and GLP2. Bah PYY and
GLP-1 act as satiety hormones, while GLRalso promotes glucose tolerance. Meanwhile, the
secretion of GLR2 enhances intestinal barrier function by upregulating the expression of tight
junction prdeins. SCFAs further enhance the intestinatiba by stimulating mucin secretion
from goblet cells, which aids in reducing the translocation of LPS through the intestinal
epithelium, consequently reducing inflammation. Additionally, SCFAs exert immundatody
effects by regulating both the expamsiof regulatory Tcells and myeloid cell function to inhibit
inflammation. Moreover, SCFAs signal to organs distant toc@h&act, such as white adipose
tissue, where they may act on adipocytes promotingdioeetion of leptin, another anorectic
hormore. Furthermore, the presenceNiDFC inhibits the production of potentially detrimental
metabolites from the fermentation of dietary proteins through lowering intestinal pH. BCFAS,
brancheechain fatty acids; €D, cardiovascular disease; GUR glucagorike peptidel; GLP

2 glucagoHike peptide2; GNG, gluconeogenesis; LPS, lipopolysaccharides; PYY, peptide YY;
SCFAs, shorthain fatty acids; T2D, typk diabetes; Tregs, regulatorycElls.

1.2.4.2 Glucose ad Lipid Metabolism

Obesity, cardiovascular disease, typdiabetes, and other CNCDs are associated with an
altered glucose and lipid metaboli$¥'°8 Human intervention studies have shown that
increased consuntion of NDFCs can improve glucose and lipid metabot$it?, thereby
providing a mechanism by which they reduce the risk of developing cardiovascular disease, type
Il diabetes, and other CNCH%1¢3 As discussed above, activation of enteroendocrinells by
SCFAs stimulates the release GLP-1 , which direct |-gells#@cptosioteon p al
insulin and inhibit glucagon secretfdf'®4% GLP-1 i s al so knoawal t o i
responsiveness to glucose, even in glugoses i s-telsi®{®’ Aalditionally, SCFAs
themselves, specifically propionate, have recently been shovenctd dir edld oy on
stimulate insulinsecretion, independent of GiIB% This would subsequently increase the
uptake of glucose by skeletal muscle and adipose tissues while also decreasing hepatic
associatd GNG'®°, Further, SCFAs have been shown to inhibit hepaginciated GNG vithe
up-regulation of intestinal GN&?2 This reduction in hepatic GNG is critida¢causeenhanced
hepatic production of Igcose is linked to insulin resistance and the development of some
CNCDg"0171

SCFAs may also directly act on the liver to further influence hepatic glucose and lipid
metabolism, which may in part be mediated by GPR41 and GPRA43 sig#falibigtary

administration of SEAs decreased lipid accumulation within the liver in mice by means of
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increased lipid utilizatio2 This occurred primarily by a downregulation péroxisome
proliferatoractivated receptes expression and activity, which stimulated AMEtivated
protein kinaseassociated fatty acid oxidation within the liver. This S@Rduced increase in fat
oxidation was also observed in adipose ti$SueSCFAs may play a further role in lipid
metabolism by acting on adipose tissue through both intracellular and extracellular mechanisms.
The acute administration of acetate and propionate in humans led to a significant reduction in
serum free fatty acid levéfs. This may be in part due to a GPRé&endent decrease in the
intracellular lipolytic activity of adipocyté4’. In addition to this, propionate may also have
extracellular ipolytic properties by enhancing the activity off@uke tissue lipoprotein lipasé
Collectively, the mechanistic involvement of SCFAs in modulating glucose and lipid metabolism
has been well established in aainandin vitro models, although further research is needed to
clarify if these findings translate to humans.
1.2.4.3 Systemic Inflammation

Most CNCDs are characterized by a state of systemicglade inflammation, which
contributes to disease progriesg®’1°817% Although the findings are to some degree variable,
recent research indicates that NDFCs hawmé-inflammatory effects”1’® primarily through
SCFA-depenént mechanisms involving intestinal barrier function and regulation of immune cell
responses,
1.2.4.3.1 BarrierFunction andEndotoxemia

Diminished GI barrier function enhances the translocation of lipopolysadeh@PS)
and other microbiatlerived proinflammatory molecules across the Gl epithelial layer. LPS
interacts with LPSbinding protein and CD14 to stimulai®ll-like receptor4 ard subsequently
promotes a prinflammatory response, including a systemicrease in acughase proteins and
proinflammatory cytokiné€®. Elevated plasma LPS in humans (endotoxemia) is positively
correlated with percent body fat, excessive energy intake, metabolic inflammation, insulin
resistance, and dyslipidertd°'82 In mice, endotoxemia has been demonstrated to cause
obesity and insulin resistance without influencing food inf&k&onsideringhis, promoting Gl
mucosal barrier function could constitute a strategy to address cGid€@ziated metabolic
abnormalities.

SCFAs have been shown to enhance Gl barrier function through upregulating the
expression of tight junction proteins, which occurstigh at least two different mechanisms.
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First;, NDFGinduced SCFA production increases glymalike peptide2 secretion by
enteroendocrine 4cells'®185 which leads to an upregulation in the expressiofigbt junction
proteins (zonula occluderisand occludin) and, concomitantly, a reduction in LPS and systemic
inflammatiort®® (Figure 1.3). Recently, Kelly and colleagues illustrated another mechanism by
which SCFA metadesm (mainly butyrate) within intestinal epithelial cells creates a state of
hypoxia, which enhams ntestinal barrier integrit§’, likely throughenhanced ght junction
protein expressidf®.

Other mechanisms by which SCFAs have been shown to improve GI barrier function
include butyratedriven upregulation of epithelial cell proliferation and differentiadf§n
enhanced productioof antimicrobial peptides including secretory immunoglobuliigid) and
intestinal alkaline phosphatd8% stimulation of goblet cells to secrete mucug fheifies the Gl
mucus lgert®1%2 and GPR109Alependent regulation of &mocyte derived inteslikin-18,
which is essential to maintain mucosal homeostasis and ultimately Gl barrier ftitidfion
1.2.4.32 Immunoregulation

Subpopulations ainmunosuppressiveegulatory Fcells(Tregs) play an essential role in
both the maintenance of immunotolerance and, ultimately, the prevention of many ENEDs
Microbiotaderived SCFAs, particularly butyrate and propionate, have been demonstrated to
encourage immunotolerance through an expansion and differentiation of-*frdgss process
has been shown to occur through GPRéBendent signalidlf, as well as through the
epigenetic regulation ahe Foxp3 promoter through an inhibition diistone deacetyla&&1%°
This systemic immunoregdgtory effect is thought to be determined largely by the immunologic
context. For example, in a state of infection, SCFAs enhance the differentiation of
proinflammatory TFhelper cellsubsets ife. Thl and Thi7 cells) instead of Tré{s This
suggests that SCFA production from the fermentation of NDFCs may playrizate role in
host immune responses to infection beyond lowering intestinal pH, whitdjiténbolonization
by pathogerf.

The immunoregulatorgffect of SCFAs is, howevenot solely reliant upon an expansion
of Tregs and can occur in organ systems throughout the kaglyufigsandskiny°2°2 SCFAs
have also been shown to regulate immune cells of the myeloid linEageg 1.3) through
facilitating the polarization of macrophages towards KI2 phenotype involved in

downregulating an inflammatory respofisespecifically that ofGl macrophages to LP%.
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Moreover, SCFAsnodulate neutrophil aigity through suppressing their migratory beha$fbr
while shifting their microbial kling phenotype towards an increased gowytic activity with
diminished preinflammatory cytokine productié??2% The activity of dendritic cells has
similarly been shown to be influenced by SCFAs, primarily through enhancing their ability to
inducethe differentiation of Tred® and to promote the production of IgA by plasma ¢€lls
Furthermore, SCFAs are able to act directly eceBs to enhance the production of IgA, both by
acting as an energy source anduipyegulating the expression of genes necessary for plasma cell
differentiaton?®®, SCFAs can alsocact on nonimmune cells to stimulate the release of
antimicrobial peptides. Within the pancreas, 8€Fact onpancra t i-cells fin a GPR
dependent manner to enhance the secretion of cathelieldied antimicrobiapeptide, which
ultimately induces Treg cell expansiamd protects against the development of autoimmune
diabete€. Although additional research is needed, these animalravitro models elegantly

illustrate the central meahisms by which microbiotderived SCFAs reduce inflammation.

1.2.5 Evidence forMicrobiota-Mediated Health Effects onNDFCs

There is substdial evidence from weltlesigned animal studies that NDFCs, or the
metabolic products that result from their fermaion €.9. SCFAS), have beneficial effects and
that these effects are in part due to the Gl mictabMyork originating from Patrice Caiind
Nat hali e Del zenneds research groups has repe:
associations and not causal assessments, that the GI microbiota is implicated in the ability of
NDFCs to improve obesitgssociated lovgrade infammation andnsulin resistancg184186.210
Research employing fecal microbiota transplantation methodology supports these findings and
further suggests a causative link, in that upon transferring the Gl microbiota froniechiae
NDFC (resistant maltodextrin) to antibiotieeateddb/dbmice (a model of typd diabetes), the
improved glucose homeostatic phemqeyaslikewise transferrett’.

Work with GRR41 and GPR43 knockout (KOinice, or their specific receptor
antagonists, provides additional evidence that the NB$§%Dciated metabolic health effects
described above are mediated by the Gl microbiota and specifically through the production of
SCFAs. Foiinstance, the ability of SEAs to stimulate insulin secretion through increase -GLP
releasé'>213 promote satiety through enhanced PYY secrétipreduce systemic free fatty acid
levels'’, or regulate blood presstteis lost in GPR41 and/or GPR43 KO mice. Moreover, the
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combination of GPR41 KO mice with a model of allergic asthma sbéat the productio of

SCFAs was essential for NDFCs to protaegainst allergic airway inflammation, which occurred

by impairing the ability of lung dendritic cells to promote allergeactive Th2 responsés A
similarly designed study compared tbe#ect of guar gum, a vi®sus NDFC, in wildtype,
GPRA43 KO, and GPR109A KO mice treated with dextrafasulsodium, which induces colitis.

The study showed that signaling through GPR43 and GPR109A was essential for the NDFC to
protect against the developnt of coliti?®.

Although these animal studies do illustrate a clear causative link between NDFCs, host
health, and Gl microbiotaomposition and functione(g. SCFAs), knowledge on the exact role
of the Gl microbita in the health effés of NDFCs remains incomplete. One experimental
approach by which this could be resoliedhrough the comparison of the physiological effects
of NDFCs in conventionalized and germfree anifffalslowever germfree animalsare not
without limitations since there are important physiological features that differ from their
conventional counterparts, including an immune system that is not fully devéioiiéd
Furthermore, the pathajecal progression of CNCllke symptoms in several animal models is
often vastly different under gerfree conditions, preventing direct comparison between -germ
free and conventional anim&1$2?% To address theslimitations, one could alternatively test if
the phenotypic effestof NDFCs are able to be transferred through cohousing or fecal microbial
transfers. This is based on the premise that if the beneficial effect of the NDFC is caased by
shift in the micobiome, then the same beneficial effect should be seen in theeneeipimat*.

In humans, most microbiorressociated CNCDs are also linked to a low intake of dietary
NDFCs, with a substantial degree of overlap betweeritbe(Figure 1.1). This suggests that
NDFCs may prevent CNCDirough a modulation of the Gl microbiofée Epidemiological
studies have established convincing associations bet@&eimtake and healf§?1%3222 and
although findings from human intervention studiesless consisteft?, health claims have been
approved forDFs (cancer andcardiovascular diseagé) and prebiotics (constipatioity.
Moreover, multiple human intervention studiesvé been conducted that assess the effect of
NDFCs on weldefined clinical outcomes while also characterizing the microbiome for
compositional and functional signatures that correlate withethealth outcomg$¢:110.22827
For instance, treatment with the prebiotic inulin led noirecrease in botBifidobacteriumand
Faecalibacterium prausnitziwhich was inversely correlated with serum LPS levieldicating
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the prebiotic enhanced Gl barrier function through modulating thmeiGobiot#®. Furthermore,
systematic metanalyses have shown that prebiotic supplementation is capable of restoring
bowel functiod?®, while also reversing multiple metabolic abnormalities associated with
CNCDs, including reducing fasting insulin, triglycerides, and-ttemsity lipoprotein cheisterol
levelg®9:161.229.230 gypplementation with lupin kernel fiber, a viscous NDFC, also led to a
significant reduction in lowdensity lipoprotein cholesterol levels, and this response was
inversely correlated with the fecal excretion of SCFAsAlthough these studies do detect
microbial signatures that closely correlate with clinical outcoonfeBIDFC supplementation,
they do not provide direct evidence for a causative role of the Gl mitatitftb

Still, some studies have been conducted that do indicate a causative link between the Gl
microbidaand NDFCs. Wor k fr om Fred d human sidyorthhae d 6 s
humanized gerAfree mouse model to demonstrate that inaptb glucose metabolism due to
whole-grain barley intake was dependent on the presencBre@fotella copriwithin the
parti ci palf Futlserm@e, P raviding tSCFAs directly through colonic infusions,
studies have demonstrated that SCFAs do promote a systematic increase in PYY ahd GLP
while also benefiting markers of inflammatféf?>3

Clinical research that establishes clear connections between the leaefitslof NDFCs
and the Gl microbiota, as well as clear evidence for the role of the GI microbiome in the health
effects of NDFCs, including the underlying mechanisms involved, is altogether limited. As
described above, NDFCs can exert health benefibsighrmicrobiomandependent mechanisms
such as a reduction in nutrient absorption through viscosity or binding of bile acids and
cholesterdl’. This clearly illustrates a need for future studies that pair rigoradesjgned
human studies with animal modelsecausethis would cwostitute a unique tool to assess

causation in humat&??t

1.2.6 Future Directions

1.2.6.1 Assessing the Clinical Efficacy diDFCsand the Role of theGl Microbiome

Until now, most of the clinical evaluation of NAQs has occurred through esided
studies that solely assess either the Gl microbiome or the host while coynpletdboking the
other*234 Clinical research is needed that assesses the effect of NDFCsrousigalesigned

randomized controlled trials with relevant clinical endpoints and a parallel characterization of the
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role of the Gl microbita in these effects. Doing so would require close collaborations between
nutritionally and microbiologicallyfocusedreseach groups to facilitate truly interdisciplinary
research.

Despite clear evidence of the benefits of NDFCs from epidemiological studies, results
from human intervention studies remain inconsigtérithese mconsistencies could stem from a
variety of reasons. Most of tHeF assessed in epidemiological studies is derived from whole
foods (fruits, vegetables, and whole grains), in which the NDFCs are consumed intact within a
food matrix that also includes compantssuch agphytochemicals and bioactive lipids These
bioactive compounds are ék/ to act synergistically within the food mafi%?®’ and once
purified to be used as a supplement, the hesdfttts of the NDFC might be lost or redu€&d
However, purified DB and prebiotics, as well as their fermentation products (SCFAs), have been
repeatedly shown to be beneficial in mouse mdéfel$he variability in human intervention
studies could aris€rom both the highly inteindividualized nature of the human Gl
microbiomé&’®*Band the variability in th¥®3fhestws met
factors ae inherently higher in humans, as mice colonies are often composed of inbred mice
housed in a highly standardized environment and are fed homogenous diets. Given that the Gl
microbiaas in human subjectdiffer in the degree by which they are able to zsilispecific
NDFC$° interindividual variation is likely to be more pronounced in studies using a single
purified substrate instead of a mixture of substrates or a whole food containing niDRiple
chemistriesin this respect, studies shdutharacterize the chemical sttue of the NDFCs to
establish structur@unction relationships between NDFDemistry and Gl microbiome gene
content, because thisuld be used to personalize approathes

What is needed are human intervention studies with clinical endpoints that compare
single NDFCs ath their mixtures to those effects observed from whole foodslewdiso
including a multiomics approach for the analysis of the Gl microbiome. Metagenomic analyses
can identify specific shifts in GI microbiome composition and structarg. diversity) trat
correlate with health outcomes. Such shifts, if they existjldvsuggest that health benefits are
due to selective changes of the GI microbiota in accordance to the original prebiotic ©oncept
However, such studies should also include predictive modeling to determine hoeindntetual
differences in microbiome composition and functional capacity impact clinical ouscdrhese
studies could provide an explanation for the high variationrebddn intervention studies with
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NDFCs and would establish a basis for personalized NDFC applications. Pairing this approach
with a metabolomi@nalysis can further identify the cooymds that are associated with health
outcomes, which could range fromarobial metabolites that originate from the fermentation of
NDFCs to phytochemicals and their metabolic derivatives. Research has shown that
phytochemicals present in fruits, vegetshl whole grains, and maryF extracts are also
metabolically transformelly the Gl microbiota and absorbed by the host, correlating with health
benefitg®,

Considering that # humammicrobiome symbiosis evolvedith a supply of NDCs
beyond 100 g/day, future human intervention studies should clearly be performed with more
physiologically relevant dos&s Supplementation ol0 to 15 grams in intervention studies
ensures participants meet curr@®f recommendations of around 30 g/#ayut this intake is
still far below that of our ancestéf€® potentialy hindering the opportunity to detec
evolutionary routed interrelationships between NDFCs, the GI microbiota, and Adtdugh
experiments innonindustrialized populations are clearly confoundgdthe possibility that
specific DFdegrading bacterihave been lo$f, human studies that used NMOses greater
than 50 g/day did detect health benetiiough the assessment@RNCD markers.For instance,
by switching African Americans over to a more traditional South African diet that consisted of
55 gbay of NDCs, markers of colon cancer were improved in dhiweeks!. Furthermore,
following a 2-week dietary intervention that resembled an ancestral diet, with arourgldbg3
of NDCs provided as green lgafegetables, fruit, and nuts, a 25% reduction in total cholesterol
was observed, which is a response comparable to choldstearing medicatiorfd®?*! These
studies clearly pnade a rationale for the use bigherdoses oDF in clinical research.

The approach described in this paragraph would ultimately help to identify putative
mechanisms by which NDFCs exert their health effects, which would allow the formation of
hypotheses that would inform the designctihical studies and assist in the dephent of
dietary strategies and targeted applications of NDFCs to improve human health.
1.2.6.2 Elucidating the Exact Mechanisms

Although wellconducted human studies with clinical endpoints would be suffictent t
establishthe efficiency of NDFCs and obtain health claims ©Fs or prebiotic&?42 it is
important to point out that such research would only establish correlations and not causation.
Correlations can be nieadingbecauselirectionality cannot be establishedpecially since host
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parameters altered through NDF@sg( inflammation, netabolic outcomes) can in themselves
have an effect on the Gl microbioffie**4 In addition, intake of RS has clearly established that
the health effects of a NDFC can be completely independent of the GI microbiota, even though
clear correlations between dietlucedshifts in the microbiome and host markers éXist

In this respect, it is important to consider that human studies have unavoidable limitations
when it comes to establishing mechanisiecausethe health effects of NDFCs can be
completely microbiomeéndependent. Foexample, NDCs icrease fecal bulk anhdecrease
colonic transit tim&?® which in turn ifluences Glmicrobiota compositioft’. Ingestion of
viscous NDCs may also increase the viscosity of digesta, interrupting the rate of nutrient
absorption, and ultimately promoting an improvement in clinical markers, especially post
prandia glycemic resporef#®249 Furthermore, NDCs are able to sequester compounds such as
sterols, bile acids, and carcinog&s®2%! inhibiting their absorbance and enhancing their
excretion. Modulation of the bile acid pool alone may have systemic implications on glucose and
lipid metabolism, as well as systemic inflammatiorotigh action on the farnesoid X receptor
and the GPR TGR#&. These micrbiotaindependent mechanisms can be difficult to distinguish
from microbiotadependent mechanisms, especidigcausethey still might lead to strong
correlations between digtduced shifts in microbiome composition and host mafkers

Elucidation of the role of the Gl microbiome in the health effects of NDFCs and the
underlying mechanisms will require innovaeperimental approaches such as utilizing animal
studies in parallel with human intervention studieditectly test the role of the GI microl&in
health outcomé82??1 Although establishing the contribution of the GI microbiota in the health
outcomes of aNDFC would in theory be required to establish its p®biaction, such studse
would be extremely difficult and costly, and probably an unrealistic demand for the purpose of
defining if a NDFC qualifies as a prebiotic. Therefore, despite the limitations discussed above,
the establishment of correlations beem microbiome featureend health benefits of a NDFC
should probably be considered sufficient from a practical standpoint to establish which NDFCs
constitute prebiotidé. Establishing the causal role of the GI microbiota dne underlying
mechansms would remain essential information for the development of improved nutritional
strategies. Only an idepth mechanistic understanding will allow for the selection of NDFCs, or

mixtures thereof, to systematically target spediéatures of the Gl mictmome (.e. specific
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taxa, diversity, metabolites) with the goal of correcting both immunometabolic abnormalities and

dysbiotic features that underlie CNCDs.

1.2.7 Conclusion

The human @t has clearly changed over the last millepniesulting indiminished
potential to support our Gl microbial community with growth substrates due to the dramatic
reduction in the intake of NDFCs to a mere fraction of what was present in the diet of our
ancestors. Evidence points to this o6fiber gapd as
increased prevalence of CNCB#& Although increased consumption of NOfch whole
foods such adruits, vegetables, and whole graiisspreferablefrom a nutritional perspective,
efforts to increase their consumption have been ineffective tolatays®F levels remain low
despite substantial efforts from nutritional ages’. Humans resist lorterm change their
dietary habit&3 illustrating a need for NDFC sources that can readily enrich the standard
western diet. A broad array of NDFCs, which have vast potential to enhance the food supply,
already exist on the market; however, proddevelopment and consumer research, in
combination with clinical research, is needed to determine practidaiasteffective means by
which these NDFCs can be incorporated into the food stfpply

We know that thex is a high degree of interdividual variation in Gl microbial response
to NDFC$"%%73 and we have the toolset available to determine to what degree this individuality
affects health outcomes in clinical steslf. This essential knowledge would ultimately support
the development oh framework by which interventions with NDFCs could be personalized.
This assures tremendous potential for growth within this field, pmogiigxciting new
developments ashe focus ofhuman nutrition shifts toward targeted nourishment of our
symbiotic mcrobial communities as a way of preventing and treating CNCDs through

supplementation with NDFCs.
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CHAPTER 2: Rationale, Objectives, and Hypotheses

2.1 Rationale and Overall Research Goal

Obesity and associated comorbidities, such as cardiovascular disease and type Il diabetes,
have reached epidemic proportions workdde*>*2%5, with the global economic burden of
obesity alone estimated at over a trillion dollars annéflijlthough an overly simplistic model
of energy homeostasis, exsdsdy weighgenerallyresults froman imbalance between calories
consumed and energy expenttédrhisimbalances partially facilitated by diets high inefined
energydense foodsut low in nondigestible carbohydrates known as dietary Sb@F)>°8
which are frequently consumed by individusisocioeconomically developed societi€@besity
is further chaacterized by a state ofmetabolically driven chronic lowrade systemic
inflammation,for which growing evidence implicas dysfunctional immunometabolism in the
pathogenesis of several obesitysociated comorbiditi€82%° Therefore, successful therapeutic
strategiesfor overconing these chronic diseas would ideally impact energy homeostasis,
promote satietyand induce beneficial immunometabolic effects.

Virtually all nutritional policies advocate for the consumptionnafrientdense plant
based diets rich in fruits, vegetablesiole grains, legung nuts, and seeds for the treatment and
prevention of obesity and associated comorbidi##42% Contained within the matrixes of
plantfoods are a diverse array of heafttomoting bioactive compounds such gitamins,
minerals, phytochemicals, and BFs% with DF being particularly weltecognzed as an
important component of a healthy dfet®® Findings from largescak observational studies
provide consistent evidence that increased DF consumption, when provided bfjoqdnt
reduceghe risk of chronic diseas®2%° andall-cause mortality’®2’t Mechanistic studies have
further established processes by which Délger energy homeostasipromote satietyand
induce immunometabolic effeéfg’2273 Although achieving recommended amount®&fwith
plantfoods is certainly the most advantageous for micrdisease prevention, efforts to increase
consumption have not significantly changed consumer beR&A6F Therefore affluent
societies sufferf o m a6 ¥ whereaverageairgaiies of DF remain at only half of what is
recommendetd?’S a factor that has potentially contributénl the obesity epidemi€?” In
Chapter 1.1, aconceptual framework was set totb close the fiber gap, proposing that purified

DFs could be synthesized or isolated from pfaontds and incorporated into reguladgnsumed
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foods such as white flouich product$® in order to reach recommended amotfft&27!
Indeed, a variety of purified DFs are already commercially available with physicochemical
attributes that allow for their application in refined foods without affecting pragladity?’2®.

One emerging mechanisiny which DFsexert physiologic effectsrelevant to obesity
involvesthe favorabk modulaton of the microbial communitythatinhabits our gastrointestinal
tract®®2’2 The composition of thisommunity termed the gut microbigtand particularly its
metabolic functions have beelinked to the pathophysiologyof obesity and associated
comorbiditied’®, and are therefae potential therapeutic targetAs several purified DFs have
establibed microbioteaccessible carbohydratéstheir use in foods or as supplemeatsild
alter the gut microbota in ways that may confdnealthbenefitsin humars?’327% For instance,
purified DFs have been shown to induce a genesdift in microbial metabolism towards
beneficial shorchain fatty acids (SCFAs) and away from the production Neritroso
compoundssulfides, and other detrimental metabolites gendrdteingthe degradation of host
mucins and dietary proteittd12>28282  pyrified DFs also display substantial structural
differences that dictate which microbes are involved in their degradatiordieeat SCFA
produdiont*6-283285 \which opers exciting opportunitiesfor precision microbiota manipulatico
maintain health or treat chronic dise®€85287 Overall, the partialreplacenent of readily
digestible ingredientsvith purified DFs would have tremendous potential for closing the fiber
gap and perhap®gressg the prevalenceof obesityand its associated comorbiditiespart by
remodeling the gut microbiotén Chapter 1.2, the role of DF in modulating the gut mabiota
to improve human healtlvas discussed, including effects on ttwmpositionand metabolic
functions of thegut microbiota and thenechanisms by whicBFs promote healthEcological
concepts important fdooth te interpretationand prediction ofyut microbial responses to DF,
such asfunctional redundancy inter-species interactionsand interpersonal differencesyere
also discussedlong with current promises aotiallengedor the field

While prospects forthe health promotion of purified DFs appear promising, their
applications in humadietaryintervention trials havgielded conflicting resultswith extensive
betweenstudy heterogeneit§??>2’7 For this reasordisagreementemain as tavhether DF can
exert reliable health effects when a simple reductionist approagplgdwith purified DFZ%®
291 As cautionedby Mozaffarian and colleagues, simple reductionistregghes to signal
nutrients such as DF may actually facilitate uncertainties and led to misleading concepts, since
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nutrients are not consumed in isolation but instead as part of foods and dietamysiatter
Therdore, intact plantfood matrice$®2% and the wnergistic interactions between
phytochemicals and DFs contained witsaid matrice$°?°¢ might be needetb achievemore
consistenthealth benefits linkedo DF. It is alsofeasible that DFs are not the primary health
promoting component of plafbods4265291297 or that physiological effect®f DF are
diminishedor even losonce isolated from food matric€§2%2% |n addition,higheramounts of

DF closerto the diet of our ancesto(se. >50 g/day)may be required fareliable and sustained
healthoutcomes and fophysiologicaly relevant changes tgut microbiota configuratiod$>3°

303 However, the exact efficacious dose of DF required for measurable effects in humans, and if
such doses are beyond the tolerance of modern humarssnsaimknow?f”.

To ascertainwhether purified DFs hold merit for thgromotion of human healtand
treatment of chronic disegasseveral irportant questions remain to be answeredCéh DFs
exert reliable physiological benefits in humawhen a reductionist approach is used with
different purified DFs ingredients? If so, what are the efficacious dpsesd are there
physicochemical propegs that should be considererlachievespecific health outcomes? (ii)
Would daily consumption offficacious doses be tolerable, and would modern humans adapt to
these doses? (iii) How do different purified DFs affect the composition and metaboligyauftivit
the gut microbiotaand b what degree are effects individualizgdan individualized responses
of healthrelevant SCFAs be predicted by features of the gut microbial community despite
ecological constrais, and if so, what are the best predictingtdes? (iv) Can discreteDF
structures at specific doses be used to induce predictable changes to the gut microbiota that are
relevant for health despite ecologicadnstraintsof the gut microbiota?f so, what are the
efficaciousdoses requiretb maximiz these effects?

The goas of the research discussed in this PhD dissertatiene to address these open
guestions to explorethe potential of purified DFs tbeneficially nodulak the gut microbiota
andimprove human health through more targeted appermand to overall contoute to the
conceptual framework presented inChapter 1.1. These goals wereachieved by (i)
systematically reviewing the application of purified DFs in human intervention trialgiiand
characterizing in humans the effects offadpse supplementation with distinct DF structures on
gut microbial community compositiothe output ofhealthrelevant SCFAs, and gastrointestinal

symptoms.
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2.2Research Objectives, Specific Aims, and Hypotheses

2.2.1 Objective 1: To summarize the immunmetabolic effects of purified DFs through a
systematic review of human intervention trials that used isolated and symetic DFs and
assess immunometabolic risk markers of disease.
Specific Aims
I. To evaluate the effect of isolated and synthetic DF suppleti@m on weHestablished
risk markers of metabolic disease related to glycemia, systemic inflammation, and
lipidemiain intervention studies in healthy and/oirisk adults.
ii. To determine whether reported effects differ based on DF dose, DF physicoahemi
properties, intervention duration, and the placebo used.

This objectivewasinvestigatedn Chapter 3.

2.2.2 Ohective 2: To explore in humans the effect of longhain, corn bran arabinoxylan
(AX) at high daily doses on fecal microbiota compositiorand SCFAs, as compared to
microcrystalline cellulose (MCC), and to integrate findings using an ecological framework.
Specific Aims

I. To conduct a sikwveek, parallebrm,exploratory randomized controlled trial individuals
with overweight and obesity and characterize the shednd longterm effectsi(e. weeks
1 and 6) ofhigh-dose AX supplemeation on fecal microbiota composition ar8CFA
concentrations relativi® MCC (nonfermentable control)

ii. To sydematically assess whethelbaseline microbiota ©mposition fiberinduced
compositional shiftsor baselinediet history explain SCFA responsg observed among
individuals.

Hypothesis:
Supplementation withX and MCC would show structw@ependent effectsndecal microbiota
composition andSCFA concentations with compositionathiftsfurther linking tothe output of
fecal SCFAs

This objectivewasinvestigatedn Chapter 4. The effects 0AX and MCC supplementatiomn

perceived satiety and surrogate endpoints, whdtherthe effects of DF wer@redidable by
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featuresof the fecal microbiota or relateanolecular markerswere further investigated in

Appendix A.

2.2.3 Objective 3: To evaluate the gastrointestinal tetance of fermentable AX at
efficacious amounts, when compared to noefermentable MCC, and to systematically
investigate links to the fecal microbiota and diet.
Specific Aims
i. To extendthe exploratory randomized controlled triednducted to achieve Objae 2 in
order to evaluate the severity of gastrointestinal symptoms during -doge AX
supplementatiomelative to MCC and to determirtee degree to whichumans adapt to
tolerate AX
ii. To systematicallyassessvhetherindividual differences in AX tolenaceassociate with
fecalmicrobiotacompositionpH, SCFAspr diet history
Hypothesis
The severity of gastrointestinal symptomeported during AX supplementatiomould be
individualized with detectable linke baseline diet historand AX-induces changes ifecal

microbiaa compositionand/or SCFAconcentrations

This objectivewasinvestigated irChapter 5.

2.2.4 Objective 4: To determine if specific doses of discrete DF structure could be used in
humans to direct changes in fecal microiota composition and its output of beneficial
SCFAs.
Specific Aims
i. To perform a randomized, plaaebontrolled, doubléblind, parallelfour-arm, dose
response studgnd tocompare in humans the effects and d@sponse relationships (at
doses up to 50 g/day) of threkemically modified resistant starches (RS4s) witlerdie
structureson fecal micrbiota composition, SCFA profiles, and perceigastrointestinal
tolerance.
ii. To assess whether substrapeecific effects on fecal microbiota composition associate with
fecal SCFA responses.

52



Hypothesis:
Small discrete differeces in the chemical structurd BS4swould direct changes in fecal

microbiota composition and its SCFA output

This objective wasinvestigated irChapter 6.
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CHAPTER 3: The Effect of Isolated and Synthetic Dietary Fibers on
Markers of Metabolic Diseases in Human Intervention Studies: A

Systematic Review

A version ofChapter 3 of this thesis was published @smet AM, Deehan EC, Thie

JV, Hewko SJ, and Walter The effect of isolated and synthetic dietary fibers on markers of

metabolic diseases in human intervention studies: a systematic .r&deances in Nutrition
2020;11(2)420-438

3.1Introduction

Obesity and its associatesbmorbidities, such as tyge diabetes and cardiovascular
disease, have reached epidemic proportions in countries that have adopted a weSteifhiiet
diet is typically low infruits, vegetables, whole graingegumes, nuts, and seeds, all of which are
the only food sources of dietary fiber (B¥)DF is defined as nedigestible carbohydrate
polymers that either occur naturally in food (intrinsic and intact DFs), are isolated frortbfood
physical, enzymatic, or checal means) or are chemically synthesized, the latter two requiring
evidence to support their physiological benefit to héaltBF is considered by most health
professionals and regulatory agencies to be an integral componenheslthy diet, being
implicated inthe reduction of chronic disea$e¥? Observational studies support the health
benefits of high DF intak®’, such as a reduction in legrade systemidanflammatiorf??
obesity*® metabolic syndront&3°¢ typell diabete¥33°7 and cardiovascular dised%e* as
well as alicause mortalitf/®. In addition, a substantial body of research in animal disease
models demonstrated heafifhomoting effects of isolated and synthetic DFs and established
mechanisms byhich patholgies are preventét?’3 DF sequesters bile acids and cholesterol
in the small intestine and promotes their excrédprvhile viscous [Fs impede the absorption
of glucose and lipicd&®. Further, fermentation of DF by the gut microbiota leads to the
production of shorthain fatty acids, which have a wide variefyimmunological, metabolic,
and hormonal effects, such pmoting satiety, reducing inflammation, and improving glucose

and lipid metabolisrit2%©
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The average intake of DF remains decidedly inadequate in affagaeties despite
considerable efforts from policy makers and health professionals to increase consumption of
whole food$’. A more promising strategy to enhance DF consumption, and thereby overall
health, could potentially be achieved by enriching the feapply with isolated or synthetic
DF<72"7 However, @spite the convincing effects of DF found in observatf§h&®and animal
studied’®?”3 results of human intervention trials with isolated and synthetic DFs are
inconsgstent*. Buyken and colleagues systemallic reviewed observational studies that
assessed the relationship between DF intake and systemic inflammation, and compared these
findings to results of intervention stedi that provided DF supplemefits Only a single
intervention study out of 11 reported a significant reduction-nedCtive protein (CRP) levels,
while 13 out of 16 observational studies reported a significawérge association between
systemic inflammation and DF intake. Further, Thompssioal reported improvements in body
weight and glycemia from isolated soluble DF in overweight and obese populatiamns
systematic review and metaalysis of interventiorstudies, but the authors recommended
caution in the interpretation of these findings due to significant betsateely heterogeneity’.

These findings raise important questions: why do observational studies more consistently show
beneficial effects of incesed DF intake as compared to intervention trials, anéaleged and
synthetic DFs a viable alternative to whole foods rich in intrinsic and intact DFs?

The objective ofChapter 3 was to evaluate the effect of isolated and synthetic DF
supplementation ro well-established risk markers of metabolic disease e@lab glycemia,
systemic inflammation, and lipidemia in intervention studies in healthy andfskadults. We
further determined whether reported effects differed based on DF dose, DF physicathe
properties, intervention duration, and the placebedu Given the extensive heterogeneity in the
study designs used in the included publicatiang.6inglearm and multarm interventions), a
metaanalysis was not conducted. Instead, the reswtre summarizedto provide
recommendations for the desigh fature interventions aimed at elucidating the role of DF
supplementation in the prevention of chronic disease.

3.2 Methods

In order to achieve a comprehensive overview of the availébtature on isolated and

synthetic DF, randomized placebontrolled trials, pilot studies and singlearm interventions
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trials that assessed a wide range of immunometabolic maslegesincluded This resulted in
extensive heterogeneity in the desighdhe studies found and, consequently, a rastysis

was not compled. This systematic review was conducted based on the Preferred Reporting
ltems for Systematic Reviews and Metaalyses (PRISMA) stateméef? as well as the
Cochrane Handbook for Systematic Reviews and Intervergigdslines!l. Although the study

was not registered with PROSPERO, no deviations from the original protocol were made.

3.2.1 StudySelection Criteria

Since the objective of this view was to assess the ability of DF supplementation to
reduce diseas risk in both healthy adults and those at risk for metabolic diseasgs (
hypercholesterolemiaand prediabetes), we focused on weéitablished markers of
pathophysiologies of obesignd its comorbidities, such as typediabetes and cardiovascular
disease. These immunometabolic markers were grouped under the following themes: (1)
dysglycemia and insulin resistance [fasting glucose, insulin, homeostatic model assessment of
insulin resstance (HOMAIR), and postprandial glucose and insulin responses twa glucose
tolerance test, described as glucose area under the curve (AUC) and insulin AUC], (2) systemic
inflammation [fasting CRP and interleukin 6 {@)], and (3) dyslipidemia [&ing total
cholesterol (TC), lowdensity lipoprotein cholesterol (UDC), highdensity lipoprotein
cholesterol (HDEC), and triglycerides (TG)]. Human intervention studies with a range of
experimental design®(g.randomized placeboontrolled studies,isgle-arm studies, and pilot
studies) published in English that asssk the effect DF supplements with at least 50% DF
content per gram dry weight on the markers of interest were included.

The gold standard for investigating the effectiveness of an eréon is a randomized,
doubleblinded, placebaontrolled trial. Theplacebo should be as similar as possible to the
treatment in appearance but physiologically and functionally inert; therefore, having no effect on
the primary outcomé¥. This is often difficult to achieve in nutrition resea¥éhas the placebo
may adversely affect the assessed outcomes, whicheisabe for placebos composed of
digestible carbohydrates since these have been shown to affect immunometabolic markers
negatively*4312 Therefore studies that did not report baseline data for each interventigrnoa
if such data could not be obtained from the authors upon request, were excltiieEsbagudies

did not allowfor theeffect of the placebdo be quantified
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The selection criteriare summarized imable 3.1. Studies with multiple treatment arms
were included if at least one arm met inclusion criteria. Intervention arms that tested DF together
with calorie restriction protocols, medications, probiotics, or in the context of vibote
treatments were excluded, as these interventions may haveMsdidpendent effects on the

immunometabolic markers assessed.

Table 3.1. Predefined inclusion and exclusion criteria

INCLUSION EXCLUSION
DF Intervention Studies: DF Intervention Studies:
1) Published in English between January 1¢ 1) Population witha history of typell
and December 2018. diabetes, cardiovasculagnal, hepatic, or

acute inflammatory diseases.
2) Assessed the metabolic effect of DF by  2) Combined other interventionise| weight

comparingt to a control arm or baseline loss, lowfat diet, medications).
measurements.

3) Measured fasting glucose, insulin, HOM/ 3) DF source is of low purity, as in <50%
IR, CRP, IL:-6, LDL-C, HDL-C, TC, TG, total DF based on dry weight.

or postprandial glucose or insulin AUC
after an OGTT.

4) Normoweight, overweight, and/or obese 4) Insufficient data available on Dfsed,
adult populatio{imean age: 1864 y). including source, purity, and/or dose.
5) I ntervention dur . 5)DF effectdata is insufficient or missing

for either the badme or the control arm.

AUC, area under the curve; CRP-r€active protein; DF, dietary fiber; HDC, high-density
lipoprotein cholesterol; HOMAR, homeostatic model assessment of insulin resistancaitérleukin
LDL-C, low-density lipoprotein chokterol; OGTT, oral glucose tolerance test; TC, total cholest
TG, triglycerides

3.2.2 Searclstrategy

The databases PubMed, MEDLINE, CINAHL Plus with Full Text, Scopus, and Google
Scholar were used to conduct a systematic literature search, agdutlifigure 3.1. The
selected search terms were as f oprébmtw)sAND ( idi et
(Ainsulin resistanced OR Ainsulin sensitivity
Aibl ood | ipidso OR | i P mdivitaks (AMA andOECD)cconmpleteds t e r o |
the initial searches independently in May 2016, screenumjes published from January 1990
onward, and all disagreements were resolved through discussions. Identified publications were
in- or excluded based on fihetitle and/or abstract using selection criteria, and duplicate

publications were removed. The ramng publications were reviewed in full and were assessed
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against the selection criteria to determine eligibility. The reference lists of eligible anmles
screened for additional publications not identified in the initial searches. These puilndivetie

also reviewed in full and assessed using the same selection criteria. An updated search was
conducted in December 2018 to include studies publisined 81ay 2016, and the same search

strategy was used.

Databases:
PubMed, MEDLINE, CINAHL Plus,
Scopus, Google Scholar

Search Terms:

(dietary fibre OR dietary fiber OR prebiotic) AND
Dysglycemia and Insulin Resistance: insulin resistance
OR Insulin sensitivity OR glucose melabolism
systemic Inflammation: inflammation OR GRP OR IL-6
Dyslipidemia: blood lipids OR lipoproteins OR cholesterol

\/

Total reports
(n=23,131)

Identification

Excluded Based on
Title or Abstract:
= Animal study
= Duplicates
« Mot DF

| - published before 1990
= Mot published in English
- Interventions <2 weeks
- Diseased population
= Mean age: <18 y or =64y

Screening

4

Repnr‘ts Reviewed
in Full (n=187)

Eligibility

Reports Excluded (n=110);

= DF source and purity
(n=38)

—>| - Inadequate DF info (n=10)

- Insufficient data (n1=13)

= Additional intervention
(n=49)

W
Total publications included (n=77")

Included

Dysglycemia and Insulin Resistance (n=52)
Systemic Inflammation (1=20)
Dyslipidemia (n=63)

Figure 3.1. PRISMA flow diagram of article search and selection processhe literature
search was first conducted during May 2016, and included all studies published from January
1990 onward. An upded literature search was conducted in December 2018. *Includes two
papers that analyzed the sambject population, but performed different analyses.
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3.2.3 DataExtraction

One author (AMA) extracted the data, which included information on the study
popuation (mean age, mean BMI, population characteristics), the intervention (study design,
duration),the DF supplement (type, dose, purity), the placebo (type, dose), and whether the DF
had a statistically significant effect on the immunometabolic markiees\wompared to baseline
values and/or the placebo. For studies that did not report the actuaitash@F administered,
the exact dose of DF was determined using the DF content of the supplement reported online. To
ensure accuracy, twmdividuals not involved in the initial data extraction (ECD and JVT)
reviewed the data and any discrepancies wes@ved through discussions.

3.2.4 Risk ofBias Quality Assessment

Methodological quality was assessed for each publication according to the Cochrane
Collaboat i on6s Ri sk of 3 Bivaiividuas{AMA snd €G0) commeted
this assessment independerathd all discrepancies weresolved through discussions.

3.2.5 DataStratification

Since different DF types and doses were often compared in the same study, we
considered individual treatment arms within studies as separate interventions. In order to
synhesize the findings from elacstudy, the effect of DF within each intervention arm was
categorized based on either a statistically significant difference relative to baseline or against
pl acebop<Ox0. 05,

Interventions were stratified based on DFse&lo DF physicochemical prapies,
intervention duration, and the placebo used in order to characterize how these variables
influenced the effects of DF supplementation.
grams, 102 0. 0 gr ams, afDE DR 2vere chteggrizdahsesl on their described
physicochemical properties as insoluble and nonviscous (consisting only of resistant starches;
RSs), soluble and nonviscous (includes DFs that show a low increase in viscosity when
dissolved), viscous $fuble, and mixed plant ceWall (MPCW) DFs (henceforth referred to as
RS, nonviscous, viscous, and MPCW, respectively) using information provided in the
publications themselves or studies that characterized similar DF products; for example, corn bran
hemcellulosé!® and rhubarb stalk O¥. MPCW, as defied by the FDA, refers to an isolated
DF ingredient that is comprised of two or more plant cell walltijFeés and, thus, potentially
two or more of the described physicochemical propertigs ifsoluble, nonviscous, and
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viscows), along with other compods, like minerals or phytochemicals, depending on the
isolation methotf® If an intervention arm contained a mixture of nonviscous and viscous DF

types €.g.acacia gum and isolated pectin), then it was categorized as viscous. We focused the
characterization of DF physachemical properties solely on solubility and viscosity, as these
characteristics have been attributed to health benefits #P.0Fermentability, which is also a

key physicochemical property of DF, was assessed, as it was not $&adin most publications

and remains poorly described for many B¥Edntervention arms were also stratified into one of

three categories based on their intervention duratiehweeks, 51 2 we e k s, and 013
Finally, placebos were stratified into one of three categorieb. e first was 6d
carbohydr at es 6, whi ch wer e.g. natpdextrie time¢ pattiegpéntsi n  p o
mixed into food/drink) or were added to either juice or a ssgaetened beverage.§. fruit

juice with maltodextrin versus fruit juic&i t h DF) . Thehiselcedd whisc vy
food matrices used in the intervention arm without the isolatecel@fbfead rolls, bagels). The
third was O6i ner t 0;digesiible catbohydratese suck ias rhieacrystallmen
cellulose, ordrinks that were either uwgetened or contained artificial sweeteners, both of

which would resist digestion and absorption and likely have minimal to no effect on the assessed
markers. Although artificial sweeteners have been shown to influence glucgdabolism

indirectly by actng on the gut microbiot#, their effects on the reviewed immunometabolic

markers are controverstal.

We conducted a separate analysis witlic@bocontrolled interventions that reported
significant effects to the immunometabolic markers assessed to determine to what degree the
placebo accounted for the effect of DFtbhese markers. If raw data were not reported for either
the intervention oplacebo armsi.g. presented only in figures), then these studies were excluded
from this analysis as we could not quantify the effect of the placebo. For each intervention arm
included in this analysis, the change relative to baseline in the intervemtiowas subtracted
from that in the placebo arm to obtadieF)he to
The change relative to baseline in the intervention and plaaeh® were then both divided by

&PeDF and mult W—f/ey—d—ymg 1t toCc@lculate the percent of the effect

attributable to the DF and to the placebo, respectively. No effect (0%) was attributable to the

placebo if there was nohange in the placebo relative to baseline and there was a significant
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difference in the DF group when compared to the placebo, or if a significant effect was only

reported in the DF group when compared to baseline (and not to placebo).

3.3 Results

3.3.1Selection ofl nterventions
A PRISMA flow chart of the overall searchraiegy and results is depictedRigure 3.1.
A total number of 23,131 publications were identified, with 187 remaining after duplicates were
removed and titles/abstracts were screeddukr full text review, 110 additional papers were
removed based on dlusion/exclusion criteria. These included 12 publications describing
placebecontrolled studies that reported DF effects relative to placebo without reporting baseline
data, and thisnformation could not be obtained from the autPré8™. These publications were
removedsince a digestible carbohydrate was used as the placebo, and it was not possible to
assess the degree to which an adverse effect of the placebo contributed to significant differences.
Ultimately, 77 publications were included that described 106 interwenéirms that
supplemented isolated or synthetic DFs (>50% DF on a dry weight basis). Of the 77
publications, 54 described randomized controlled #af$!33282 of which 14 had more than
one DF intervention arf?36336%371 There were four publications where a standardized
background dietwas consumed in both arms with and without the?*B¥2373379 three
publications where the control arm received no dietary intervéftidhh and one publication
that used inulin as a nonviscous contfdl Two publications werecontrolled but not
randomized®®384 Further, 20 studies had no control arm. Of these, 14 publications used a single
arm study desigi®*%8 while the remaining six publications employed either a pataital or
crossover study design to compditferent DF dose¥°® or types*®®4%% or to compare a DF to an
intervention not included in this review (such as a prodffsti@ highDF dief%, or a lower
purity DF*%4). Finally, one publication wasomprised of four individual sustudies: three were
randomized placeboontrolled trials and one was a randomized crossovely stithout a
placebd®. Of the 77 eligible publications, 52 assessed markers of dysglycemia arsiflim i
resistance, 20 assessed markers of systemic inflammation, and 63 assessed markers of
dyslipidemia. Information on intervention arms that reported a significant effecovgded in

Table S3.1, with information on all reviewed intervention arms\pded inTablesS.3.2-S3 4.
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3.3.2 Influence of DF on mmunometabolicM arkers

There were substantial differences in the efficacy of DF supplementation in improving
immunometabot markers. While 389% of the treatment arms reported a significant reduction
to insulin AUC, HOMAIR, TC, and LDL-C, less than 20% of interventions led to improvements
in CRP, IL-6, glucose, insulin, glucose AUC, HBCL, and TG Figure 3.2, Table S3.1). Similar
findings were obtained when only higher quality studiesthosewi hout a &éhi gho
(Figure 3.3.A) or those whose study population had risk factors for metabolic diseages (
overweight/obese, hypercholesterolemic, and/or pred@b®ibjects) Figure 3.3.B) were
included. Since only one intervention arm ofieleven reported a significant decrease t®,IL

we did not include this marker in the stratification analyses described below.

m Significant Effect ONo Effect

Glucose (n=64)
Glucose AUC (n=12)
=
= ;
E Insulin (n=46)
L :
% Insulin AUC (n=8)
0
E HOMA-IR (n=22)
< CRP (n=25)
L
= IL-6 (n=11)
S
@ TC (n=87)
E
2 LB (n=84)
S
g *HDL-C (n=86)
TG (n=88)

0% 25% 50% 75% 100%

Percent of All Intervention Arms

Reporting a Decrease in Marker
Figure 3.2. Reported effects of DFsupplementation on immunometabolic markers in
healthy adults. Intervention arms wereonsidered to have a significant decrease in the assessed
markerrelativeto baseline and/or placebo if the reponpedhlue was<0.05. Data are reported as
a percentage of all intervention arms.Considered to hava significant increasen HDL-C
rather tlan decreaseAUC, area under the curv€RP, Creactive protein; DF, dietary fiber;
HOMA-IR, homeostatic model assessment ofinsulin resistance HDL-C, high-density
lipoprotein cholesterol;IL, interleukin; LDL-C, low-density lipoproteincholesterol; TC, dtal
cholesterol; TG, triglycerides.
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% Insulin (n=31) = Insulin (n=32)
% Insulin AUC (n=8) g Insulin AUC (n=8)
¥ HOMA-R (n=20) T HOMA-R (n=18)
z CRP (n=21) ‘E_J CRP (n=22)
g IL-6 (n=11) % IL-6 (n=10)
£ 76 (n=42) *g TC (n=66)
E DL (n=40) S EDLC (n=64)
2 *HDL-C (n=42) g *HDL-C (n=66)
E TG (n=44) E TG (n=67)
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
Percent of Intervention Arms with a Percent of Intervention Arms with a Population
‘LOW’ or ‘UNCLEAR'’ Risk of Bias At Risk of Metabolic Diseases Reporting a
Assessment Reporting a Decrease in Markers

Decrease in Markers

B Significant Effect [J No Effect

Figure 3.3. Reported effects of DF supplementation on immunometabolic markers in (A)
higher quality publications (,e.pu bl i cati ons assigned an o6Uncl e
and (B) atrisk populations with a dysregulated immunometabolic statei(e. prediabetes,
hypercholesterolemia, obesity).Intervention arms were considered to have a significant
decrease in the a=ssed marker relative to baseline and/or placebo if the regosallie was
<0.05. Data are repad as a percentage of all intervention armsConsidered to have a
significant increase in HDIC rather than decreas®UC, area under the curv€RP,C-reactive
protein; DF, dietary fiberdOMA-IR, homeostatianodelassessment ahsulin resistanceHDL -
C, high-density lipoprotein cholesterol; IL, interleukin; LDL-C, low-density lipoprotein
cholesterol; TC, total cholesterol; TG, triglycerides.
3.3.3 Hfect of DF Stratified by Dose

Out of the 106 interventions, 4 Qas @ldhdst%) s ur
twice as many as those that suppl emented 020
studies that supplemented >30 g/d of DF: 32 g/d iofe-treated maize husk DF was
supplemented for six wee¥$, 45 g/d of RS typdl was supplemented for 12 weé¥sand 55
g/d of oligofructose was supplemented in afiveek doseescalation study®.

Stratification @ the intervention arms by dose revealed that some markers were more
likely to be improved after higdoses of DF were supplemented. The influence of dose was most

pronounced for CRP, where 40% (2 ar ms) of t !
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showal a significant reduction, while only 10% (2 arms) below this dose reported a significant
effect Figure 3.4). For psyllium specifically, there were four intervention arms that
supplemented between 6 and 30 g/d, and only 30 g/d significantly reducétf.@RRnfluence

of dose was also observed for TC and O] where 63% and 56% of intervention arms (12 and
10ar ms, respectivel y) providing 020.1 g/d DF
44% and 40% ofnit er venti on arms (16 and 14 ar ms, resp
showed benefitsHigure 3.4). Higher DF doses also appeared to improve Fi@ufe 3.4), with

27% of interventions that supplemented 020.1
to 14% of interventions that used lower doses. Overall, the findings suggest that higher doses of
DF are more likely to improve several immundaim®lic markers. However, studies that
supplement high DF doses are severely underrepresented in the literature, and more research,
especially doseesponse studies needed to draw concrete conclusions.

3.3.4 Effect of DFStratified by PhysicochemicalProperties

The studies included in this review used a wide range oftyp&s with different
physicochemical properties that can influence their physiological ¢fftoBf these studies,

40% and 32% (42 and 34 arms) supplemented with viscous or nonviscous DFs, respectively. Of
the remaining intervention arms, 22% (23 arms) suppiéedeMPCW DFs, while 7% (7 arms)
supplemented an RS. Due to the small number of intervention arms, RSs were not included in the
final stratification analyses, but were reportedablesS.3.2, S.33, and S34.

Stratification of the findings by DF physicleemical properties suggested that they are
relevant depending on the markers assessed. While only 24% and 26% of intervemgitimaar
supplemented nonviscous DFs reported a benefit for TC andd,Despectively, 60% and 59%
of studies with viscous DFseported a significant effectFigure 3.4). Psylliun¥3342 . p
glucart®382 and konjac or guar guriié380-386:392404yere especially effective. In addition,
MPCW DFtypes were equally as effective as viscous gufe 3.4). Further, 32% of MPCW
DF intervention arms reported a significant reduction to TG, while only 12% of viscous%nd 1
of nonviscous DFs reported the same. The importance of DF physicochemical properties on the

other immunometabolic markers was not concludive to the small number of studies.
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Dose of DF Physicochemical Intervention Duration Dose of DF Physicochemical Intervention Duration

(grams/day) Properties (weeks) {grams/day) Properties {weeks)
<10.0 (n=24) Nonviscous (n=25) 24 (n=21) £10.0 (n=14) Nonviscous (n=7) 24 (n=12)
Fasting _ = kg e R = i =10) 5~ =11
Glucose 01200 (n=23)  Viscous (n=18) 512 (n=31) CRP 10.1-20.0 (n=6) Viscous (n=10) 542 (n=11)
220.1 (n=17) MPCW (n=15) 213 (n=12) 220.1 (n=5) MPCW (n=5) 213 (n=2)
0%  50% 100% 0%  50% 100% 0%  50% 100% 0%  50% 100% 0%  50% 100% 0%  50% 100%
£10.0 (n=4) Nonviscous (n=4) 24 (n=4) 210.0 (n=36) Nonviscous (n=25) 24 (n=40)
% 10.1-20.0 (n=5) Viscous (n=2) 512 (n=5) TC 10.1-20.0 (n=32) Viscous (n=35) 5-12 (n=39)
220.1 (n=3) MPCW (n=a) 213 (n=3) 220.1 (n=19) MPCcW (n=21) 213 (n=8)
0%  50% 100% 0%  50% 100% 0%  50% 100% 0%  50% 100% 0%  50% 100% 0%  50% 100%
£10.0 (n=16) Nenviscous (n=18) 24 (n=12) £10.0 (n=35) Nonviscous (n=23) 24 (n=39)
rna:::_ginn 10.1-20.0 (n=16) Viscous (n=17) 512 (n=25) LDL-C 10.1-20.0 (n=31)  Viscous (n=34) 5-12 (n=37)
220.1 (n=14) MPCW (n=7) 213 (n=9) 220.1 (n=18) MPCW (n=21) 213 (n=8)
0%  50% 100% 0%  50% 100% 0%  50% 100% 0%  50% 100% 0%  50% 100% 0%  50% 100%
<10.0 (n=3) Nonviscous =2) 24 (n=1) <10.0 (n=36) Nonviscous (n=24) 24 (n=40)
% 10.1-20.0 (n=2) viscous| o Stuates (n=0) 812 (n=5) *HDL-C10.1-20.0 (n=32)  Viscous (n=34) 5-12 (n=37)
220.1 (n=3) MPCW ! (n=4) 213 (n=2) 220.1 (n=18) MPCW (n=22) 213 (n=0)
0% 50% 100% 0% 50% 100% 0% 50%  100% 0% 50% 100% 0% 50% 100% 0% 50%  100%
<10.0 (n=5) Nonviscous (n=8) 24 (n=6) <10.0 (n=37) Nonviscous (n=26) 24 (n=40)
HOMA-IR 10.1-20.0 (n=9) Viscous (n=g) 5412 (n=12) TG10.1-20.0 (n=32)  Viscous (n=34) 5-12 (n=38)
220.1 (n=8) MPCW (n=5) 213 (n=4) 220.1 (n=19) MPCW (n=22) 213 (n=10)
0% 50% 100% 0% 50% 100% 0% 50%  100% 0% 50%  100% 0% 50% 100% 0% 50% 100%

| B significant Effect [0 No Effect |

Figure 3.4 Reported effects of DF supplementation onmmunometabolic markers in

healthy adults when stratified by DF dose, DF physicochemical properties, and
intervention duration. Intervention arms were consideréml have a significant effect on the
assessed marker relative to baseline and/or placebo riéploetedp value was <0.05. Data are
reported as a percentage of all intervention arms that assessed these markers. DFs were
categorized as soluble with minimakcosity, soluble with high viscosity, and mixed plant cell

wall DFs (nonviscous, viscous, @drMPCW, respectively) using information provided in the
publications themselves or studies that characterized similar DF products. Seven interventions
supplemerdd a resistant starch, but only two reported significant effects to the markers: 25 g/d
reducednsulin, insulin AUC, and HOMAR?!, and 24 g/deduced glucose, TC, and LBL3"4

* Considered to have a significant increaselibL-C rather than decreas®UC, area under the
curve;CRP, Creactiwe protein; DF, dietary fibetlOMA-IR, homeostatianodel assessment of
insulin resistanceHDL-C, high-density lipoproteircholesterol; LDLC, low-density lipoprotein
cholesterol; TC, tal cholesterol; TG, triglycerides.

3.3.5 Effect of DFStratified by Intervention Duration

The majority of studies employed short durations of DF supplementation, with almost
half (47%, 50 arms) of the interventions being fveeks, and only 11% (12 arms)e i ng O1 3
weeks. There was only one study that supplemented DFykear awhich was a singtarm pilot
study?®, and three studies that supplemented DF for six m&Aig38?
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Stratification of trials by intervention duration revealed that some markers were more
likely to improve after dongera mi ni stration of DF. Of the inte
50% (6 arms) showed a significant reduction in fasting glucose, while only 8% (4 arms) reported
a significant ef fect w h eFiguret3d)e Sindlar firglings overe wa s |
observedfor CRP FEigure 3.4). Consuming DF for 2 weeks did not result in any
improvements in glucose AUC, insulin, or insulin AUEidure 34). In contrast, short
interventions were just as efficacious as longer interventions for reducing TC andC LDL
(Figure 3.4). These results suggest that while shorter intervention studies are sufficient for
improving cholesterol metabolism, longer DF exposure may be necessary for improvements in
markers of dysglycemiand systemianflammation. However, interpretatioof these findings
warrants caution as very few intervention arr
out o f -week iaten@ritigh studies reporting a significant reduction to glucose or CRP,
only one was assesseTabesS32ag®33)a o0l owd ri sk of
3.3.6 TheConfounding Effect of the Placebo in DFInterventions

Of the 50 placebaontrolled studies included, 54% (27 studies) used digestible
carbohydrates as placebos that were either provided adogec@rn starch, maltodesi) or
within a food matrix containing mainly simple carbohydrateg.fuice). An additional 36% (18
studies) of studies provided the placebo as a digestible food vehicle without tleegCiragel,
bread rolls), while only 10% (10 studies) used antjnealoie-free placebo €.g. cellulose,
artificial sweeteners).

Of the 50 placebaontrolled studies, 28 saw benefits as a result of DF supplementation
and reported raw baseline and posérvention data for both the intervention and placebo arms.
An andysis of these intervention arms revealed that less than 15% of the improvements in
glucose, TC, and LDIC could be attributed to the placebo, indicating that these findings were
not confoundedKigure 3.5). In contrast, for IE6, glucose AUC, and insuliAUC, more than
half of the detected improvements (71%, 74%, and 51%, respectively) were attributable to the
placebo exerting a detrimental effect on the marker. One can, therefore, conclude that the
placebo types used were not inert and confounded thesfiiert of the DF supplement. These
findings have implications for the design of place&otrolled studies assessing the

immunometabolic effects of DFs and their use in nutritional interventions.
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Figure 3.5. Contribution of the placebo to the perceived effecof DF on immunometabolic

markers. The change relative to baseline was calculated and subtracted from the change
reported by the placebad. sePeD F ) . The change relative to bas
and placebo were then both divided by this ealland multiplied by 100

m#wp mto calculate the percent of the effect attributable to DF

supplementation and tplacebo, respectively* Considered to have a significant increase in
HDL-C rather than decreas®UC, areaunder the curveCRP, Creactive protein; DF, dietary
fiber; HOMA-IR, homeostaticmodel assessment oinsulin resistance HDL-C, high-density
lipoprotein cholesterol;IL, interleukin; LDL-C, low-density lipoproteincholesterol; TC, total
cholesterol; TG,rglycerides.

3.4 Discussion

The results from this systematic review revealed that the efficacy of isolated and
synthetic DFs depends markedly tre immunometabolic engoints assessed. While HOMA
IR, insulin AUC, TC, and LDEC improved in around half ahe interventions, CRP, 1B,
glucose, glucose AUC, insulin, HBC, and TG did not show any effect in more than 80% of the
interventions. These salts are in agreement with other systematic reviews that reported
reductions in LDEC!59160.40412" T(159,160.407.408 g HOMAIR*'® from DF supplementation,

while no effects were observed for CRP anebft?, fasting glucose and insutiti, and HDI-C
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and T@%0161.407.408 |n contrastto thesefindings, two metaanalyses have reported significant
reductions to dsting glucos€’*3and insulit’’ from viscous DF supplementation. However,
these metanalyses included intervention studies that assessed the effect of DF relative to a
placebo, which may explain the discrepancy to ondifigs, especially given the potential
confoundng adverse effect of some placebos on these markers. Overall, findemgs
demonstrate that the effects of isolated and synthetic DFs as hitherto used in intervention studies
are at best, inconsistent arad,worst, negligible, mainly improving TC arhdDL -C levels and
insulin resistance, but not markers of dysglycemia and systemic inflammation.

These results are in agreement with a large body of research showing that the effects of
DF supplementation are i less consistent than those reported in ebsienal studig¥?22414
This poses the important question of what causes this discrepancy. Physiological efid€ts of
may diminish or even be lost once they are isolated from the food fAat?Beo%41> This
concen i s reflected in the FDAOGs regulatory def
benefits of intrinsic and intact DFs in plants as established, while requiring experimental
demonstration of theasne for isolated and synthetic ndigestible carbloydrate$®38 It has
been suggested that the benefits detected in observational studies may not be derived from DF,
but rather from other food constituents.g. micronutrients) and bioactive compoundsg(
phytochemicals) present in plafit®®”41% However, the findings dthis systematic review do
clearly suport the ability of isolated and synthetic DFs to improkelesterol levels and insulin
resistance. Although there is indeed little effect on markers of dysglycemia and inflammation,
our stratification analyses on DF dose, DF physicochemical properng#tarvention duration
suggested that most studies do uidize DF supplements to their fullest potential.

Interms of dose@fwasf ound t hat interventions that suj
a higher proportion of interventions that resultedsignificant improvements for several
markers, including dblesterol levels and CRP. Although based on a small number of
interventionsthesefindings are consistent with other studies. Supplementation of an oat bran,
rye bran, and sugar beet fiber mixtatea dose of 48 g/d of DF significantly reduced CRP, while
a dose of 30 g/d was ineffectf#é In addition, a diet composed of green leafy vegetables, fruit,
and nuts providing 143 g/d of DF significantly reduced EDlcomparedo a low-fat therapeutic
die®. Further, a recent series of metaalyses reported that daily consumption 02925y of
DF generated thgreatest benefits on a range of clinical outcomes when compared to lower
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doses, and dosesponse curves suggested tdditional benefits would result from even higher
intake$®’, a conclusion echoed inthe Institt of Medi ci neb6s DB¥f etary Ref

Considering the importance of DF physicochemical properti@gs found thatviscous
DFs were especially effective at reducing cholesterol levels. Viscous DFs can decrease
cholesterol levels by binding bile acids that have been secreted into #ik istastine,
enhancing their excretion. This leads to an increase in bile acid synthesis, whach bieod
cholesterol levef8®. Interestingly,thesefindings show that MPCW DFs improve cholesterol
levels as consistentlys viscous DFs. The mechanisms behind the cholesbereting effect of
MPCW DFs are not as well understood as for viscous DFs. However, these MPCVAIDFs ¢
contain insoluble hemicelluloses, as well as lignin and phytochemicals, all of which have been
shown to bind bile acids and cholesterol and increase their exciéttéi

In regards to intervention dation, t is conceivable that Dhduced bile acid excretion
would not require extensive time to reduce blood cholesterol levels, since inhibiting the
reabsorption of cholesterol has a direct effect on metabolic processes and ott{cGinghis
could explain why short intervention durations were sufficient to improve cholesterol markers. In
contrast, improvements to dysglycemia and inflammation appeared to require longer study
durations. Although the mechanismswlyich benefits in these markers arise are not completely
understood, they likely require physiological statuses of responsible tissues aneé.gefts (
cells, adipocytes, hepatocytes, myocytes, and various immune cell types) to’thavigeh
would require more time.

Analysesin Chapter 3 also revealed that more than half of the plaeetatrolled trials
useddigestible carbohydrates as a placebo, which havedeelimented detrimental effects on
immunometabolic market¥312 A majority of the apparent beneficial effects of DF oRr6IL
glucose AUC, and insulin AUC we indeed attributable to é¢hplacebo not being inert rather
than the DF itself, which was recognized in one of the reviewed publicifionsese findings
imply that DFs may not directly benefit dysglycemia or systemic inflammation per se, but
instead have no detrimentdfext in contrast to digedtie carbohydrates. Similar observations
have also been made in intervention studies with whole §thfdsand a prebiotic in
childrerf?®, whae benefits were driven primarily by the digestible carbohydrate controls having

a detrimental effect, especially concerning inflammation. Given the difficulty of selecting a
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placebo for nutritional studié®’, it is imperative to compare treatments not only to the placebo,
but also to the baseline in order to assess for the potential confounding effects of the placebo.

Findings discussecdhereinprovide some important insights on the role of DF in human
health. Thenfluence of DF dose, DF physicochemical properties, and intervention duration, as
well as the confounding effects of placebos, which are all insufficiently condideresearch
studieg?®319427.428 provide apotential explanation for why intervention studies are more
inconsistent when compared to observational studies. While theifdigzently assess the long
term consumption of food matrices comprised of complex mixtures of DFs, having a range of
physicoctemical properties at doses that reflect a high habitual intake (>28°3gfdy2°
intervention studies typically assess the effect of one or twaypEs with a limited range of
physicochemical properties at yarg doses and often shorter durations. Using a limited number
of DF-types likely contributes to the interdividual variation in responses in intervention
studies, as the ability of the gut microbiota to ferment specific DF chemistries into beneficial
metabolites differs among individualé4* In addition, observational studies assess the effect of
diets rich in whole foods relative to diets high in refined foods, fantlings could, at least in
part, be driverby the detrimental effect of these foods. Therefore, despite the high proportion of
intervention trials with no significant effect, DF might still be an active constituent of whole
foods, but its effects mightebreduced or lost due to betwesndy and ntersubject
heterogeneiti¢d’, and how DF supplements agplied.

In this respect, findingm Chapter 3 of this dissertatiosuggest that DF supplementation
could potentially be improved by implementing a more targeted and specific application. Most
intervention stues in the literature supplement DFs at doffeat are insufficient for reliable
benefitg®63023%3and are also too low from an evolutionary perspective, given that humans
evolved cosuming a diet that contained over 100 g/d ofBE* Further, physicochemical
properties of DFs are often not considered or insufficientigmically characterized, thus
limiting the ability to draw clear conclusions across the full breadth efyP&s$%427428 Third,
mixtures of DFtypes that mimic variation in the diet may overcome #mdividualized
physiological responses through a divigesl effect on the gut microbiota. Finally, isolated and
synthetic DFs may be most beneficiapecially for dysglycemia and systemic inflammation,
when they replace digestible carbohydrates in foods rather than being provided as a supplement
in additionto the habitual diet. Based on the findings of 8yistematiaeview (Figure 3.4 and
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Table S3.1), recommendationserecompiledon how future research should consider applying
DFs in a more targeted and maHspecific way Table 3.2). Several of theseecommendations
are, however, based on a limited number of studies.-vdalirolled human trialsvith longer
durations are needed that assess the effects ofchasihcterized DFs at relevant doses (and
optimally also assess dose responses) on specificatlioutcomes predictive of health to
substantiate  whether a targeted approach improves thecaasffi of DF
supplementatioii®427:431:432

A diet rich in plantbased whole foods is encouraged by dietary guidéfihgé+33and
likely the best choice for optimal h#fad®’**¢ However, societyide consumption of Dffich
whole foods remains insufficient despiseibstantial efforts by educators and authorities,
resulting in a f i b &%?"2"yDi pupplements or foods enriched with DF have been proposed
as alternatives to whole focd$€’’, but the lealth benefits of these diet items have been
questioneéf’. The findings from thisystematiaeview suggest that supplementation of isolated
and synthetic DFs, as currently practiced, is likelyiable strategy toatget cholesterol levels
and insulin resistance, but not markers of dysglycemia and inflammation. Benefits in the latter
might be achievable if specific DFs, or mixtures thereof, are supplemented for longer durations

and at higher dges, especially whendii replace digestible carbohydrates.
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Table 3.2. Summary of findings and conclusions for a moretargeted use of DF
supplements

. DF .
Immunometabolic DF Dose Physicochemic: Interve_nnon Placebo Conclusions
marker . Duration
Properties

Dysglycemia &

Insulin Resistance

Glucose No effect of doseNo clear patternLongerdurations Placebo appearedinm  Supplement DF for longer
detected. of k&3 w confound findings. durations ((

resulted in an
effect more
Ofterﬁ46,360,375,376,3533

Glucose AUC Insufficient Insufficient I nt er v en Placebo had astrong Very limited information
information information wksshowed no  confounding effeét®>34¢ available, but intervention
available. available. effect. Inert compounds shouldmay need to

be used. Given the negative effect
digestible CHO on
hyperglycemia, benefits
could be achieved by thei
replacement with DF.

Insulin Little effect at aniLittle effect of Little effect with  Insufficient data provide(DF supplementation, as
dose. any DFtype.  anyintervention to determine the effect ocurrently used, does not

duration. the placebo. appear to influence fasting
insulin.

Insulin AUC Insufficient Insufficient Insufficient Placebo had a strong  Very limited information
information information information confounding effeét®3%! available.Given the
available. available. available. negative effect of digestib

CHO on hyperinsulinemia
benefits could be achieve
by their replacement with
DF.

HOMA-IR No effect of doseNo difference inDurations betweelPlacebo appeared nottocSup pl ement I
detected. DF type 5-12wks resulted confound findings.

detected. in an effect more
Oﬁer?36,337,343,369,37.7

Inflammation

CRP Little effectat  Insufficient Little effect for ~ No placebecontrolled  Supplement higher dose§
doseD2 0 g / information durations<13 wks. interventions included in DF (>20g/d) for longer
however, there available. St udi e sksthisreviewshowedan dur ati ons ( (
was evidence of administration effect. However, the preinflammatory effec
doseresponse. showed an effect digestible CH@have of digestible CHO, benefit
Higher DF dose more ofter. been shown to induce could be achieved by thei
interventions inflammatior?*6-424 replacement wit DF.
resulted in an therefore, inert
effect more compounds should be
ofter31:403 used.

IL-6 Insufficient Insufficient Insufficient Placebo had a detrimentOverall,insufficient
information information informaton effect that confounded trinformation is available to
available. available. available. true effect of DF make recommendations.

supplementatiot®. Inert Further research needs tc

compounds should be be conducted assessing t

used. effect of replacing
digestible CHO with DFs.

(Continued
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Table 32. Continued

. DF .
Immunometabolic DF Dose  Physicochemic Interveptlon Placebo Conclusions
marker - Duration
Properties
Dyslipidemia
TC Lower doses werViscous and  Shortintervention Placebo had little effect; Supplement higher des of
sufficient to mixed plant cell durations (24 wks)overall, did not confoundD F  ( ©O2 0 . X eWs.c
reduce this wall DF-types  were sufficient to findings. Use viscousr mixed plant
marker,but dosesresulted in an  reducethis marker cell wall DFs.
020 . 1 g/ deffectmore ofter?3.341:362397.404
in an effect more 231:332:341,363,387
often
231,359,374,379,32:]8
LDL-C Lower doses werViscous and  Shot intervention Placebo had little effect; Supplement higher des of
sufficient to mixed plant cell durations (24 wks)overall, did not confoundD F  ( 02 0 . 4 g#s.c
reduce this wall DF-types  were sufficient to findings. Use viscous or mixed plar
marker, but doseresultedn an  reduce this marke cell wall DFs.
020. 1g/ deffect more ofte 341:362:380386,404
in an effect more 333.336:354,367.405
often
231,340,342,379,396
HDL-C Little effect at aniLittle effect of Little effect at any Insufficient information DF supplementation does
dose. any DFtype.  intervention available. not appeard increase
duration. HDL-C.
TG Little effect at aniLittle effect of Little effect with  Insufficient data provide(DF supplementation
dose, but doses any DF type, buany intervention to determine the effect oappears toféect TG
020 . 1 g/ dmixed plant cell duration. the placebo. minimally as currently
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Table S.3.1.Characteristics of studies reporting a significant effect of [ supplementation on immunometabolic marker:
in healthy adults

Reference Study design n Study population Age Duration Control Fiber type Dose Fiber Marker(s)
characteristics (years} (wks) (g/dy properties Affected
Cossack, 1991 Single arm 10 Hypercholesterolemic 53 + 8 5 None Sugar beetiber 26.6 MPCW Z L-DITC, TG
Kawatra, 1991 Single arm 20 Overweight 30-50 6 None Guar gum 12.0 Viscous Z L-pIIC
Lampe,1991 R, crossover (1.43 wk’)
Fiber 32 Healthy 27121 3 No DF Mixed vegetable fiber 10.0 MPCW Z TG
Fiber 34 Mixed vegetable fiber 30.0 MPCW Z TC, TC
Fiber 15 Sugar beet fiber 300 MPCW Z L-BITC, TG
Spiller, 1991 Crossover (0 wks) 13 Hypercholesterolemic62 +3.0 3 None Guar gum 11.0 Viscous Z L-BITC
Haskell,1992 R, crossove(0 wks) 14 Hypercholesterolemic52.5 + 10.84 None Guar gum 10.0 Viscous Z L-DITC
WSDF mixture 15.0 Viscous Z L-B,ITC
R, DB, parallel
Fiber 12 Hypercholesterolemic56.3 + 9.5 4 No DF WSDF mixture 5.0 Viscous 2
Fiber 13 56.3+£9.5 WSDF mixture 10.0 Viscous 7z
Fiber 12 56.3+£9.5 WSDF mixture 15.0 Viscous Z L-pDIIC
Control 11 56.3+9.5
Jensen1993 R, DB, parallel
Fiber 14 Hypercholesterolemic56 + 9 4 None Acacia gum 15.0 Nonviscousz
Fiber 15 52+9 4 None WSDF mixture 15.0 Viscous Z L-pDIIC
Braaten, 1994 R, crossover (3 wks)
Males 9 Hypercholesterolemic52 +2.6 4 Maltodextrin b-glucan (oat) 5.8 Viscous Z L-BITC, TG
Females 10 56 +1.3
Sandstrom, 1994 R, crossover (2 wks) 11 Healthy 23 2 No DF Pea fiber 20.0 MPCW ZTG
Arvill, 1995 R, DB, crossover (2 wks63 Hypercholesterolemic47 £+8.2 4 Corn starch Konjac glucomannan 3.87 Viscous Z L-B,ITC, TG
Goel, 1997 Single arm 10 Hypercholesterolemic44 +29 4 None Rhubarb stalk fiber 20.0 MPCW Z L-pDIIC
Brighenti, 1999 Crossover (0 wks) 12 Healthy 23.3+x05 4 No DF Inulin 9.0 NonviscousZ TC, TC
Jackson, 1999 R, DB, parallel
Fiber 27 Hypercholesterolemic52.6 + 8.6 8 Maltodextrin Inulin 10.0 NonviscousZ T G
Control 27 51.9+105
Nicolosi, 1999 Singlearm 15 Hypercholesterolemic,51 + 7 8 None b-glucan (yeast) 15.0 NonviscousZ L-D,ITC
obese y HITL
Vidal-Quintanar, Singlearm (subgroup 12 Hypercholestmlemic 39.5+8.8 6 None LTMH fiber 32.0 MPCW Z L-pDIIC
1999 analysis) 11 Healthy 302+7.6 LTMH fiber 32.0 MPCW Z L-pITC
Zunft, 2001 Single arm 47 Hypercholesterolemic54.8 +9.9 8 None Carob fiber 15.0 MPCW Z L-pDIIC
Gallaher, 2002 Single-arm 21 Overweight 28.9+9.8 4 None Chitosan, konjac 2.36 Viscous ZLDL-C,TC
Zunft, 2003 R, DB, parallel
Fiber 29 Hypercholesterolemic55+ 10 6 No DF Carob fiber 15.0 MPCW Z L-pDIIC
Control 29 53.8+12
Marett, 2004 R, DB, parallel
Fiber 18 Healthy 29 26 Rice starch Arabinogalactan (larch)8.4 NonviscousZ gl uc o's
(Continued)
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Table S.3.1 Continued

Reference Study design n Study population Age Duration Control Fiber type Dose Fiber Marker(s)
characteristics (yearsy  (wks) (g/dy properties Affected
Fiber 19 Rice starch Arabinogalactan 8.4 NonviscousZ gl ucos
Control 17 (tamarack)
Park, 2004 R, DB, parallel
Fiber 12 Overweight/obese  42.3+3.1 3 Corn starch RS typedlll 24.0 Insoluble Zglucose,
Control 13 43.6+2.8 LDL-C, TC
Hall, 2005 R, SB, crossover (4 wks38 Healthy 41.0+£19 4 Low DF diet Lupin kernel fiber 22.2 MPCW Z L-pDIIC
Garcia, 2006 R, SB, crossover (6 wksl1l Overweight/obese, IG55.5+6.2 6 No DF Arabinoxylan (wheat) 12.2 Viscous Z glucos
Yoshida, 2006 R, DB, crossover (4 wks16 Healthy 55.2+6.9 3 No DF Glucomannan 10.0 Viscous Z L-pDITC
King, 2007 R, crossover (3wk&) 17 Obese, hypertensive 38.3+1.2 3 DASH diet Pgllium 30.0 Viscous Z CRP

18 Lean, normotensive
Queenan, 2007 R, DB, parallel

Fiber 35 Hypercholesterolemic44.5+2.2 6 Dextrose  b-glucan (oat) 6.0 Viscous Z L-pDIIC
Control 40 453120
Ganiji, 2008 Single-arm (subgroup Hypercholesterolemic
analysis) 8 Premenopausal 34.6 £11.56 None Psyllium 12.9 Viscous z
11 Postmenopausal 52.9+2.8 Psyllium 12.9 Viscous Z TC
PérezJiménez, 2008R, parallel
Fiber 34 Hyperchoésterolemic, 35.5 + 11.€16 No treatmeniGrape antioxidant 5.25 MPCW Z glucos
Control 9  healthy 34.6 +£12.4 dietary fiber
Smith, 2008 R, DB, parallel
Fiber 45 Hypercholesterolemic44.1 +13 6 None LMW b-glucan (barley) 6.0 NonviscousZ CRP :C L
Fiber 45 45.1 + 14 H MW -dlucan (barley) 6.0 Viscous  z
Maki, 2009 R, DB, parallel
Fiber 16 Hypercholesterolemic58.9 + 3.2 4 No DF HPMC (high viscosity) 3.0 Viscous z
Fiber 17 55.7+3.1 HPMC (low viscosity) 5.0 NonviscousZ L-B,ITC
Fiber 32 53.2+238 HPMC (high viscosity) 5.0 Viscous Z L-pITC
Fiber 29 58.6 £1.9 HPMC (low viscosity) 10.0 NonviscousZ L-B,ITC
Fiber 15 56.7+2.1 HPMC (moderate 10.0 Viscous Z L-pDIIC
viscosity)
Fiber 27 55.1+1.9 HPMC (moderately 10.0 Viscous Z L-pDIIC
Control 29 57.3+25 high viscosity)
Reppas, 2009 R, DB, parallel
Fiber 20 Hypercholesterolemic 41.6 6 No DF HPMC (high viscosity) 5.0 Viscous ZLDL-C, TC
Fiber 10 HPMC (high viscosity) 15.0 Viscous Z L-pDITC
Control 10
Li, 2010 R, DB, parallel
Fiber 60 Overweight 30.4+4.3 12 Maltodextrin NUTRIOSE 28.9 NonviscousZ gl ucos
Control 60 316+4.1 HOMA-IR, TC
LDL-C,y HL
(Continued)
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Table S.3.1 Continued

Reference Study design n Study population Age Duration Control Fiber type Dose Fiber Marker(s)
characteristics (yearsy  (wks) (g/dy properties Affected
Reimer, 2010 R, DB, parallel
Fiber 27 Healthy 32.3+10.23 Skim milk  PolyGlycopleX 8.7 Viscous Z HOARA
Control 27 30.9 + 10.¢ powder
RuizRoso, 2010 R, DB, parallel
Fiber 43 Hypercholesterolemic42.9 + 9.5 4 Dextrose  Carob fiber 8.0 MPCW Z DL-C,TC, TG
Control 45 44.1£9.9 y HDL
Russo, 2010 R, DB, crossover (8 wk«15 Healthy 18.8+0.7 5 No DF Inulin 11.0 NonviscousZ gl ucos
HOMA-IR, TG
y HOL
Sola, 2010 R, DB, parallel
Fiber 101 Hypercholesterolemic54.2 + 9.9 8 MCC Psyllium 11.5 Viscous Z insuli
Control 108 555+ 11.2 HOMA-IR
Lyon, 2011 R, DB, parallel
Fiber (M) 15 Healthy 38.1+7.2 15 Inulin (low  PolyGlycopleX 13.1 Viscous Z
Fiber (F) 15 34.7+£104 viscous PolyGlycopleX 13.1 Viscous Z L-DITC
Control (M) 13 388+7.1 control)
Control (F) 17 37.1+10.¢
Pal, 2011 R, SB, parallel
Fiber 16 Overweight/obese  41.3+2.3 12 Breadcrumb:Psyllium 29.7 Viscows Z L-pDIIC
Control 15 448+1.6
Hashizume, 2012 R, DB, parallel
Fiber 15 Metabolic syndrome 60.1+8.9 12 No DF Resistant maltodextrin 27.0 NonviscousZ gl ucos
Control 15 61.2+11.€ HOMA-IR,
TC, TG
Gato, 2013 R, DB, parallel
Fiber 13 Hypercholesterolemic40.6 £ 1.9 12 No DF Persimmon fiber 9.0 MPCW Z TC
Fiber 13 36.4+1.8 Persimmon fiber 15.0 MPCW Z L-pDIIC
Control 14 36.6+1.8
Reimer, 2013 R, DB, parallel
Fiber 28 Abdominal adiposity 20-65 14 Rice flour  PolyGlycopleX 13.1 Viscous Z -B,lglucose,
Control 28 20-65 glucose AUC
Fechner, 2014 R, DB, crossover (2 wks52 Hypercholesterolemic46.9 £ 3.2 4 No DF Lupin fiber 21.7 MPCW Z CRDBLC, L
TC, TG
Citrus fiber 23.1 MPCW Z L-pDUIC
Brahe, 2015 R, SB, parallel
Fiber 19 Obese, post 60.6 +6.4 6 No DF Flaxseed mucilage 10.0 MPCW Z insuli
Control 20 menopausal 58.5+5.3
(Contined)
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Table S.3.1 Continued

Reference Study design n

Study population Age Duration Control Fiber type

characteristics (years}  (wks)

Dose Fiber Marker(s)
(g/dy properties Affected

Urquiaga, 2015 R, parallel

Fiber 25

Control 13
Dainty, 2016 R, DB, crossover (4 wks24
Kapoor,2016 Single arm, pilot 6
Nasir, 2016 Single arm 10
Lambert, 2017 R, DB, parallel

Fiber 22

Control 22
Pal, 2017 R, DB, parallel

Fiber 39

Fiber 43

Control 45

MartinezMaqueda, R, crossover (4 wks) 49
2018
Urquiaga, 2018 Crossover, (4 wks) 27

Metabolic syndrome 44.5+9.3 16
43.1+84
Overweight/obese 55.3+1.6 8

Healthy 46.3+2.9 52
Prediabetic 35-60 16
Overweight/obese 44 +15 12
44 + 15
Overweight/obese  49.9 £ 11.(12
479+ 2.1
49.8 +11.¢

Metabolic syndrome 42.6+1.6 6

Metabolic syndrome 43.6 + 11.24

No treatmeniWine grapgomace

No DF RS typell (Hi-maze)

None Partially hydrolyzed
guar gum

None Acacia gum

No DF Yellow pea hull fiber

Rice flour  Psyllium
PolyGlycopleX

No treatmeniWine grape pomace

No DF Wine grape pomace

10.0 MPCW Z glucos

insulin AUC
25.0 Insoluble Z i nsul i
AUC, HOMA-IR
14.4 NonviscousZ CRP :C L
9 HOL

10.0 NonviscousZ gl uco¢s

13.8 MPCW Z glucos

12.9 Viscous Z i nsul i
13.1 Viscous HOMA-IR
y HDL
8.0 MPCW Zinsulin,
HOMA-IR

3.5 MPCW Z HOHRA

Z, significant decrease; v, significant

90

i n cCRR, &=eactive protein®Bo doubleldindedf HDE-@, migh dengitya
lipoprotein cholesterol; HMW, high molecular weight; HOMR, homeostatic model assessment for insulin resistance; HPMC, hydroxypropyl methylcellulose; IGT, irr
gluccse tolerance; IL,nterleukin LTMH, lime-treated maize husk, LMW, low moldan weight; LDL-C, low density lipoprotein cholesterol; MCC, microcrystalline cellulos
MPCW, mixed plant cell wall DF type; No DF, the control was the same product received by the treatmemiigngtifout the dietary fiber added; R, randomized; RSstant
starch; SB, singkblinded; TG, triglycerides; TC, total cholesterol; WSDF, water soluble dietary fiber mixture of psyllium, pectin, guar gum, arfeecgsim.

IMean age is presentedtagy were in the original articles (as mean + SD, meaEM,®r a range).
“Dietary fiber dose was corrected for the purity of the fiber.

SWashout period in weeks of crossover studies included in parentheses.

4Fiber dose was based on individual energgike; mean of group is provided here.



Table S.32. Characteristics of human dietary fiber interventions assessing fasting and pogirandial markers of

dysglycemia and insulin resistance

Effect Effect Effect
Study Fiber Effect on Effect on on Risk
population Age BMI  Duration dose Fiber on Glucose on Insulin HOMA of
Reference Study design n characteristic (years} (kg/m?)?  (wks) Control Fibertype (g/d? properties Glucose AUC Insulin AUC -IR Bias
Sundell, Singlearm 11 Healthy 31.7+6.4 (69.0kg) 5/22 None Oat huskiber 5/10° MPCW ¥° T z T T H
1993
Hanai, Single arm 20 Obese IGT 54.3+43 O 26 26 None Corn bran 10.0 Viscous z 1 z T 1 H
1997 8 Normoweight 57.5+8.1 20-24 hemcellulose
IGT
10 Normoweight 48.7 +5.9 20-24
healthy
Jackson, R, DB, paralle
1999 Fiber 27 Hypercholest 52.6 £ 8.6 26.5+3.€ 8  MaltodextrinInulin 10.0 Nonviscous Z T z T U
Control 27 erolemic 51.9+10.£26.1+2.E
Vidal- Single arm 12 Hypercholest 39.5+8.8289+47 6 None Lime-treated 32.0 MPCW z T T T T H
Quintanar (subgroup erolemic maize husks
1999 analysis) 11 Normal 30.2+7.6246+2.¢ Lime-treated 32.0 MPCW z T T T T
maize husks
Robinson, R, crossover
2001 (0 wks)
Fiber 20 Healthy T T 3  None AG (larch) 15.0 Nonviscous Z T z T T H
Fiber AG (larch) 30.0 Nonviscous  ¥° T V4 T T
Zunft, Single arm 47 Hypercholest 54.8 £ 9.9 (72.5kg) 8 None Carobfiber 15.0 MPCW g8 T T T T H
2001 erolemic
Keogh, R, SB, 18 Hypercholest 38.8 +10.127.4+4.€ 4  Add glucoseb-glucan 9.% Viscous z z T T T U
2003 crossover erolemic to lowDF  (barley)
(4 wks) foods
Zunft, R, DB, paralle
2003 Fiber 29 Hypercholest 55+10 254+3.1 6 NoDF Carobfiber 15.0 MPCW z T z T T H
Control 29 erolemic 53.8+12 25.8 £ 3.€
Giacco, R, DB, 30 Hypercholest 45.5+9.926.6+2.z 8  Maltodextrin Shortchain 10.6 Nonviscous Z T T T T U
2004 crossover erolemic FOS
(0 wks)
Marett, R, DB, paralle
2004 Fiber 18 Healthy 29 T 26 Rice starch AG (larch) 8.4 Nonviscous 728 T z T T H
Fiber 19 AG (tamarack) 8.4 Nonviscous 28 T z T T
Control 17
(Continued
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Table S.3.2. (Continued

Effect Effect Effect
Study Fiber Effect on Effect on on Risk
population Age BMI  Duration dose Fiber on Glucose on Insulin HOMA of
Reference Study design n characteristic (years} (kg/m?)?  (wks) Cortrol Fibertype (g/d® properties Glucose AUC Insulin AUC -IR Bias
Park, 2004R, DB, paralle
Fiber 12 Overweight 42.3+3.126.6+0.7 3 Com starch RS typelll 24.0 Insoluble 2 T z T T H
Control 13 andobese 43.6+2.8279+0.t
Hall, 2005 R, SB, 38 Healthy 41.0+1926.7+0E 4 LowDFdiet Lupin kernel 22.2 MPCW z T z T z U
crossover fiber
(4 wks)
Garcia, R, SB, 11 Overweight, 55.5+6.230.1+57 6 NoDF Arabinoxylan 12.2 Viscous Vd T z T T U
2006 crossover obese, IGT (wheat)
(6 wks)
Queenan, R, DB, paralle
2007 Fiber 35 Hypercholest 44.5+22 (81.8kg) 6 Dextrose b-glucan (oat) 6.0 Viscous z T z T T H
Control 40 erolemic 453 2.0 (79.6 kg)
Pérez R, parallel
Jiménez, Fiber 34 Hypercholest 35.5 +11.626.1+4.7 16 NotreatmenGrape 5.25 MPCW Z T T T T H
2008 Control 9 erolemic an(34.6 +12.222.7 + 2.4 antioxidant
healthy dietaryfiber
Smith, R, DB, paralle
2008 Fiber 45 Hypercholest 44.1+13 26.0+3.2 6 None L MW -ghucan 6.0 Nonvismus z T z T T H
erolemic (barley)
Fiber 45 45.1+14 26.7+4.2 HMW -dhucar 6.0 Viscous z T z T T
(barley)
Cloetens, R, crossover, 20 Healthy 24+5 209%+2°5 3 Maltodextrin AXOS 10.0 Nonviscous  Z T T T T H
2009 (4 wks)
Parnell, R, DB, paralle
2009, Fiber 21 Overweight 41.9+12.730.4+3.4 12 MaltodextrinOligofructose 21.0 Nonviscous 2 T z T T U
2017 Control 18 andobese 38.6+13.(29.8+4.C
Li, 2010 R, DB, paralle
Fiber 60 Overweight 30.4+4.3245+0.z 12 MaltodextrinNUTRIOSE 28.9 Nonviscous 7 T z T 7 L
Control 60 31.6+4.1245+0.8
Pouteau, R, DB, 21 Metabolic 47+12 334+3.C 5 NoDF Acaciagum  28.0 Viscous z T z T z U
2010 crossover syndrome (80%), apple
(6 wks) pectin (20%)
Reimer, R, DB, paralle
2010 Fiber 27 Healthy 32.3+10.:22.7+2.1 3 Skimmik PGX 8.7 Viscous z T z T z U
Control 27 30.9+10.622.8+24 powder
(Continued
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Table S.3.2. (Continued

Effect Effect Effect
Study Fiber Effect on Effect on on Risk
population Age BMI  Duration dose Fiber on Glucose on Insulin HOMA- of
Reference Study design n characteristic (years} (kg/m?)?  (wks) Control Fibertype (g/dy® propertes Glucose AUC Insulin AUC IR Bias
Ruiz-Roso,R, DB, paralle
2010 Fiber 43 Hypercholest 42.9+9.525.7+3.5 4  Dextrose Carobfiber 8.0 MPCW z T T T T L
Control 45 erolemic 44.1+9.9255+3.¢
Russo, R, DB, 15 Healthy 18.8+0.7228+25 5 NoDF Inulin 11.0 Nonviscous  7° T z T 2 H
2010 crossover
(8 wks)
Sola, 2010R, DB, paralle
Fiber 101 Hypercholest 54.2+9.926.8+3.7 8 MCC Psyllium 11.5 Viscous z i Vi T il L
Control 108 erolemic 55,5+ 111274+ 3.t
Lyon, 2011R, DB, paralle
Fiber (M) 13 Healthy 38.1+7.2298+1.z 15 Inulin(low PGX 13.1 Viscous z T z T T U
Fiber(F) 17 34.7+10.430.1 £ 2. viscous  PGX 13.1 Viscous z T z T T
Control (M) 15 38.8+7.130.0+1.E control)
Control ) 14 37.1+10.631.7 £ 1.
Pal, 2011 R, SB,paralld
Fiber 16 Overweight 41.3+2.334.0£0.€ 12 Breadcrumbh.Psyllium 29.7 Viscous z T z T T ]
Control 15 andobese 44.8+1.633.7+1.C
Francois, R, DB,
2012 crossover
(2 wks)
Fiber 57 Healthy 40.7+ 22235+ 0. 3 NoDF AXOS 2.9 Nonviscous 7 T z T T L
Fiber AXOS 9.5 Nonviscous z T z T T
HashizumeR, DB, paralle
2012 Fiber 15 Metabolic 60.1+8.9281+2:% 12 NoDF Resbtant 27.0 Nonviscous 728 T z T 27 H
Control 15 syndrome 61.2+11.€26.8+2.C maltodextrin
Maki, 2012R, DB,
crossover
(3 wks)
Fiber 33 Overweight 495+1.630.6+0.5 4 Digestible RS typell 15.0 Insoluble z T 1 T T U
Fiber and obese starch RS typell 30.0 Insoluble z T 1 T T
Control (Amioca) (Hi-maize)
de Luis, R, DB, paralle
2013 Fiber 18 Obese 453+16.1359+34 4 NoDF FOS 9.8 Nonviscous 2 T z T z U
Control 18 50.8+16.239.2+ 7.2
(Continued
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Table S.3.2. (Continued

Effect Effect Effect
Study Fiber Effect on Effect on on Risk
population Age BMI  Duration dose Fiber on Glucose on Insulin HOMA of
Reference Study design n characteristic (yearsj  (kg/m?)?  (wks) Control Fibertype (g/d)® properties Glucose AUC Insulin AUC -IR Bias
Gato, 2013R, DB, paralle
Fiber 13 Hypercholest 40.6 +1.9 (61.4kg) 12 NoDF Persimmon 9.0 MPCW z T T T T H
erolemic fiber
Fiber 13 36.4 £ 1.8 (64.4 kg) Persimmon 15.0 MPCW z T T T T
fiber
Control 14 36.6 £ 1.8 (63.5 kg)
Pedersen, Single arm, 10 Healthy 25.0+1.221.6+0.7 1/1/1 None Oligofructose 15/25Nonviscous 7 T z T T H
2013 pilot /1/1 /35/45
/55°
Reimer, R, DB, paralle
2013 Fiber 28 Abdominal 20-65 26.7+0.z 14 Riceflour PGX 13.1 Viscous Vg Vg z T z U
Control 28 adiposty 20-65 27.2x0.Z
Savastano R, DB, paralle
2014 Fiber 30 Overweight 43.4+11.6283+2.¢t 3 MaltodextrinOligofructose 15.0 Viscous z T z T Z L
Fiber 29 andobese 39.2+12.729.3+2.¢ and pectin 30.0 Viscous z T z T z
Control 29 42.3+12.629.4+2.7
Brahe, R, SB, paralle
2015 Fiber 19 Obese, post 60.6 +6.4352+4E5 6 NoDF Flaxseed 10.0 MPCW z z z 2 z U
Control 20 meno 58.5+5.334.3+3.€ mucilage
Tripkovic, R, SB, 10 Overweight 39.8+9.630.2+3.0 4 NoDF Inulin 15.0 Nonviscous 7 z z z z U
2015 crossover and obese
(4 wks)
Urquiaga, R, parallel
2015 Fiber 25 Metabolic 445+93291+39 16 No treatmenWine grape 10.0 MPCW Vg z z Vg z U
Control 13 syndrome 43.1+8.4279+3F pomace
Dainty, R, DB, 24 Overweight 55.3+1.630.2+0E5 8 NoDF RS typell 25.0 Insoluble z z yall Vg 7 L
2016 crossover and obese (Hi-maze)
(4 wks)
Guess, R, DB, 7 IFG 63.8+2531.1+1.C 2/2/2 Cellulose Inulin 10/20Nonviscous 2 z z g7 z L
2016 crossover 11 IGT 62.3+3.628.0+0.¢ 130°
(4 wks) 16 IFG/IGT 60.7£2.7284+2.z2
Kapoor, Single arm, 6 Healthy 46.3+29253+0.€6 52 None Partially 14.4 Nonviscous Z T T T T H
2016 pilot 4 1GT 29.2+2F hydrolyzed
2 Prediabetic 29.9+8.c guar gum
(Continued
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Table S.3.2. (Continued

Effect Effect Effect
Study Fiber Effect on Effect on on Risk
population Age BMI  Duration dose Fiber on Glucose on Insulin HOMA of
Reference Study design n characteristic (yearsj (kg/m?)?  (wks) Control Fibertype (g/d? properties Glucose AUC Insulin AUC -IR Bias
Nasir, 201€Single arm 10 Prediabetic 35-60 385+24 16 None Acaciagum  10.0 Nonviscous 28 T T T T H
Stenman, R, DB, paralle
2016 Fiber 53 Overweight 48.8+10.E31.2+1€ 26 MCC Polydextrose 10.8 Nonviscous 2 T z T z L
Control 56 andobese 49.9+8531.2+2:Z
Canfora, R, DB, paralle
2017 Fiber 21 Obese, 59.2+7.233.3+3.7 12 Maltodextrin GOS 15.0 Nonviscous 2 T z T z U
Control 23 prediabetic 58.4+7.332.3+3.E
Lambert, R, DB, paralle
2017 Fiber 22 Overweight 44+15 33.1+1% 12 NoDF Yellow pea 13.8 MPCW z Vi z z T L
Control 22 andobese 44+15 333zx1.: hull fiber
Liu, R, DB,
2017 crossover
(4 wks)
Fiber 24 Healthy 21.9+2823.1+£32 2 None FOS 16.0 Nonviscous Z Al 1 1 T U
Fiber 25 22.1+2.723.1+£3.2 GOS 16.0 Nonviscous ¥ z 1 1 T
Pal, 2017 R, DB, paralle
Fiber 39 Overweight 49.9+11.(31.7+3.2 12 Riceflour Psyllium 12.9 Viscous z T 2 T 2 L
Fiber 43 and obese 47.9+12.133.3+4.: PGX 13.1 Viscous z T z T z
Control 45 49.8+11.632.0+4.2
Alfa, 2018 R, SB, paralle
Fiber 21 Healthy 42 (78.4kg) 12 Digestible RS typell 30.0 Insoluble z T z T z U
Control 21 starch (Potato)
(Amioca)
Krumbeck, R, DB, paralle
2018 Fiber 20 Obese 459+9.636.8+5.€ 3 Lactose GOS 5.0 Nonviscous 7z T T T T H
Control 17 43.9+8.834.0+4F
Martinez R, ciossover 49 Metabolic 426+1.6 1 6  No treatmenWine grape 8.0 MPCW z z 2 z 2 U
Maqueda, (4 wks) syndrome pomace
2018
Peterson, R, DB, paralle
2018 Fiber 29 Overweight 54+10 355+4.4 12 Digestible RS typell 45.0 Insoluble z z z z T L
Control 30 andobese, 55+10 35.7+5.z% starch (Hi-maize)
prediabetic (Amioca)
(Continued
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Table S.3.2. (Continued

Effect Effect Effect
Study Fiber Effect on Effect on on Risk
population Age BMI  Duration dose Fiber on Glucose on Insulin HOMA of

Reference Study design n characteristic (yearsj (kg/m?)?  (wks) Control Fibertype (g/d? properties Glucose AUC Insulin AUC -IR Bias
Salden, R, DB, paallel

2018 Fiber 16 Overweight 49+17 30.2+1.¢ 6  Maltodextrin Arabinoxylan 7.5 Viscous z T z T T U
and obese (wheat)
Fiber 17 47+15 315+2.z2 Arabinoxylan 15.0 Viscous z T z T T
Control 14 49+17 31.4+3.1 (wheat)
Urquiaga, Crossover, 27 Metabolic  43.6+11.2295+3.7 4 NoDF Wine grape 3.5 MPCW z T T T 2 H
2018 (4 wks) syndrome pomace
IZ, significant decrease; 9§, significant i ncr e a s-aigosatcharidesi AUC|agea linflertbeacurde c han g e ;

analysis; DB, double blohed; FOS, fructooligosaccharides; GOS, galactooligosadgsatiMW, high molecular weight; H, high risk of bias; HONR, homeostatic
model assessment for insulin resistance; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; L, loiasjdkdvdiy low molecular weigh MCC,
microcrystalline celllose; MetS, metabolic syndromdPCW, mixed plant cell wall DF type;d\DF, the control was the same product received by the treatment group
but without thedietary fiberadded; PGX, PolyGlycopleXyroprietaryfiber mixture of konjac, sodium alginate, axanthan gum; posneno, posienopausal women;
R, randomized; RS, resistant starch; SB, sibdjleded; U, unclear risk of bias.

2Meanage and BMI are presented as they were in the originalest{als mean + SBnean + SEMor a rangg If BMI was not eported, then either weight in kilograms
(kg) or percentage of ideal body weight (IBW) was preseintpdrentheseanditalicized

SDietaryfiber dose was corrected for the purity of fiieer.

“Washout period in weeks of crossover studies includgdramtheses

5Significant result when treatment arm is compared to the control arm that had the opposite effect.

8Significant result when compared within the treatment arm to baseline data or oliantjme.

’Significant result when treatment arm is cargd to the control arm.

8Fiberdose was based on individual energy intake; mean of group is provided here.

9Study design employed an escalafibgrd o se. Val ues s epar aidmlkescalatirndiber dasesiahdtheid cerresponeisg intenveshtion duration.
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Table S.3.3. Characteristics of human dietary fiber interventions assedag fasting markers

of systemicinflammation*

Fiber Effect Effect Risk
Study population BMI Duration dose Fiber on on of
Reference Study design n charateristics  Age (years) (kg/m?)?  (wks) Control Fibertype (g/d¥ Properties CRP IL-6 Bias
King, R, crossover 17 Obese, hypertensive 38.3+1.2 28.4+1.1 3 DASH diet  Psyllium 30.0 Viscous 2 T U
2007 (3 wks} 18 Lean, normotensive
Queenan, R, DB, paralle
2007 Fiber 35 Hypercholesterolem 44.5+2.2 (81.8 kg) 6 Dextrose b-glucan (oat) 6.0 Viscous z T H
Control 40 453 +2.0 (79.6 kg)
King, R, parallel
2008 Fiber 54 Overweight and 50.6 6.1 32656 12 NoDF Psyllium 6.0 Viscous z z L
Fiber 51 obese with 51.4+6.4 33.8%+5.9 Psyllium 12.0 z z
Control 57 elevated CRP level 49.4+6.1 33.7+6.6
Smith, R, DB, paralle
2008 Fiber 45 Hypercholesterolem 44.1+13 26.0+3.2 6 None L MW -ghucan (barley 6.0 Nonviscous Z° T H
Fiber 45 451+14 26.7+4.2 HMW b-glucan (barley 6.0 Viscous z 1
Kohl, R, DB, 12 Overweight with 49.7+3.9 323+1.0 4 Digestible b-gl ucan 1.3 Nonviscous 2 z L
2009 crossover elevated CRP level starch yeast)
(4 wks) (Amioca)
Worthley R, DB, 18 Healthy 61.2+84 1 4 None RS typell (Hi-maize) 12.5 Insoluble z z 0]
2009 crossover
(0 wks)
Maki, 2009 R, DB, paralle
Fiber 16 Hypercholest 58.9+3.2 289+1.1 4 No DF HPMC (high viscosity) 3.0 Viscous z T U
Fiber 17 erolemic 55.7+3.1 289+1.3 HPMC (low viscosity) 5.0 Nonviscous 7z T
Fiber 32 53.2+28 31.2+1.3 HPMC (high viscosity) 5.0 Viscous z T
Fiber 29 58.6+1.9 28.9+0.9 HPMC (low viscosity) 10.0 Nonviscous 7z T
Fiber 15 56.7+2.1 31121 HPMC (moderate 10.0 Viscous z T
viscosity)
Fiber 27 55.1+1.9 27.7+0.9 HPMC (moderately 10.0 Viscous z T
Control 29 57.3+25 27.4+1.0 high viscosity)
Sola, 2010 R, DB, paralle
Fiber 101 Hypercholesterolem 54.2 +9.9 26.8 + 3.7 8 MCC Psyllium 11.5 Viscous z z L
Control 108 555+11.5274+35
de Luis, R, DB,parallel
2013 Fiber 18 Obese 453 +16.1 359+34 4 No DF FOS 9.8 Nonviscous 7 T ]
Control 18 50.8+16.2 39.2+7.2
(Continued
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Table S3.3. Continued

Fiber Effect Effect Risk
Study population BMI Duration dose Fiber on on of
Reference Study design n characteristics  Age (years) (kg/m?)?  (wks) Control Fibertype (g/d¥ Properties CRP IL-6 Bias
Reimer, R, DB, paralle
2013 Fiber 28 Abdominal adiposity 20-65 26.7£0.2 14  Rice flour PGX 13.1 Viscous T 2 ]
Control 28 20-65 27.2+0.3
Fechner, R, DB, 52 Hypercholesterolem 46.9+3.2 26.5+5.9 4 Low DF diet Lupin fiber 21.7 MPCW 2 T L
2014 crossover Citrusfiber 23.1 MPCW z T
(2 wks)
Brahe, R, SB, paralle
2015 Fiber 19 Obese, posieno 60.6 £6.4 35.2+45 6 No DF Flaxseed mucilage 10 MPCW z z U
Control 20 58.5+5.3 34.3+3.8
Kapoor,  Single arm, 6 Healthy 46.3+2.9 25.3+0.6 52  None Partially hydrolyzed 14.4 Nonviscous Z2° T H
2016 pilot guar gum
Stenman, R, DB, paralle
2016 Fiber 53 Overweight and 48.8+105 31.2+1.6 26 MCC Polydextrose 10.8 Nonviscous z z L
Control 56 obese 499+85 31.2+2.2
Canfora, R, DB, paralle
2017 Fiber 21 Obese, prediabetic 59.2+7.2 33.3+3.7 12 Maltodextrin GOS 15.0 Nonviscous T z U
Control 23 58.4+7.3 323+35
Lambert, R, DB, paralle
2017 Fiber 22 Overweight and 44+15 33.1+1.3 12 No DF Yellow pea hulffiber 13.8 MPCW z z L
Control 22 obese 44+15 33.3%13
Parnell, R, DB, paralle
2017, Fiber 20 Overweight and 419+12.7 304+34 12 Maltodextrin Oligofructose 21.0 Nonviscous T z ]
2009 Control 17 obese 38.6 £13.0 29.8 +4.0
Alfa, 2018 R, SB, paralle
Fiber 21 Healthy 42 (78.4 kg) 12  Digestible RS typell (Potato) 30.0 Insoluble z T ]
Control 21 starch
(Amioca)
Martinez R, crossover 49 Metabolic syndrome 42.6 £ 1.6 1 6 No treatment Wine grape pomace 8.0 MPCW z 1 U
Maqueda, (4 wks)
2018
(Continued
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Table S.33. Continued

Fiber Effect Effect Risk
Study population BMI Duration dose Fiber on on of
Reference Study design n characteristics  Age (years) (kg/m?)?  (wks) Control Fibertype (g/d¥ Properties CRP IL-6 Bias
Peterson, R, DB, paralle
2018 Fiber 29 Overweight and 54+10 355+44 12  Digestible RS typell (Hi-maize) 45.0 Insoluble z T L
Control 30 obese, prediabetic 55+10 35.7%5.2 starch

(Amioca)
Z, significant decrease; ¢, si gn i-reactweprotein; DB, doubdblnded; FOS fructaolmosacthgridgs;fGO8 ant change;
galactooligosaccharides; H, high risk of bias; HMW, high molecular weight; HPMC, hydroxypneglyycellulose; IL, interleukinL, low risk of bias,LMW, low
molecular weight; MCC, microcrystalline cellulod¢PCW, mixed plant cell wall DF type,d\DF, the control was the same product received by the treatment group
but without thedietary fiberadded; BX, PolyGlycopleX, proprietarfiber mixture of konjac, sodium alginate, and xanthan gum;-pasto, postnenopausal women;
R, randomized; RS, resistastarch; U, unclear risk of bias.
2Meanage and BMI are presented as they were in the original ar(as@sean + SD, mean + SEM, or as a range). If BMI was not reported, then either weight in
kilograms (kg) or percentage of ideal body weight (IBW) wasemtedn parentheseanditalicized
3Dietaryfiber dose was corrected for the purity of fier.
“Washout period (in weeks) of crossover studies includediientheses
SSignificant result when treatment arm is compared to the control arm thttehapposite effect.
8Significant result when compared within the treatment arm to baseline datange cheer time.
Significant result when treatment arm is compared to the control arm.
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Table S.3.4. Characteristics of human dietary fiber interventions assessing fasting markers of dyslipidemia

Study Fiber Effect Effect Effect Effect Risk
population BMI Duration dose Fiber on on on on of
Reference Study design n characteristiciAge (years) (kg/m?)?  (wks) Control Fibertype (g/dy properties LDL-CHDL-C TC TG Bias
Cossack, Singlearm 10 Hypercholest 53+8  (89.9 kg) 5  None Sugar beetiber 26.6 MPCW 2 z 2 72 H
1991 erolemic
Kawatra, Single arm 20 Overweight 30-50 T 6 None Guar gum 12.0 Viscous 2 z 2 T H
1991
Lampe, R, crossover
1991 (1.43 wks}
Fiber 32 Healhy 27.1+21 22704 3 No DF Mixed vegetabldiber 10.0 MPCW z z z 2 H
Fiber 34 Mixed vegetabldiber 30.0 MPCW z z L B
Fiber 15 Sugar beetiber 30.0 MPCW Vg L P
Spiller, Crossover 13 Hypercholest 62+3.0 (70Kkg) 3 None Gua gum 11.0 Viscous Vg z 2z H
1991 (O wks) erolemic
Haskell, R, DB, paralle
1992 Fiber 29 Hypercholest 57.4 +10.2 (71.6 kg) 12 NoDF WSDF mixture 17.2 Viscous z z z z H
Control 29 erolemic 57.4+£10.2 (725 kg)
R, DB, paralle
Fiber 20 Hypercholest 56.4 +9.4 (71.8 kg) 4 No DF Acacia gum 15.0 Nonviscous 2 z z z H
Control 20 erolemic 56.4+9.4 (70.9 kg)
R, crossover 14 Hypercholest 52.5+10.8 (73.6 kg) 4  None Guar gum 10.0 Viscous 2 2 2z H
(0 wks) erolemic (74.0 ko) WSDF mixture 15.0 Viscous Vg 2 2z
R, DB, paralle
Fiber 12 Hypercholest 56.3 +9.5 (69.0 kg) 4 No DF WSDF mixture 5.0 Viscous z z z z H
Fiber 13 erolemic 56.3+9.5 (72.7 kg) WSDF mixture 10.0 Viscous z Vg z z
Fiber 12 56.3+9.5 (73.6kQ) WSDF mixture 15.0 Viscous 7 v AR
Control 11 56.3+9.5 (71.8kg)
Jensen, R, DB, paralle
1993 Fiber 14 Hypercholest 569 (103% of 4 None Acacia gum 15.0 Nonviscous 2 z z z U
erolemic IBW)
Fiber 15 52+9  (103% of 4  None WSDF mixture 15.0 Viscous yad z 2z
IBW)
Sundell, Single arm 11 Healthy 31.7+6.4 (69.0kg) 5/2 None Oat huskKiber 5/1° MPCW z y4 z z H
1993
Braaten, R, crossover
1994 (3 wks)
Males 9 Hypercholest 52+26 26.0+0.8 4  Maltodextrin b-glucan (oat) 5.8 Viscous 27z 27 2 H
Females 10 erolemic 56+1.3 26.3+0.9
(Continued
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Table S3.4. Continued

Study Fiber Effect Effect EffectEffect Risk
population BMI Duration dose Fiber on on on on of
Reference Study design n characteristic:Age (years) (kg/m?)?  (wks) Control Fibertype (g/dy properties LDL-CHDL-C TC TG Bias
Sandstrom R, crossover 11 Healthy 23 T 2 No DF Peafiber 20.0 MPCW z z z Z H
1994 (2 wks)
Arvill, R, DB, 63 Hypercholest 47 +8.2 (90 kg) 4  Cornstarch Konjac glucomannan 3.87 Viscous Vg z 2 22 U
1995 crossover erolemic
(2 wks)
Goel, 1997 Single arm 10 Hypercholest 44+29 27.9+3.8 4 None Rhubarb stalKiber 20.0 MPCW 2 z 2z H
erolemic
Brighenti, Crossover 12 Healthy 23.3+05 25.7+1.2 4 No DF Inulin 9.0 Nonviscous 7 z 2 227 H
1999 (O wks)
Jackson, R, DB, paralle
1999 Fiber 27 Hypercholest 52.6 +8.6 26.5+ 3.6 8 Maltodextrin Inulin 10.0 Nonviscous z z z 2 U
Control 27 erolemic 51.9+105 26.1+2.8
Nicolosi, Singlearm 15 Hyperdolest 517 2775 8 None b-glucan (yeast) 15.0 Nonviscous 78 g8 2 T H
1999 erolemic,
obese
Vidal- Singlearm 12 Hypercholest 39.5+8.8 28.9+4.7 6 None Lime-treated maize  32.0 MPCW g z 2z H
Quintanar (subgroup erolemic husks
1999 analysis) 11 Healthy 302+7.6 246+2.38 Lime-treated maize  32.0 MPCW 2 z 2z
husks
Robinson, R, crossover
2001 (0 wks)
Fiber 20 Healthy T T 3 None AG (larch) 15.0 Nonviscous Z z z z H
Fiber AG (larch) 30.0 Nonviscous 7z z z z
Zunft, 2001Single arm 47 Hypercholest 54.8+9.9 (72.5kg) 8 None Carobfiber 15.0 MPCW Vg z 2z H
erolemic
Gallaher, Singlearm 21 Overweight 28.9+9.8 28.0+4.6 4  None Chitosan (50%), konj: 2.36 Viscous Vg L 2z H
2002 glucomannan (50%)
Keogh, R, SB, 18 Hypercholest 38.8 £10.1 27.4 +4.6 4 Add glucose b-glucan (barley) 9.9 Viscous z z z z U
2003 crossover erolemic to low DF
(4 wks) foods
Zunft, 2003R, DB, paralle
Fiber 29 Hypercholest 55+10 254+31 6 NoDF Carobfiber 15.0 MPCW Z z 2z H
Control 29 erolemic 53.8+12 25.8+3.9
Giacco, R, DB, 30 Hypercholest 455+9.9 26.6 +2.2 8 Maltodextrin Shortchain FOS 10.6 Nonviscous 72 z z z U
2003 crossover erolemic
(0 wks)
(Continued
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Table S3.4. Continued

Study Fiber Effect Effect EffectEffectRisk
population BMI Duration dose Fiber on on on on of
Reference Study design n characteristic:Age (years) (kg/n?)?  (wks) Control Fibertype (g/dy properties LDL-CHDL-C TC TG Bias
Marett, R, DB, paralle
2004 Fiber 18 Healtty 29 T 26  Rice starch AG (larch) 8.4 Nonviscous 7z z z z H
Fiber 19 AG (tamarack) 8.4 Nonviscous 7 z z z
Control 17
Park, 2004 R, DB, paralle
Fiber 12 Overweight 42.3+3.1 26.6+0.7 3  Cornstarch RS typelll 24.0 Insoluble 2 z 2 7z H
Control 13 andobese 43.6+28 27905
Hall, 2005 R, SB, 38 Healthy 41.0+19 26.7+05 4  LowDFdiet Lupin kerneffiber 22.2 MPCW 27 z 27 7z U
crossover
(4 wks)
Garda, R, SB, 11 Overweight, 55.5%+6.2 30.1+£5.7 6 No DF Arabinoxylan (wheat) 12.2 Viscous T T z 2 U
2006 crossover obese, IGT
(6 wks)
Yoshida, R, DB, 16 Healthy 55.2+6.9 27.7 4.5 3 No DF Glucomannan 10.0 Viscous 7 z 7 z H
2006 crossover
(4 wks)
Queenan, R, DB, paralle
2007 Fiber 35 Hypercholest 44.5+2.2 (81.8kg) 6 Dextrose  b-glucan (oat) 6.0 Viscous 27 z 2 9 H
Control 40 erolemic 453 +20 (79.6 kg)
Ganiji, 200€Single-arm Hypercholest
(subgroup erolemic,
analysis) 8 Premeno 346+115242+4.2 6 None Psyllium 12.9 Viscous z z z z H
11 Postmeno 52.9+2.8 22.6+22 Psyllium 12.9 Viscous z 2 2z
Pérez R, parallel
Jiménez, Fiber 34 Hypercholest 35.5+11.8 26.1+4.7 16 No treatmentGrape antioxidant 5.25 MPCW z z 2z H
2008 Control 9 erolemicand 34.6 £12.4 22.7+2.4 dietaryfiber
healthy
Smith, R, DB, paralle
2008 Fiber 45 Hypercholest 44.1+13 26.0+3.2 6 None L MW -ghican 6.0 Nonviscous Z7° z z z H
erolemic (barley)
Fiber 45 451+14 26.7+4.2 HMW -dlucan 6.0 Viscous z z z z
(barley)
Glover, Single arm 10 Healthy 39.7+6.2 25.2+24 12 None Acacia gum 22.8 Nonviscous 1 T z z H
2009
(Continued
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Table S3.4. Continued

Study Fiber Effect Effect Effect Effect Risk
populatbn BMI Duration dose Fiber on on on on of
Reference Study design n characteristictAge (years) (kg/m?)?  (wks) Control Fibertype (g9/d?® properties LDL-CHDL-C TC TG Bias
Maki, 2009 R, DB, paralle
Fiber 16 Hypercholest 58.9+32 289+1.1 4 NoDF HPMC (high viscosity) 3.0 Viscous z z z z U
Fiber 17 erolemic 55.7+3.1 289+1.3 HPMC (low viscosity) 5.0 Nonviscous 78 L 2z
Fiber 32 53.2+28 31.2+1.3 HPMC (high viscosity) 5.0 Viscous 2 z 2z
Fiber 29 58.6+1.9 28.9+0.9 HPMC (low viscosity) 10.0 Nonviscous 78 z 29
Fiber 15 56.7+2.1 31.1+21 HPMC (moderate 10.0 Viscous 27 7 27 2
viscosity)
Fiber 27 55.1+1.9 27.7+0.9 HPMC (moderately  10.0 Viscous 27z 27z
Control 29 57.3+25 274+10 high viscosity)
Reppas, R, DB, paralle
2009 Fiber 20 Hypercholest  41.6 T 6 NoDF HPMC (high viscosity) 5.0 Viscous i 2 7z H
Fiber 10 erolemic HPMC (high viscosity) 15.0 Viscous i z 7z
Control 10
Li, 2010 R, DB, paralle
Fiber 60 Overweight 30.4+4.3 245+0.2 12 Maltodextrin NUTRIOSE 28.9 Nonviscous Z7° 95 2z L
Control 60 31.6+4.1 245+0.3
Pouteau, R, DB, 21 Metabolic 47+12 33.4+3.0 5 No DF Acacia gum 80%), 28.0 Viscous z z z z U
2010 crossover syndrome apple pectin (20%)
(6 wks)
Ruiz-Roso, R, DB, paralle
2010 Fiber 43 Hypercholest 42.9+95 257+35 4 Dextrose Carobfiber 8.0 MPCW 279 BT BT L
Control 45 erolemic 441 +99 255+3.8
Russo, R, DB, 15 Healthy 18.8+0.7 22.8+2.3 5 No DF Inulin 11.0 Nonviscous 7 g8 z 2 H
2010 crossover
(8 wks)
Sola, 2010 R, DB, paralle
Fiber 101 Hypercholest 54.2+9.9 26.8+37 8 MCC Psyllium 11.5 Viscous i z 7 7 L
Control 108 erolemic 555+11.527.4+35
Lyon, R, DB, paralle
2011 Fiber (M) 15 Healthy 38.1+7.2 29.8+1.2 15 Inulin (low PGX 13.1 Viscous z z z z U
Fiber (F) 15 34.7 +10.4 30.1+2.5 viscous  PGX 13.1 Viscous 7 L Dz
Control (M) 13 388+7.1 30.0+15 control)
Control ) 17 37.1+10.831.7+18
Pal, 2011 R, SB, paallel
Fiber 16 Overweight 41.3+23 34.0+0.9 12 BreadcrumbsPsyllium 29.7 Viscous 27z 27z u
Control 15 andobese 448+16 33.7+1.0
(Continued
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Table S3.4. Continued

Study Fiber Effect Effect Effect Effect Risk
population BMI Duration dose Fiber on on on on of
Reference Study design n chaacteristicsAge (years) (kg/m?)?  (wks) Control Fibertype (g/dy properties LDL-CHDL-C TC TG Bias
Francois, R, DB,
2012 crossover
(2 wks)
Fiber 57 Healthy 40.7+ 22 235+ 04 3 No DF AXOS 2.9 Nonviscous 2 z z z L
Fiber AXOS 9.5 Nonviscous 7 z z z
HashizumeR, DB, paralle
2012 Fiber 15 Metabolic 60.1+£8.9 28.1+23 12 NoDF Resistant maltodextrit 27.0 Nonviscous 2 z 2 227 H
Control 15 syndrome 61.2+11.6 26.8+29
Maki, 2012R, DB,
crossover
(3 wks)
Fiber 33 Overweight 495+1.6 306+05 4 Digestible RS typell (Hi-maize) 15.0 Insoluble z z z z U
Fiber and obese starch RS typell (Hi-maize) 30.0 Insoluble z z z z
Control (Amioca)
de Luis, R, DB, paralle
2013 Fiber 18 Obese 453+16.1 35.9+34 4 No DF FOS 9.8 Nonviscous 7 z z z U
Control 18 50.8 +16.2 39.2+7.2
Gato, 2013R, DB, parallel
Fiber 13 Hypercholest 40.6 +1.9 (61.4 kg) 12 NoDF Persimmorfiber 9.0 MPCW z z 2z H
Fiber 13 erolemic 36.4+1.8 (64.4kg) Persimmorfiber 15.0 MPCW 2 z 2z
Control 14 36.6 1.8 (63.5kg)
Reimer, R, DB, paralle
2013 Fiber 28 Abdominal 20-65 26.7+0.2 14 Riceflour PGX 13.1 Viscous i z 7z U
Control 28 adiposity 20-65 27.2+0.3
Childs, R, DB, 41 Healthy 43 +£12 25+3 3 Maltodextrin XOS 8.0 Nonviscous 7z z z z U
2014 crossover
(4 wks)
Fechner, R, DB, 52 Hypercholest 46.9+3.2 265+59 4 NoDF Lupin fiber 21.7 MPCW 27 7 27 2 L
2014 crossover erolemic Citrusfiber 23.1 MPCW yad 2 2 i
(2 wks)
Brahe, R, SB, paralle
2015 Fiber 19 Obese, post 60.6+6.4 352+45 6 No DF Flaxseed mucilage  10.0 MPCW z z z z U
Control 20 meno 585+5.3 34.3+3.8
Tripkovic, R, SB, 10 Overweight 39.8+9.6 30.2 £3.0 4 No DF Inulin 15.0 Nonviscous 1 z z z U
2015 crossover and obese
(4 wks)
(Continued
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Table S3.4. Continued

Study Fiber Effect Effect EffectEffectRisk
population BMI Duration dose Fiber on on on on of
Reference Study design n characteristictAge (years) (kg/n?)?  (wks) Control Fibertype (g/dy properties LDL-CHDL-C TC TG Bias
Urquiaga, R, parallel
2015 Fiber 25 Metabolic 445+9.3 291+39 16 No treatmentWine grape pomace 10.0 MPCW T z T z U
Control 13 syndrome 43.1+8.4 27.9%35 flour
Dainty, R, DB, 24 Overweight 55.3+1.6 30.2+0.5 8 No DF RS typell (Hi-maize) 25.0 Insoluble z z z z L
2016 crossover and obese
(4 wks)
Kapoor, Single arm, 6 Healthy 46.3+2.9 253+06 52 None Partially hydrolyzed  14.4 Nonviscous 78 g8 T z H
2016 pilot guar gum
Nasir, 201€Single arm 10 Prediabetic 35-60 385+24 16 None Acacia gum 10.0 Nonviscous 1 T z z H
Stenman, R, DB, paralle
2016 Fiber 53 Overweight 48.8+10531.2+16 26 MCC Polydextrose 10.8 Nonviscous 7z z z z L
Control 56 andobese 49.9+85 31.2+22
Canfora, R, DB, paralle
2017 Fiber 21 Obese, 59.2+7.2 33.3+£3.7 12 Maltodextrin GOS 15.0 Nonviscous 1 T T z U
Control 23 prediabetic 58.4+7.3 32.3%35
Lambert, R, DB, paralle
2017 Fiber 22 Overweight 44+15 331+13 12 NoDF Yellow pea hullfiber  13.8 MPCW z z z z L
Control 22 and obese 44+15 33.3+1.3
Pal, 2017 R, DB, paralle
Fiber 39 Overweight 49.9+11.031.7+3.2 12 Riceflour Psyllium 12.9 Viscous z z z z L
Fiber 43 andobese  47.9+12.1 33.3+4.3 PGX 13.1 Viscous z g7 z z
Control 45 49.8+11.8 32.0+4.2
Alfa, 2018 R, SB, paralle
Fiber 21 Healthy 42 (78.4 kg) 12  Digestible RS typell (Potato) 30.0 Insoluble z z z z U
Control 21 starch
(Amioca)
Krumbeck, R, DB, paralle
2018 Fiber 20 Obese 459+9.6 36.8+5.6 3 Lactose GOS 5.0 Nonviscous 2 z z z H
Control 17 43.9+8.8 34.0+45
Martinez R, crossover 49 Metabolic 426+1.6 T 6 No treatmentWine grape pomace 8.0 MPCW z z z z U
Maqueda, (4 wks) syndrome
2018
(Continued
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Table S3.4. Continued

Study Fiber Effect Effect EffectEffectRisk
population BMI Duration dose Fiber on on on on of
Reference Study design n characteristictAge (years) (kg/m?)?  (wks) Control Fibertype (g/dy properties LDL-CHDL-C TC TG Bias
Peterson, R, DB, paralle
2018 Fiber 29 Overweight 54+10 355%4.4 12 Digestible RS ypell (Hi-maize) 45.0 Insoluble z z z z L
Control 30 and obese, 55+10 35.7+5.2 starch
prediabetic (Amioca)
Salden, R, DB, paralle
2018 Fiber 16 Overweight 49+17 30.2%1.9 6 Maltodextrin Arabinoxylan (wheat) 7.5 Viscous z z z z U
Fiber 17 and obese 47+15 315%2.2 Arabinoxylan (wheat) 15.0 Viscous z z z z
Control 14 49+17 31.4+3.1
Z, significant decrease; 9§, signifi can tAXOQSpacabiroxlameligosaccharides DB dogbldinded; EG8nt change;

fructooligosaccharides; GOS, galactooligosaccharides; H,risg of bias; HDEC, HDL cholestergl HMW, high molecular weight; HPMC, hydroxypropyl
methylcellulose; IBW, ideal body weight; IGT, impaired glucosertwmiee; L, low risk of bias; LMW, low molecular weight; LBL, LDL cholestero]l MCC,
microcrystallinecellulose; mixed vegetabfier, fiber mixture of pediber (62%), soy polysaccharide (33%), and orange pectin (8MBLW, mixed plant cell wall DF
type;No DF, the control was the same product received by the treatment group but withdietdhgiber added; praneno,premenopausal women; PGX,
PolyGlycopleX, proprietar§iber mixture of konjac, sodium alginate, and xanthan gum; R, randomized; Raméstarch; SB, singldinded; postmeno, post
menopausal women; TG, triglycerides; TC, total ebt#rol; U, unclear risk of bias; WSDF, water soluble didibgy mixture of psyllium, pectin, guar gum, and

locust bean gum; XOS, xylooligosaccharides.

2Meanage and BMI are presented as they were in the original articles (as meame&D+ SEMor a rangg. If BMI was not reported, then either weight in kilograms
(kg) or percentage of ideal body weight (IBW) was preseintpdrentheseanditalicized.
3Dietaryfiber dose was corrected for the purity of fier.

“Washout period in weeks of crossover studies includedrentheses
SSignificant result when treatment arm is compared to the control arm that had the opposite effect.

8Significant reslt when compared within the treatment arm to baseline data or chaeggme.

’Significant result when treatment arm is compared to the control arm.
8Fiberdose was based on individual energy intake; mean of group is provided here.
sderptasringdivideal esealatifither dasesiahddheir cosponding intervention duration.

9Study design employkan escalatinfiberd o s e .

Val ues
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CHAPTER 4: Gut microbiota modulation with long-chain corn bran
arabinoxylan in adults with overweight and obedy is linked to an

individualized temporal increase in fecal propionate

A version ofChapter 4 of this thesis was published: aégguyen NK, Deehan EC, Zhang
Z, Jin M, Baskota N, Perddufioz ME, Cole J, Tuncil YE, Seethaler B, Wang T, Laville M,
Delzenne NM,Bischoff SC, Hamaker BR, Martinez I, KnighD, Bakal JA, Prado CM, and

Walter J.Gut microbiota modulation with loAaghain corn bran arabinoxylan in adults with

overweight and obesity is linked to an individualized temporal increase in fecal propionate
Microbiome 2020;8:118

4 .1 Introduction

Epidemiologic studies consistently associate dietary f({df) consumption with a
reduced incidence of obesigsociated pathologf@$3°® In largescale observationatudies,
whole grains and ceredkerived DFs (e.g. arabinoxylan[AX] a n dgluéan) showed stronger
associations with reduced risk of developing cardiovascular disease, type Il diabetes,
gastrointestinal cancers, and of@lluse mortality when compareddther DF source$>>436 A
substantial body of animal research further consolidated the mechanisms byDihieduces
metabolic pathologié&’. Despite these convincing associations, findings obtained from human
dietary interention trials aimed to improve metabolic risk markers by supplementing isolated
DFsremain inconsistefit’, possiblydue toanindividualized clinicaresponst438

Owing to their chemical structuré&Fs resist digestion in the small intestiaed reach
the colon wherehiey become substrates for the gut microbidtee microbialfermenation of
DF to shortchain fatty acids (SCFAshas been implicated in the prevention obesity
associated pathologfésPropionate and butyrate at@o SCFAs that are especiallglevant, as
they have been linked to beneficial imnological and metabolic effects Intervention studies
with AX isolated from wheat endosperm, for instance, have demonstrated incfeeakd
concentrations of both butyrate and propioffdteDFs can further modulate gut microbiota

composiion in a structur@lependent wayhrough the enrichment dfacterial taxa thattilize
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the substrate and tolerater denefit from the environmental changes caudsd DF
fermentatiod”343® For example, dietary iarventions with shosthain fractions oAX resulted
in an enriched abundance of bacteriab@ps that can either utiliz&X oligosaccharides
(AXOS) directly €.g.Bifidobacterium adolescentandBifidobacterium longumor benefit from
metabolic by-products released during AXOS degradatiang( Anaerobutyricumhallii and
Faecalibacterium prausnitfi*®. Although DF-induced alterations to the guticrobiota are
significant, the effects are also highly individaabt3, and this variability might have clinical
ramifications that could explain ttedividualized clinical respons&.

To understand the individualized response of the gut microbioFiean ecological
perspective is required, & fermenation is determined by complex irtgpecies interactions
between members of the gut micrdbfé. The process ioften based on a cre$seding
cascade, whereprimary degradersthat access theDF provide brealkdown products
(oligosaccharides, disaccharides, and monosaccharides) to other microbes, and metabolites that
result from the fermentation of these productso aderve as substrafés Inter-individual
variation in gut microbiota compositianay resulfromth e absence of thakeyst o
initiate the degradation of recalcitraBf<*°, differenca in unrelated speciewith similar
ecological functionghat compete for the same substi®teor variation instrains of the same
specieghat differ in theircapacity to metabolize the substfateThese compositional variations
likely determine both thecompetitive and co-operative relationships between community
membes that form trophicnetworks, some of which organize intec ol ogi sddahbt 6 gui |
collaborate to degrade complB¥<s8% Although interindividual variation in the response of the
gut microbiota toDF can influence metabolite outputs relevant to healitk. (propionate or
butyrate§®, this topic,and the underlying ecological principles, have received little attention.

The objective ofChapter 4 was toapply an ecological framework tharacterize the
compositionabnd metabolic responses of themangut micrdiota to a longchainAX isolated
from corn brancompare to aDF that is not fermented by the gut microbiota (microcrystalline
cellulose, MCC) We furtherassessd whether nutritional and microbimrelated factorsould

explain thevariableresponsgobserved among individuals.
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4.2 Methods

4.2.1Subjects

Male andpre-menopausal, nepregnant or lactating female subjects aged 19 to 50 years
with overweight or classobesity pody mass indefBMI] 25.0 to 34.9 kg/rf) and astablebody
wei ght ( Kndrith)whowereothérwise healthy wenecruited from the Edmonton area
using campusvide flyers, mailings to specific Listservs, local events, and word of mouth.
Exclusion criteria included: (1) history glstrointestinatlisorders or surgeries; (2) rosy of
diabetes mellitus; (3) chronicse of antihypertensive, lipidowering, antidiabetic, ant
inflammatory, or laxative mechtions; (4) antibiotizisethree months prior to the study; (5) use
of probiotic, prebiotic, omega fatty acid, or herbal gplements; (6) intolerance to corn; (7)
vegetarian; (8) smoking; (9) al cohadvigoronst a k e
exercise per week.
4.2.2Study Design

This sixweek, parallel twearm, exploratory randomized controlled trial (RCT) was
prospectivelyregisteredon July 3, 2015 with ClinicalTrials.gov (NCT02322112) as npaf a
large parallel fomarm RCT that aimed to compare the effects of four structwdilginct DFs
(i.,e. AX, acacia gum, resistant starch tjpe and MCC) on the gutnicrobiota and human
health, referreda asThe Alberta FYBER (Feed Yougut Bacteria morE fibeR) Studgfor
original registration we refer ). In resnse torequests byeviewes of a grant application
which advised against includingpaemarketDF ingredient in a larger human trjahe AX arm
was separated from the origifdCT on October 26, 201énd data from the 15 subjects that
completed the ptocol wereanalyzed independentlll procedures involving human subjects
and the separation of the arabinoxylan arm from the original RCT were approved by the Health
Research EthicBoard of the University of Alberta (Approval Number: Pro00050274). @fritt
informed consent was obtained from all study subjects prior to enroliment into the Stuudly.
visits were conducteth accordance with the principles of the Declaration of Heisatkthe
University of Alberta Human Nutrition Research Unit in Edmontalberta, Canadé®etween
September 2015 and October 2016.

The study included five clinic visitd={gure 4.1). During a tweweek screening/baseline
period, potential subjects were ggereened by telephone for initial eligibility and then attended

a screaing visit (visit 1) to confirm eligibility and receive study material (including fecal
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collection supplies) to be completed prior to the baseline visit (visit 2). During the bagsiine
eligible subjects were enrolled, stratified based on sex, andanelomly assigned to either the

AX arm or MCC arm. Random treatment allocation was accomplished using a computerized
random number generator, in which two separate random allosatiprences (female and male
sequence) were generated and concealed éseancher not involved in subject allocation. Upon
enrollment, subjects were then assigned to the next available randomization number by a study
investigator blinded to these predetered allocation sequences.

Thirty-eight subjects were enrolled in theudy and instructed to consume their
corresponding supplement for six weeks atady DF dose of 25 g for females and 35 g for
males, provided strictly as eith&X or MCC. Half dailydoses were provided for the first two
days of treatment (12.5fgr femdesand 17.5 gor male3, as this was shown by pilot data to
ease diet incorporation. After one week of treatment, subjects returned to provide a second fecal
sample and to assess fo@l adherencgvisit 3), which was also assessed during their third
week of treatment (visit 4). A final visit was required at endpoint (six weeks of treatment) to

provide the third and final fecal sample and to assess overall prattiveiencévisit 5).

Subjects
(Random Allocation)

Arabinoxylan Microcrystalline Cellulose
{n=115} (n=116)
<Baseline>|€- — — — — Fiber Treatment — — — — — >

Half
Dose

Female Dose: 25 g/day
v
study Week NN > BEN : ) 5 IS
coHal B

Stool Characteristics ' x x x ‘ * x
Stool Sample ‘ ’ 8

Figure 4.1. Study designShaded study week blocks indicate aschel ed cl i ni ¢ vi si
indicates the task was completed during the study wedRHQ II, Canadian diet history
guestionnaire Il; stool characteristics, selported stoolconsistency and bowel movement
frequency.
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4.2.3Treatments

The AX used in tis study was BIGFIBER GUM andwas provided by Agrifiber
Holdings LLC (lllinois, USA) as a single batch. The lecigain AX is an alkakextract, soluble
AX isolated from corn brathatcontainedd1.0 £ 1.36 AX. TheAX was further analyzed for its
monosaccaride composition by their triethylsilyl derivatives using gas chromatography
coupled with mass spectroscopy (models 7890A and 5975C inert MSD with a Triple Axis
detector, Agilent Technologies Inc., California, USA) as previously deséfibéthe results
showed that the corn braX composes of 57.8% xylose aB@.5% arabinose (weight basis).
As the backbone oAX is comprised of linear xylose with arabinose forming branching points,
the arabinoséo-xylose ratio is often used to estim#&¥ branching density. ThAX used here
had an arabinosm-xylose ratio 0f0.56, which is similar to thateported for alkali extracted
corn AXs*¥448 The AX further contained 9.7% galactose, which is likely preseside chains
as described for other coAXs**"44 Therelatively high arabinosto-xylose ratio and abundant
galactose collectively suggest that the corn bk is heavily branced with complex side
chains, like the ones previously reported by Sauktied,**® Roseet al,**® and Rumpagaporat
al.**’. The MCC used in this study waMICROCEL MC-12 and was provided by Blanver
Farmoquimica OTDA (S&o Paulo, Brazil). The MCC is a large particle size {héfon
average), woodlerived cellulse DF processed with a dilutacid to remove amorphousgions
leaving only recalcitrant crystalline regions. The MCC was subjectedn toitro fecal
fermentations to confirm resistance to microbial fermentation tedefore selected as a nen
fermentabé control.

Both DFs were administered as powdered supplemantsincorporated daily into the
subjectsdéd preferred foods and drinks. The tr
physicochemical propertiend therefore doubleblinding was nopossible. To achieve single
blinding, however, subjects were not informed of tH2k treatment, and weekly doses were
provided in sealed opaque bags that contained individpaltkaged, readip-use DF sachets.
Subects were instructed to return all pided sachets at their scheduled visits, where remaining
DF was weighed to assegsotocoladherence.
4.2.4Baseline Dietary Intake and Anthropometric Assessment

Subjects were asked to maintain their habitual dietpdnydical activity level during the
intervention study. Baseline dietary intake was assessed by the online Canadian Diet History
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Questionnaire Il Past Month {BHQ II), a food frequency questionnaire adapted for the
Canadian population from the validate&DHQ 1144°. Subjects' esponses were analyzed using
Diet*Calc software (Version 1.5.0) and theDEIQ ll-specific nutrient database; previously
updated to include eight new f 0200 FogdrGaidep v ar i
servingsize-equivalens*°. Prior to statistical analyses;0HQ |l extracted data were assessed
for extreme outliers using methods described by Kipnis and collé&guasd then calorie
adjusted using methods described by Willett and Stafpfer

Anthropometric measurements were also obtained at basekih@/6 Height and weight
were measured, in light clothing, with empty pocketsd shoes removed, and used to calculate
BMI. Waist circumference as measured using a Gulick Il plus tape measure accordihg to
National Institutes of Health guidelineBody fat percentage was estimated by bidekssd
impedance analysis (Tanita TEBOOA Body Composition Analyzer, lllinois, USA) using a
proprietary equation.
4.2.5 Assessment of Stool Consistency and Bowel Movement Frequency

Selfreported ®ol consistency and bowel movement frequeneye obtainedtbaseline
and theret the end of eachntervention weekising a 5point hedonic scaleFor consistencythe
scalewasanchoredbyi har d or f r a gromaynot veatkr® ( @h)a senme 6f two
indicatingnormalo r smdoth, soft, and formeédtod. For frequency, thecalewasanchored by
i eery third day or less often ( O fihrea tneks a day or more often ( 4) wi th a sco
i ndi cati ng Theoarea endeathathe YAWGCsLiwes) was then calculatedsing the
linear trapezoidal metd.
4.2.6Fecal Sample Collection and Processing

Fecal samples were collected at baseline, \AHid W6 using stool collection kits
consisting of a stool specimen container, artairg ht bag (Fi sher, Canada
Anaerobe Sachet (BD, Canada) denerate an anaerobic environment within the container.
Samples were delivered to researchers wifour hours of defecation. Upon receipt, fecal
samples were processed i mmediately in an ana:
USA) with an environrmant consisting of 5% # 5% CQ, and 90% N Raw fecal material was
aliquoted for pH and moisturertent measurements, aatsodiluted 1:10 in molecular grade
phosphatéduffered saline for DNA extractions and 1:5 5% phosphoric acid for SCFA
quantification. Aliquots were stored a80°C and kept frozeantil further processing.
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4.2.7Fecal pH, SCFA, a Moisture Content Quantification

Raw fecal material was diluted 1:4 in distilled water to determine fecal pH using an
Accumet AB150 pH meter (Fisher, Canpda previously describ€*°3 Quantification of fecal
SCFAs was completed at the Agricultural, Food and Nutritional Science Chromatography
Facility of the University ofAlberta as previously descrit®d Briefly, 1:5 dilution of fecal
samples homogenizadn 5% phosphoric acid were thawed &
supernatant was mi xed wi inmbthylzalefic aeid). Subsequentyt er n a
0. 2 f¢hke mixture was injected into a Bruker SCION 456 gas chromatograph (Bruker
Corporaton, Massachusetts, USA). SCFAs were separated on a Stabikvarlumn (30 m X
0.53 mm inner diameter X 0.5 em film thicknes
a flame ionization detector, and quantified by calculating response factors forS&zehA
relative to 4methytvaleric acid using injections of pure standards. Total SCFA concentrations
were determined as the sum of acetate, propionate, and butyrate hehdiative percentagef
each SCFA was determined by dividing these individual &by total SCFAs. Totdiranched
shortchain fatty acidconcentrations were determined as the sum of isobutyrate and isovalerate.
Fecal moisture content was determined lbyird) raw fecal material overnight in an oven at
103°C.
4.2.8DNA Extraction, 16S Rbosomal RNA (rRNA) Gene Amplicons Sequencing, and Data
Processing for Microbiota Analysis

Bacterial DNA was extracted from fecal homogenatgshwmsphatéuffered saling1:10)
using the QIAamp DNA Stool Mini Kit (QIAGEN, Hilden, Germany) as previouskcdbed®®.
The V5V6 regions ofthe 16S rRNA gne were targeted for PCR amplification using primer pair
7 8 4 F-RGGBDBIAGATACCG3 0 ] and -GQCGAGRRRCATGCANCACCT3 6] . 16S
rRNA gene amplicons were sequenced3b bp paireeend sequencing on the MiSeq platform
at the University of Minnesota Genomi€enter (Minnesota, USA), with all samples of this
studybeing included in the same run.

Sequences were trimmed to 210 bases long using FARDXKit, and paireeendreads
were merged with the mergkumina-pairs pipeline as previously described Samples
exceeding 16,000 reads werabsampéd to 16,000 using USEARCH v8% Removal of
chimeric reads and clustering @berational taxonomic usi{OTUs at a98% pairwise identity
threshold) were conducted using USEARCH, resulting in an average 6318, 670 high
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guality sequences per sample after quality control. Taxonomies from phylum to genus level were
assigned using the entire sequence set by the Rilabddatabase Project Classifiet OTUs

were assigned taxonomy by using the Silva databaseage 13P%), and sequence identity at
speciesdvel was confirmedsing 16S rRNA gene dalbases oEzBioCloud®®, IMG/M ER*C,

and NCBf®! platforms.

Prior to ordinatio and statistical analysis, OTU count data were converted into relative
abundance andlso centered logatio (CLR) transbrmed to correct for compositionalify.
Consdering all fecal samples, OTUs witm average relative abundance below 0.15% were
removed. This approach resulted in exactly 1C¢
used in downstream anags accounting for 88.1% of the approximately 1 millmmated
reads.16S rRNA gene amplicansequencing data have been deposited ilN@BI Sequence
Read Archive and are available for download under BioProject PRINA564636.

4.2 .9Statistical Analysis

All  univariate analyses were performed by GraphPad Prisn8.0.4
www.graphpad.com), while multivariaedregression modeinalysesvere performed using R
(v3.5.3; www.rproject.org) unless otherwise stat@®lscripts used in this study are available at
GitHub (https://github.com/BioKhoi/Arabinoxylan_study Mibiome_Journal).The statistical
analyses conducted are discussed in detail in the sections below.

4.2.91 Bacterial Community Analysis

To explore the effect dDF on the bacterial community, we ass s e d  alivessitya | | b
dissimilarity between and within ndi vi du-dl 8 er saintdy .U T odivasitys ess o
Euclidean distance between bacterial communities was first calculated frontr&isformed
data of all OTUs and then visualized usirgxmetric multidimensional scaling (veg&hand
ggplotZ®* packages). Differences in the communitiesAdf and MCC groups at specific time
points were compared permutational multivariate analysis of variafPERMANOVA) using
the Adonis function in vegdf. Euclidean distances were used talcalak intersubject
(betweensubjects at the same time point) and wstwaject (within subjecidut at different time
points) dissimilaries Differences in intesubject diversity were determined within each
treatment group relative to baseline usiggnealized estimated equatio(GEE) models
(geepack packagé®™) followed by Bonferroni correction. Differences of @Bubject
dissimilarity betweenAX and MCC were compared using Mawh i t n e y -divessiyt s . U
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(Shannon index) and bacterial richness (OTU numbers) were determined using rarefied OTU
data with the vegapackag&:.
4.2.92 Fecal Microbiome Composition and SCFA Analyses

Community membership of individual taxa was presented as relative abundance (mean +
SD), while CLRtransformed data werased for statistical analysi Comparisons of phyla,
families, genera, OTYsand SCFAsbetwea baseline andV6 were performed by Wilcoxon
tests, while comparisons of shifise( gV6-baseling betweemrAX and MCC were performed by
MannWhitney tests.P values were adjusted bBenjaminiHochberg's false discovery tea
(FDR) and considered statistically significant whermalues were less thanl5. Differences at
W1 andW6 in the efects ofDF on OTUs and SCFAwwer e det er mined wusing
foll owed by Dunnds correction for multiple co
4.29.3 CoAbundance Respongéroup (CARG) and Network Analyse

Potential syntrophic interactions between bacterial taxa in thgiomes toAX were
assessed using @zcurrence network analy$i& To determine groups of interacting OTUs in
their respons toAX (thus potential ecological guild8j, CARGs were determined from the top
OTUs impacted byAX consumption (¢p Wébaseline unadjusted p<0.1; Wilcoxon test).
Spearman’s correlation analysis was performed betweelCltRetransformeds hi fWe ( o
baseling in these OTUs to construct a correlation mamging Spear manaos CoOrr e
coefficients which was then converted into a distance matrix by ¢@rrelation coefficient$§.
Next, hierarchical clustering was performed on the distance matrix to build asiregetbe
completelinkage clusering algorithm (ComplexHeatmp packagé®’) where branch lengths
reflect the degree of association between OTls ghorter branches indicate that OTU
responses t&X weremore simiar among individuals)Differences between distinclustersof
the Hierarchical tree, and thus individual CARGs, were determined by PERMANOVA using a
cut-off of p<0.05'%, In summary,0TUs within each CARGwere dserved torespond more
similarly to AX when compared to OTUs within another CAR&hd these responses showed
significant clustering, whiclsuggest enhancedco-operativerelationships between taxa of the
same CARGduring AX degradationRelative abundancef each CARG was calculated as the
sum of the OTUs within each CARG prior to statistical analyses.

To visualize the interaction of OTUs within and between CAR&sSSpearm n 0 s
correlaton network was calculated based on shifts in @aRsformed abundancesing
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permutation test(1000x) by CoNet®® aspreviously describeéd®. To foaus on the most robust
interactions, nly OTUs withSpear mands r h o-0.5vaadFDRecerredey<09D5 o r O
were visualized in the network using Cytoscape (v3nsy.cytoscape.org
4.2.94 Differences in Bacterial Community Composition and Diet beamé/N6Propionate
Responders and Nonresponders

To identify factors that contribute to the variation betw@éspropionateresponders and
nonrespondetrsPERMANOVA was performed on Euclidiatistances based on the basekne
shifts of total OTUs, significanOTUs, and CARGs, and baseline diet. The multatardata of
microbiaa and diet were visualized oprincipal component analysi$PCA) biplots using
factoextrd’®and FactoMineR! packages.
4.2.95 Relationships between Bacterial Community and SCFA Responses with Miciabio
and Diet Features

To explain the individualized response of tteeal microbiaa to DF, multiple linear
regession (MLR) analygs were employed using R. In order to perform the analysis,
dimensionality of the microbta and diet data were reduced by P®#o principal component 1
(PCl), PC2, and PC3, kich representshe largest proportion of the intardividual variability
and captures theost information on microbiotand dietaryariation Microbiota compositional
and SCFA response variables weredisas dependent variables. Baseline and shifts of PC
variables, CARGs, OTUs, and diet data were used as predictors. Subset selection in regression
was applied to choose the best combination of predictarg) uke sequential replacement
algorithm (leapgpackagé’?. Therefore, each MLR model peged only contained the top one
or two predictos that explained the response variable the best. Dietary and mieroslmted
predictors were treated separately in different models, and total ,gndide grains, and total
DF intake were used as singleetary predictors. All models were adjustediify dosésex andp
values were corrected by FDR with statistical significance consideg#15. To estimate the
guality of each model in predicting thensa dependent variableprrected Akaike informatio
criterion (AICc) values were calculated using the AICcmodavg packagelCc values were

then converted to relative percentages by assigning the highest AICc value as 100%, and then

remaining AICc values were calculated by @p 11T hus, lower AlICc values

indicatehigher quality model Residuals for all linear regression models were plotted to check

for homogeneity of variance and normality.
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4.3 Results

4.31 Subject Characteristics and ProtocolAdherence

To compare the effects &X and MCC,we conducted a siweek, paralleftwo-arm,
exploratory, randomized controlled trial in dhviduals with overweight and clask obesty,
where females received 25 g/d amdles 35 g/d of eithddF (Figure 4.1). Of the 38 subjts
enrolled and randomized t@n intervention arm seven withdrew from thstudy (in the AX
group, three experiencethallengesonsuminghe supplement and orreportedconstipationin
the MCC group two withdrewdue topersonal reasons and one due to constipation)vene,
therefoe, excluded from analysed-igure S.4.1). Subjectsthat completed the study protocol
(n=31)included 21 females and 10 malaged 32.9 + 8.5 years withBMI of 28.7 + 23 kg/n?¥.
No differencesn age, sex, or BMivere detected between the interventioougis at baseline
(Table S4.1). Overall protocol adherence, assessed by the amount (weight) of returned
supplement, was 94.7 = 6.5% and 95.0 = 5.6% iAiKkend MCC arms, respectively.
4.3.2Effect on the Composition of the Fecal Microbiota
4.32.1Fecal Microbiota Diversity

Non-metric multidmensional scalinginalysis of Euclidean distances between subjects
based on CLRransformed OTU data showed that the two treatment groups harbored bacterial
communities that could not be differentiated at basepr®.17, PERMANOVA;Figure 4.2.A).
Onewee&k supplementation witAX altered the global fecal bacterial community, which became
significantly different from the fecal microbiota of subjects receiving M@E0(025). This
effect was maintained until the endtbé DF intervention(p=0.019). These clmgesoccurredoy
AX inducing temporal shiftin fecal microbiota composition, determined as the avefage
diversity betweert h e i n dtreatredtand lbasaine samplesvhich were significantly
larger when compared tthe MCC group gO 0 . 0 1 5i WiNtiaey test;Figure 4.2.B). In
addition, while MCC increased interndi vi dual -diverdity keetween sulgests; ( b
p<0.001, GEE modelAX reducedt (p=0.003,Figure 4.2.C).

An al y sddigersity Showdd thatX reduced fecal bactetia di ver sity ( Sh
index) (=0.036, GEE modelFigure 4.2.D) but not richness (total OTUS) after six weeks of
supplematation. Overallthese findings showed thathile the norAfermentable MCC had no

detectable effects on measuredatterialdiversity, AX altered the global bacterial community
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within one week, inducing temporal shifts compositionand a reduction of dih inter
indi vidual -divarsity.ati on and U
4.32.2 Effect on the Relative Abundance of Bacteridthxa andCARGsS

Neither AX nor MCC altered microbiota composition at the phylum level. At lower
taxonomic levels, changes in thedativeabundance of twbacterial families were detected at six
weeks ofAX relative tobaseline and MCC, namely an increas@&iidobacteriaceadq=0.04,
Wilcoxon test;Figure 4.2.E, Table S4.2) and a decrease Hrysipelotrichacea€g=0.004). At
the genus leveAX increasedhe generd@ifidobacteriumandPrevotellawhen compared tboth
baseline and MCCand enrichedlautia when compared to MCC. OTlgvel analysis revealed
that 15 OTUs changed duringX treatment relative to baseline (henceforth referred to as
6si gniTUscé)n.t IOh par t i @ifidokmcterium@ohdukOTUR, Pravotelld t o
copri (OTUG), Bacteroides plebeiugOTUS3), Backeroidessp. (OTU56),Bacteroides ovatus
(OTU26), Phascolarctobacterium succinatuten§OTU38), Blautia obeum (OTU85),
Subdoligramlum sp. (OTU11), Clostridium leptum (OTU46), Mollicutes (OTU32), and
Muribaculaceae(OTU79) (@<0.15) became enriched, whil®TUs related toRuminococcus
bromii (OTU5), Eubacterium oxidoreducen@TU41), Bacteroides uniformiOTU7), and
Faecalibacillusspp. (OTU21)declined in relative abundanc8upplementation with MCC only
increased the familzachnospiracea@nd the genuParasutterella(q=0.117).Numerically, the
dominant compositional effects AX were,to a large degrespecific toB. longum(OTU4) and
P. copri(OTUG), as these taxa ireased in relative abundance doy average 08.5% (46-fold)
and 2.7%4-fold),whi | e ot her OTW% increased by O

In an attempt to identify groups of -aperating species that could function as ecological
guilds in the degradation &X, we adapted a cdering approach conceptually similar to that
described byfonget al*®®. Instead of absolute proportions of taxa, we us¥einduced shifts to
identify clusters ofspecies whose responses wiater-correlated. This analysis revealed a total
of seven CARGsKigure 4.3.A), five of whichshowed statistically significantesponsgto AX,
while none responded to MCO4dble S4.2). The CARG that showed the largest increase in
relative abundance was CARGD)=0.0003, Wilcoxon test), which consisted @f sut of the
elevenOTUs that increasedhrough AX (Figure 4.3.B). Among those six OTUS. longum
(OTU4) exhibited the largest shift and showed significant connections to all but one member of
CARG1 (rs>0.5, g<0.05; Spearmad sorrelatiors using prmutaion tests) suggestingAX may
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be degraded thnagh ceoperative interactions between these taxa. In CARRG@opri (OTUG)
exhibited the largest response, but only shomeel strongconnection withanother member of
the CARG,Bacteroides massiliens{(©®TU98 rs=0.71,0=0.007) which suggest®. copri might
actto a larger degresdependently talegradeAX (Figure 4.3.B). The majority of taxa that
decreased duringX consumption particularlyB. uniformis(OTU?7), clustered within CARG7
and showed negative correlations with taxa of CARG1, CARG2, and GARGggesting

competitive or antagonistic interactions.
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by the dietary itervention. Data analyzed using PERMANOVA for (A), GEE models (with
Bonferroni correction) fo(B) and (D), and ManAwhitney tests for(C). For (E), data were
analyzed using either Wilcoxon tests to assessimgifoup changes relative to baseline, or
MannWhitney tests to assess betwagnup changed.€. AX vs. MCC; with FDR correction).
b-diversity and compositional data were reported as mean = SD, and centenmediolog
transformed prior to the statisticahnalyses. AX, arabinoxylan BL, baseline; MCC,
microcrystalline cellulose)TU, operational taxomoic unit; W1, week 1; W6, week 6.
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4.3.2.3 Temporal Respge of OTUs and CARGs

To determine if shoftand longterm treatment withAX and MCC differed intheir
effects on the fecal microbiota, we compared shifts from baselimeét 1 (W1) with those
from baseline taveek 6 (W6); however, there were no deteetalifferences betweethe two
time frames(g>0.25, Wilcoxon test, data not shown). In addition, comparison of bas@lihe,
and W6 values by Friedman's test indicated that the effects<obccur rapidly (within one
week), with no furtherdetectable chamg atsix weeks Figure 4.4.A). Considering these
findings, analyses on compositional changes were performed with W6 data unless otherwise
stated.
4.3.2.4 InterIndividual Variation in Responssto AX

Bacterial shifts in response t&X and their magnitudevere highly individualized
(Figure 4.4.B). For instance, absolute increases in relative abundance ranging from 8% to 1
(2 to 429-fold change) were detectad seven subjectéor the OTU classified a8. longum
(OTU4), while other subjects showed eithemaich smalle increase, a decrease, or the species
was undetectable. OTUs relatedBtoobeun{OTU85), Subdoligranulunsp. (OTU11),B. ovatus
(OTU26), andC. leptum(OTU46) were enriched bpX in around twethirds of the subjects.
Less frequently enrichedere OTUs dssified as. copri (OTU6), B. plebeiugOTU53), and
Bacteroidessp. (OTU56).P. copri (OTUG) responded in only four subjects, but effects were
large, with the species expandimgyond 10%(2 to 7fold changé of the total bacterial
communityin three sufects.

To determine drivers of these individualized responses, weMkBdanalyses to test if
responses in OTUs that showedimerically thelargest shiftsR. copri, B. longum, B. obeum,
and Subdoligranulunsp) and in CARGs with significantesponses (CAR$1, 2, 3, 6,and7)
could be predicted by baseline diet or micrédicomposition. Baseline microki(all OTUs
and significant OTUs) and diet variables were first reduced in their dimensionality by PCA and
then treated as predictors. $lhainalysis revealed that individualized responses of bacterial taxa
and CARGs tAX and MCC could not be predictéy baseline diet or microbia composition
(g>0.05 Figure S.4.2).
4.3.3Effect on Stool Characteristics and Bowel Movements

While fecal moisure contentvasnot changed by eitherDF (g>0.2, Wilcoxon testTable

S.4.3), subjects consuming\X reportedsofter stool consistencies when compat@dubjects
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consuming MC((treatment effecp=0.049, GEE model Figure S.4.3.A). Both AX and MCC
led to a increase in bowel movements relative to baselme.05, GEE modelFigure
S.4.3.B), with no difference detected between treatment graugatinent effegp=0.8).

A Arabinoxylan Microcrystalline Cellulose
OTUs CARGs OTUs CARGs

4 'WE-BL = Positive Shift in AX
A 'WE-BL = Negative Shift in AX

9 L]
@ B. longum-OTU4 & [
# P. copri-OTUG 3 3
# Subdoligranulum sp.-OTU11 25 25
& B. obsum-OTUBS % —
¥ B ovatus-OTU26 s £
B C. leptum-OTU46 2.0 220
& R. bromii-OTUS £ £
B E oxidoreducens-0TUd1 s 2
& E. uniformis-QTUT 245 315
# Faecalibacillus spp.-OTU21 2 ! £ 3
H H
CARG1 = =
A CARGZ ﬁ"” g
& CARG? o
¥ CARG4
CARGS LS 0.5
CARGE
CARGT
* p<0.05 for AW1-BL o : e
. or E ' e il
) gl o gl <&
no difference AWG-W1
Arabinoxylan Microcrystalline Cellulose
B.Mrwm7u4-.t.x.x..--.xx..=.x-oaoo><~><><- . .
P.oom'-OTus—x.xxxxxx.xx.xxolxxx.x.xxxxx.xxcx
Subdoligranuiumsp-OTUI1Y « X & X @ » © @ - & @ -« x:x., T A
B, obeurn-OTUBS{ » ® X @ « 8 & o P & + @ ] & o o« o« XM e . s
B. ovalus-OTU26{ = e X e . Y : . X X . ] ° . X
C. leptum-OTU464 -« » X =« e . b S * @ @ X X X X .
R bromi-OTUS: & @ X ® X * . 8 X .4 ] . = [ ® ® = = *x 9
E omidoreducens-0TU41, « & # X =« % » X o @ : @ >(=*o---a *® X =+ o X @& X = X
BuiformisOTUT. @ @ « @ @ @ & o @ + » . |l & » . X 8 =
Faecalibacillusspp-OTU21{ - » @ X + = ® @ = - ® ® = » @ : [ B ] - + 8 8 [ ] . »
CARG1—.-.X........-..;.1 * 1+ e @0 - 8OO S s e
mnez-..oo...........:.... e e X » @
CARG3 - @ X *» @ s @ + + & X x@ - o | @ s 8 9 - 0 - . a B
CARGSH - & @ X e ® .x-.o-.:xx....-tx @ ® X8 @
CARGS «+ = & @ » @ ® e s - ® e | -0 P ® . ° a
carcel « @@ o - .-o. xo-..E..-.-.on.to...
cmG?c..-o.........-l...--l...tt ..oo
F1 F11 F23 F29 F33 F4 FA2 F44 F53 F9 M1 MIIMI7M24 M8 Fi2 F15 F26 F30 F38 FA3 FAS F49 F51 F55 F6 M12M1SM22M26 M7

Absolute Change (%)
(W5- BL) e5010@ 5@20@ 2 @ ncrease @) Decrease X Not Detected

Figure 4.4. Temporal and individualized responses of the OTUs and CARGs affected by

AX and MCC. (A) Plots show the temporal response of the ten most abundant OTUs (detected

in >25% of subjects) and the seven CARGs. Centeredakog transformed data were analyzed

byFri edmanés test (with Dwgnoupchangesdseendimepoiman) t o
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relativeproportions othe ten most abunda@®TUs (percentage of total midyimta composition)

and CARGs (sum of OTUs) detected after six weel&>fandMCC supplementation. The size
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of the bubble is proportional to the change in abundance relative to baseline, while the color of
the bubble represents the direction of the chafngd: increase; black: decreas@)h e 6 X0
indicatesthat the OTU was eitmeindetected othe changevas <0.02% relative abundaneex,
arabinoxylan BL, baseline; CARG, cabundance response groulCC, microcrystalline
cellulose OTU, operational taxonommunit; W1, week 1; W6, week 6

4.3.3Effect on Fecal pH and SCFAs

FecalpH andSCFA concentrations did not change after six weeks of eifetreatment
(g>0.2, Wilcoxon test;Table S4.3). Considering that absolute concentrations of fecal SCFAs
areaffected by their absorption in the ¢fdt we additionally assessetianges ithe percentages
of acetate, propionate, and butyrate relative to total SCFA coatiensat W6, which has been
previously shown to vary little across colonic regfofhsThis analysis revealezhincreasén the
percentageof propionateproducedthrough AX when comparedo MCC (@=0.07, Mann
Whitney test)and a reduction irthe percentageof butyrate relative to baselineg<0.13,
Wilcoxon test), althougldifferences in butyratewere not detected whecompaed to MCC
(g=0.31). Further investigation of the ratio between propionate and butyrate showed an increase
in propionaterelative to butyrate when compared to baseling=0.06) and MCC ¢=0.07),
suggestingAX suppkmentation directed the output of SCHAg$avor ofpropionate.

Characterization of the temporal response in the tprieeary SCFAsalso showedn
increase in fecal propionate concentrationsA¢ at W1 ©=0.01, Friedman's testfFigure
45.A). Although popionate concentrations remained elevated at W6, this increase was not
statistically significant when compared to baselipe0(15). This los®f significance was caused
by an increase in the interdividual variation at W6 Kigure 4.5.B). Visual evaluabn of the
individualized temporal response of propionaté\ revealed clear separation of subjects into
two distinct patternsHigure 4.5.B). Based on the direction of change from W1 to W. (
positive or negative), subjects were grouped idG-respnder® ( p -W8H>0) anddN6-
norresponde®( @ -W8<0).In generalW6-responders showed a higher output of propionate
at W6 (=0.0045 Friedmars test) but not at W1, while the opposite is seen i W
norrespondergp=0.014) The two groups differed by propionatencentrations at Wg€0.012,
Manri Whitney test).
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at each tim point. AX, arabinoxylan BL, baseline; CARG, c@bundance response group;
MCC, microcrystalline celluloseOTU, operational taxonomic unit; SCFA, shohain fatty

acid; W1, week 1; Woweek 6

4.3.4W6-Propionate Responders and Nonresponders Differ itheir Microbiota Response
to AX

Microbiota compositional (baseline and shifts) and diet data were ordinated using PCA,
and then differences between Wbpionateresponderand nonrespondensere testedising
PERMANOVA. This analysis revealed that the lesici communities of W8esponders were
indistinguishable from Whonresponderat baselindutdiffered in their response X ( qoW6
baseline Figure 4.6). This was detecteidl the analysis was based afi OTUs =0.004), the 15
significantdietresponsie OTUs (=0.025) or the seven CARG$£0.025). In contrast, neither
baseline microbiota compositiofriQure 4.6) nor dietary factorsKigure S.44.A) separated
according to W6 responsep>0.1). In addion, comparing W&espondersand W6
nonresponders terms of their baseline total grain, whole grain, and Ofalconsumptionor
their stool consistency and bowel movement frequency during treatficemtot reveal any
differenceseither >0.1, ManiiWhitney test) Figures S4.3.C and S44.B). Togetherthese

124



findings indicate that the temporal response in fecal propionate concentrations is primarily

associated with the shifts in the micraiand not baseline microldecomposition or diet
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Figure 4.6. The individualized temporal propionate responseto AX associates with
compositional responses in the fecal microbiot&rincipalcomponent analysis plots based on
Euclidean distance comparing the relative abundance of fecal microbiota, both at baseline and
AX-i nduced sitbasdlings betwegnWib-responders(red) and Weénorresponders
(black). Microbiota variables ((e. OTU or CARG) that contributed the most to inteubject
variation were shown as vectors on the pWen statistical significances were e@bined by
PERMANOVA (p<0.05). AX, arabinoxylan CARG, cceabundance response group; OTU,
operational taxonomic unit; W1, weék W6, week 6.
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4.3.5Individualized SCFA Responses can be Predicted by Gut Microbiota Features

As with compositional responses, tgumicrobiota functional responses tBF
interventions have been shown to be individuafizét4’> but what drives this variation is
poorly understood. We applied MLR to determine whether fecal SCFA responddsbeo
explained bystool consistency and bowel movemdrgquency, diet, omicrobida related
factors, and then compared the quality of the models usiGg values (where lower values
mean higher quality). These analyses revealedttieaW6 SCFA respose toAX could be
predicted by the fecal microlie (Figures 4.7 and S.45) but not by baseline diet stool
consistency or bowel movemenfrequencyreportedduring treatmen{Figures S46.A and
S.46.B). The bestmodels were achieved for propionate, esgey when PCgyenerated from
W6 shifts of all OTUs were used as predictdfgg(re 4.7.A, Table S4.4). Models were of
lower quality whenwW6 shifts of significant OTUs,CARGs PCs of CARGspr single OTUs
were ugd, suggestinghat global community meases exhibited strongeriiear relationships
with the propionateesponsethan single or groups of taxaAlthough the models that used
baseline and W1 shifts of OTUs as predictors were of lower quality than these ba W6
shifts, they are still valid, slwing q values less than (BOafter FDR correction. Linear
relationships between propionate responses and significant predisitog baseline (PC1 of all
OTUs) and shifts (CARG1) were further visualized usingttscaplots FEigure 4.7.B),
reaffirming thequality of the analysis, as a majority of subjefeds within the 95% confidence
regions.

Significant models could also be designed for acetate and butyrate respon&s to
(Figure S45). Interestingly, in contrast to propionate, the best models toigbrédtyrate
responses were achieved using shifts of a single ,&E WxidoreducengOTU41), a known
butyrate producéf®. However, overall, the models for acetate and butyrate were of much lower
guality than those for propionate. summary, while individualized responses in SCFAs showed
no assoation with diet, they could be predicted by micrdhishifts am baseline composition.
In contrast to the analysis of the effects”of, not one singleMLR model was found to be
significantfor MCC, indicatingthat the statistical approatiased on MLR mdels didnot detect

anyassociationgndependent oDF fermentaion.
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Figure 4.7.Individualized AX-induced propionate responses could be explained by baseline

gut microbiota composition and microbiota shifts (A) Heatmap shows tHeear associations

bet ween the i1individual iiBElLpdépermenbapable; tadumes) ance s p 0 n S
microbida pr of i | e s iB(LB L ,ioBWHRIAetictos;, rows). Cells represent individual

multiple linear regression models (with FDR correction) that asatasther the predictors

explain the individualized propionate response. Multatarmicrobida data were simplified into

principal componen(PC)variablesPC1, PC2andPC3 prior to analysis. Each model contained

the best one or two predictors of $@dividual CARGs, or significant OTUs selected by

stepwise regression. All modelgere adjusted by fiber dose/sex. Colors from white to red
indicate relative AICc (corrected Akaike information criterion) values calculated by

wp T.TLower AlCc values (red) indicate higher quality mod€B) Scatter

plots show the linear relationship between propionate respdqngpWBL) and either the
baselinecontributionof all OTUsto PC1 or the shifs of CARGL1. Color ad size of each point
indicate propionate response magnitude and the shaded area specifies the 95%ceonfiden
interval. The topsix OTUs that contributed the most éitherPC1 of all OTUs or CARG1 are
further provided. AX arabinoxylan; BL, baseline; CARGgp-abundance response group; MCC,
microcrystalline cellulose; OTU, operational taxonomic unit; W1, week 1; W6, week 6

4.3.6Determining the Role of Bacterial Taxa in Propionate Response
MLR analyseswere appliedto deermine connections betwe&xX respamding OTUs
within CARGs 1 and 6and fecal propionateconcentrationgFigure 4.8.A). This analysis

127



revealed that shifts iR. copri (OTUG6) did not predict propionate responsewhile B. longum
(OTU4) and correlatecaka n CARG1 showedtronger linear relationshipsThe highest quality
models were obtained witB. obeum(OTUS85), B. plebeius(OTU53), andP. succinatutens
(OTU38), all of which encode metabolic pathways for propionate prod@tti®uch analysis
provides a potential explanation for the metabolic interastibetweenproposedprimary
degraders, secondary fermenters, and metabolite utilizers that result in the promotion of
propionate in response &X (Figure 4.8.B).

A
@ g 157 , _
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Figure 4.8. Relationship between propionate responses t&X and proposed primary

degraders secondary fermenters, and metabolite utilizers(A) Individual multiple linear
regression model s d e t eiBloithatepred2fl the feca prpponasee s (c
responsiBL). Y-@¥W6shows theb-coefficient for eachpredictor, as in the average
propionate response when OTU relative abundance imsdd$. Xaxis shows the value for

each predictor. All models were adjusted by fiber dose/sex, where bubble size represents the
adjustedR?. (B) Proposed model of bactdriarossfeeding in the gut during degradation of

complex, solubl&Xs. AX, arabinoxyan; OTU, operational taxonomic unit.
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4 .4 Discussion

In this study, the impact of a siweek, high-dose corn brahX supplementation on the
composition and function of the fecal bacterial communifis characterizedn healthy adults
with overweightand classl obesity AX treatment changed community structure and induced
specific shifts in the composition of the gut moigiota that manifested themselves after one
week of treatment without further changgsWeé AX induced increases in propionate output.
Both compositional and functional responses were highly individualigeth propionate
responsg showing two distincttemporal patternsCompositional respores toAX could not be
predictedand functional responses were independenstobl consistency, bost movement
frequency, andbaseline diet however, baseline microbita composition and especially the
compositional shiftcorrelated withpropionate responseThe norfermentable MCC showed
virtually no effect on gut microbiota composition or function

An understanding of compositional and functional responses of the igudbrata to
changesn diet requires an ecological framewtk AX supplementatioprovides resources that
can be usedybmicrobes that possess the traits to either access the chemical stictatsor
utilize public goods released duridX degradatioff™. In this study, the dominant effexbf AX
weredirected towardwo bacterial specie®. longumandP. copri while nine additional OTUs
showed smaller increasesciuding threeBacteroidesspecies €.g9. B. ovatus B. plebeius and
Bacteroidessp.) This high degree dadpecificity towardB. longumover otherBifidobacterium
species is in agreement with other studies testing-dtvagn AXs*"#48 and gnomic analyses
that showed thatgenes encodingAX-degrading glycosidaseeg. b-x y | os i d a-s e
arabinofuranosidase) are conserved only amBndongum straing®482 |n contrast to the
speciesspecific enrichment oB. longum AX enriched several species withthe phylum
Bacteroideteshat possess thgenetic andfunctionaltraits necessary for accessing *8>4¢".
Although AX utilization is not universally conservedamong the gener®acteroidesand
Prevotellg the specie®. copri B. ovatusB. cellulosilyticus andB. plebeiushave been shown
to bexylanolytic*®>485487.4883nd possegsolysaccharide utilization lo¢hatencode for theylan
utilization systerf£>486.489 thusproviding an explaation for their enrichmenin our study

Interestingly,therewere several consistent effects obseridetiveen thecorn branAX
used inthis studyandwheat bran extracted AXOSuch as increases Bifidobacteriumongum

Prevotellacopri, Bacteroidesovatus and Blautia obeum*%4% However, in contrast to corn
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branAX, AXOS seem to have lower specificity and promote multipleisgeofBifidobacterium

and Prevotellg as wel as several additional genera.d. Eubacteriumand Roseburiy. This
difference in specificity is likely attributed to variatiomstheir structural features. Specifically,

corn branAX exhibited a relativelyhigh arabinosdo-xylose ratio of 0.56 and otained high
amounts of galactose (9.7%), which suggests a heavily branched structure with complex side
chaing*¢448 To access and utilize such complex structubesteria require nore extensive
repertoire ofproteinsand hydrolaseeelative towhat is needeéor AXOS utilization, which are
generally simpler in structut® For instanceB. adolescentishas been shown to utilize simple
AXOS both in monocultuf@' and during ceculture withB. ovatus but not during ceulture on

corn branAX 42,

Exploring the response of the bacterial community in the context of ecological guilds
provides a more compketiew d the interactions among the bacterial species in the degradation
of AX. This analysis showed the @tigest response in CARG1 and CARG2. The response
within CARG1 is dominated bB. longum which showedtrongconnections to four out of five
membes within CARG1 B. plebeiusBacteroidessp., P. succinatutensand Subdoligranulum
sp) and one member in GAG2 (an unclassified.achnospiracede suggestingsyntrophic
relationshipsB. longumhas been shown to be a primary degradehXé*®14%2that is able to
cleawe the complexAX structure by solublé&X-degrading glcosidas#’®4%4 This degradation
could releasexylan andAXOS (or even xylose, arabinose, and galactdasexylanutilizing
Bacteroidesspecies likeB. plebeiu&®48-489and putativesecondary fermenters likB. obeum
and Subdoligranulumsp#784954%(Figure 4.8.B). This crosdeeding would explain the strong
positive associations betwe&h longumand the other OTUs within CARL. In contrastpP.
copri also increased and is likely a primary degraofeAX *8348 put showecbnly onestrong
correlationwi t hi n CARGG6, suggest i nsghliyessfindingscstiggesti um b
thatno singul ar Okeystone s pAX¢asdé bad beenndestribealfoe s t h
type-lil resistant starché®. Most likely, severalprimary degraders, including. longum P.
copri, and certairBacteroidespecies, assume this task

The ecological connections described above provide a basis to unddrstaffects of
AX on microbida metabolismand theincrease in propionate. The specificity of lectgain AXs
for propionate has been previously descrifet’ and is affiliated with a higher presence of
arabinose sidehaing®4% AlthoughP. copriis a primary degradesf AX, the species did not
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predict propionate respon$erein which is in accordance with previous suggestions ttiat
bacteriumacts selfishl§®® and does not produce propion4té Metabolc interactionsappear
more relevant within CARGL1. AlthoudB. longumis numerically the dominant responder within
this CARG, it does not produce propionatself and is a poor predictor of propionate responses
(Figure 4.8.A). However, theenrichmentf B. longumis strongly linked to specidbatpossess
metabolic pathways for propionate productiae.B. obeumP. succinatuten®B. plebeiusand
Bacteroices sp.P°%°%t which are better predictors of propionatspons. Although significant
modelswere obtained with MLR using thgingle taxaof CARG], the entire CARG1 was a
better predictor opropionateshifts, indicating that groups of bacteria collaboratgrodue
propionate. Overallthe analyses on ecadical gulds suggest coperative and syntrophic
interactions amon®. longum B. obeumP. succinatutensand someBacteroidesspecies in the
degradation oAX to produce propionate, whil. copridisplays a more competitive phenotype
during AX degradatn.

Although significanteffects ofAX on microbiota compositioand propionat@roduction
were detectedheseeffectsdisplayed a high degree of individuality. In terms of taxa, this might
be driven by the inteindividual differences in baseline microba composition and diét.
Although the responses Bf copriwere strictly linked to the presence of the species at baselin
our MLR models showed no significant associaidretween baseline€CLR-transformed
abundancesnd individualized responses. However, some models shpwallies below 0.001
before FDR correction, suggesting that associations between the composispoakestoAX
and the baseline microl@exist but could not be detected with thmall sample size of our
study.MLR analyses further showed that baselieported dietary history could not predfcX -
induced shifts in bacterial taxa @ARGs. This might be reflective of the fact that diet is only
one of many contributors to the variationmicrobiomeg®®*% although we cannot exclude that
our small sample size and limitations in selported food frequency questionnairdata
contributed to the lack of sigrét Therefore, future studies on the individualized respdase
DF should be conacted with larger sample sizes, repeatedary recalls or recordand whole
metagenora sequencingo achieve higher resolian, strainlevel distinctions that likelydrive
individuality.

Individuality was especially pronounced when looking at metabolite oufjatMLR

analyses revealed that -bakdline)tcsrrelated wifh \Weé phiftd n at e
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the microbiota, and to a lesser degree W1 shifts and basebmposition, but not diestool
consistency, or bowel movement frequen8iifts in CARGs provide a better prediction than
individual taxa indiate the importance of ecological guilds IDF fermentation However,
modelsusing the firstwo PCs generatd from all OTUs, capturing5% of the variance in the
bacterial response, were of better quality than those using CAR@®®Nstrating thgiropionate
productionis the resultof a more complexrophc network that spans thevider bacterial
community. Ths can potentially be explained by the wmltognized functional redundancy
among distantly related members of the gut microfi6t& and the stochéis nature by which
they assemble intcommunitie$®. Although it is often assumed that functiomatlundancy
results in gut microbiomethat aremore similar between individuals on a functional level,
findings on the propionate responseA® clearly show that differences among individualsex
in terms of how they ferment@F. The hierarchyby whichfactors predict propionate response
found in our MLR analysis (single taxa < CARGs < PCs) supporéezalogical framework that
considers microbiomes as complex communities of interacting mertérterpret and predict
functional outcomes dDF fermentdion in future human intervention trials.

Although this study revealed ecological concepts to explain-imdgridual variation in
DF fermentation of the human gut microbidiajitations must be acknowledgad our ability to
identify relevant players whin trophic networks and ecological guilds using sequencing data
from a human intervention studfnalyses for the determination of ARGs werebased on the
correlation of compositional responses of the microbiotaXo Although this analysis identified
clusters of species with traits to utiliZeX that are likely ecologically relevant, statistically
significant correlations were alsetécted between CARGSs, suggesting that trophic networks
extend to the broademommunity In addition, by being limited toorrelations,this approach
cannot identify causal links, and the focus on compositional shifts is unlikely to identify all
members otrophic networks as not every species that contributes to the fermentatiddFof a
becomes enrichét®. There are, therefore, limitations wur ability to identify all relevant
primary degraders, sewdary fermenters, and metabolite utilizers, and more sensitive
approaches such as stable isotope prdbimg bio-orthogonal norcanonical amino acid
tagging®® are required. Such studies could be complementedoylture experimentssuch a
those described bye et al*° to empirically test crosteeding interactions and exert
mechaisms by which gut bacteria collaborate to utilize speddis The inclusion of such
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mechanistic information on trophic networks would likely improve the quality of models that
predict the fermentation &F and its metabolic consequences.

From an appli@ perspectivethe findings discussed hereimave implicationsfor the
targeted use 0AX to modulate the gut microltefor improved health. Probiotic treatmemtith
B. longumstrainshavebeen shown to be healfitomoting in a variety ofontexts®’, including
gastrointestind?®°% immunological €.g. antrallergy and antinflammatory®®ty, and
psychological €.g. depression and anxiéfy°j disorders. The specific enrichment of this
species supports the useAX in synbiotic applications wittB. longum Another finding that
warrants attention in theortext of health is the increase kh copri Although therole of P.
copriin human healtmemainsunclear, withpotential deleterious effecteported €.g.enhanced
rheumatoid arthritis susceptibily) that ardikely depen@énton strain-level differencesdietary
environmentsand host predisposititt#°!5 this species was associated with improved glucose
metabolism after whole grain barley treatni&rénd correlatedvith weight loss in volunteers
that consumed diets high whole graing'®>’ Prevotellais a genus that has been consistently
negatively associated with an industrialized lifeStfte The reason for this reductiatue to
industrializationis unknown, but it has beespeculated that reduced consumptiorDé¥rich
foods is responsibté®. The increase dP. copriafter supplementing throughX supports this
hypothesis, a#&X is a dominanDF in whole grains, which are reducedthe westernized diet.
The increased production of propionate would have implications for the treatment of obesity and
related metabolic and immune alterationsppionate administratiomas been shown to induce
satety®'® improve glucosehomeostasi®®°?? and suppress prinflammatory interleuking
level$!® in humans.Overall, findingsin Chapter 4 of this dissertatiorsuggst that AX has
prebiotic properties in that it promotpatativelyhealthrelatedorganisms and thproductionof
propionate, makg it a promising candidate for the prevention of obesi#éymd associated

pathologies, especially if its application is perdizeal.

4.5 Conclusiors

The findings of this study arelexant as individualized responses of the gut microbiota
to DF provide a potential explanation for their inconsistent clinical effects in human intervention
studie$®”. If metabolic functions relevant for the physiological effect®Bf(e.g.propionate) are

individualized, then effects mij not be detectable without stratifying the human population.
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This study further identified microbiot®lated factors thacan be used to prediétX -induced
propionate responseAlthough significantMLR models were developed based on baseline
microbiotaprofiles, which has practical advantages in personalizing intervention shydibe
predidion of responses preatmen, the best models were obtained with compositional shifts,
especially when features of the broader commurety. PCs) were consided. This finding
serves as a prodaif-principle for the value of an ecological approach toward predictions of
metabolic efiects of DF on the human gut microbiot&s the sample size of this exploratory
study was too small to identify predictors that cooéddirectly applied in independent studies
larger studies are needed to develop robust machine learning algoritidedly informed
through an ecological framework - that identify the exact factors that predict microbiota
responsgto DF.
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4.7 Supplementary M aterial

Table S.4.1. Sbject characteristics at basdine *

Arabinoxylan Microcrystalline Cellulose Between p value 2

Number 15 16
Age (y) 33.7+£9.7 32174 0.91
Sex (female/male) 10/5 11/5
Height (cm) 171.5+8.4 168.8+ 7.6 0.25
Weight (kg) 84.8+12.3 81.9+ 105 0.40
BMI (kg/m?) 28.7+2.7 28.7+2.0 0.99
Waist circumference (cm) 95.7+8.8 92.9+6.0 0.30
Percent body fat (%) 33.0+9.3 32.0+£7.3 0.63

Females 36.4+2.9 38.0+6.1 0.20

Males 225+3.6 23.0+5.3 0.84
Ethnicity (%) 0.56

White 60.0 43.8

Asian 20.0 31.3

Black 13.3 6.3

Other 6.7 18.8
Employment (%) 0.40

Student 26.7 50.0

Employed 66.7 43.8

Unemployed 6.7 6.3

! Data presented as mean * standard deviation or as a percentage.
2 Continuous variables were analyzed by Mann-Whitney test, and count variables were
analyzed by Chi-Squared test. BMI, body mass index.
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Table S.4.2. Abundance obacterial taxa and CARGs affected by the dietary mterventions:?

Proportion of bacterial taxa expressed in relative abundance (Mean + Standard Deviation)

Arabinoxylan (n=15)

Microcrystalline Cellulose (n=16)

Within

Within

Between

p value (adj.)

Taxonomic Group Baseline Week 6 pvalue (adj.) Taxa Baseline Week 6 pvalue (adj.) omTaxa
Phyla
Firmicutes 65.76 + 7.49 59.80 +5.76 0.761(0.903) -5.95+ 8.59 64.2+10.0 65.8+9.05 0.143(0.457) 1.68 +6.82 0.281(0.856)
Bacteroidetes 17.19+6.87 21.90+7.44 0.021(0.215) -4.70 +5.56 19.9+6.57 21.8+7.05 0.231(0.505) 1.91 +8.84 0.519(0.931)
Actinobacteria 11.41+8.74 13.17+8.60 0.072(0.300) 1.76 +5.01 7.67+4.94 6.6 +4.45 0.403(0.743) -1.12+4.26 0.065(0.416)
Family
Erysipelotrichaceae 7.27 +6.25 3.82 +3.52 0.0001(0.004) -3.45+3.98 5.56 £+5.09 5.40+4.05 0.820(0.957) -0.17 +4.22 0.015(0.149)
Lachnospiraceae 30.66 + 6.60 30.20 +4.33 0.359(0.567) -0.46 +7.86 26.7 +£10.1 30.4+9.46 0.002(0.117) 3.65+7.54 0.188(0.731)
Bifidobacteriaceae 541 +5.37 8.50+7.15 0.0026(0.036) 3.08 +4.20 3.68+4.16 3.3 +4.26 0.668(0.882) -0.38 +2.86 0.017(0.149)
Genera
Blautia 3.03 £2.18 4.28+2.21 0.025(0.223) 1.24+2.19 3.11+31 240+2.02 0.463(0.806) -0.64 +1.64 0.010(0.149)
Clostridium XVIII 1.10 +1.14 0.40 +0.44 0.0003(0.0007) -0.76 + 0.85 0.78 £1.21 1.37+2.67 0.705(0.898) 0.58 + 1.55 0.011(0.149)
Lachnospiracea incertae sedis 7.13 +442 524+3.72 0.120(0.324) -1.89+5.59 5.57+4.04 7.95+6.90 0.044(0.310) 2.38 +£5.15 0.017(0.149)
Ruminococcus2 210 +1.63 142+132 0.041(0.258) -0.67 +1.36 1.41+0.73 2.16 +1.53 0.028(0.289) 0.74 +1.17 0.005(0.149)
Prevotella 0.99 +1.92 3.75+7.66 0.0001(0.006) 2.75+6.19 4.25+8.49 510+9.13 0.010(0.229) 0.85+4.97 0.740(0.959)
Bifidobacterium 541 +5.37 850+7.15 0.002(0.003) 3.08+4.20 3.68+4.17 3.29+4.26 0.632(0.867) -0.38+2.86 0.017(0.149)
Megamonas 144 +421 221+537 0.151(0.353) 0.76+1.60 0.14 £0.51 0.31+0.87 0.013(0.229) 0.17 £0.48 0.598(0.931)
Parasutterella 0.58 +0.88 0.54+1.14 0.389(0.567) -0.04+0.55 0.40+0.80 0.66+1.00 0.003(0.117) 0.25+0.53 0.011(0.149)
Operational Taxonomic Units  (OTU Number, closest hit in database, % identity)
OTUSG, Prevotella copri, 99% 0.95+1.84 3.62+7.41 0.0001(0.006) 2.67 +6.08 3.61+7.53 4.41+8.02 0.175(0.833) 0.79 +£5.24 0.1194(0.398)
OTU79, Muribaculaceae 0.07+0.21 0.14+0.38 0.0001(0.006) 0.07 +0.21 0.50+1.84 0.11+0.45 0.596(0.932) -0.38+1.39  0.0003(0.036)
OTU11, Subdoligranulum sp. 1.26 £+1.67 2.41+3.27 0.0020(0.042) 1.14+1.89 1.78+1.89 1.38+1.39 0.781(0.977) -0.39+1.24  0.1880(0.480)
0OTU21, Faecalibacillus intestinalis/faecis, 100% 1.74+1.25 0.81+0.69 0.0026(0.042) -0.92+1.13 1.71+1.44 1.95+252 0.433(0.833) 0.23+1.90 0.0105(0.105)
OTUS38, Phascolarctobacterium succinatutens, 100% 0.39+0.95 0.77 £1.68 0.0043(0.042) 0.38 £0.80 0.25+1.00 0.44 +1.78 0.322(0.671) 0.19+0.78 0.0063(0.105)
OTU4, Bifidobacterium longum, 100% 3.53+435 7.04+6.76 0.0020(0.042) 3.51+4.51 1.55+2.24 1.64+3.96 0.375(0.833) 0.09 +1.99 0.0105(0.105)
OTU46, Clostridium leptum, 100% 0.31+0.77 0.56+1.31 0.0043(0.042) 0.25+0.58 0.08 £ 0.08 0.56 +1.35 0.403(0.833) 0.47 +1.35 0.0105(0.105)
OTU53, Bacteroides plebeius, 98.76% 0.20+0.55 0.56+1.58 0.0043(0.042) 0.35+1.20 0.72+2.66 1.06+2.97 0.297(0.833) 0.34+0.74 0.4700(0.723)
OTU56, Bacteroides sp. 0.15+0.66 0.84+3.04 0.0043(0.042) 0.68+2.44 BDL BDL BDL BDL BDL
OTU85, Blautia obeum, 100% 0.43+0.53 1.33+1.30 0.0034(0.042) 0.89+1.31 0.55+0.55 0.43+0.37 0.375(0.833) -0.11+0.46  0.0041(0.105)
OTU32, Mollicutes 0.11+0.43 0.35+1.34 0.0084(0.076) 0.23+0.91 159+391 0.80+1.95 0.073(0.671) -0.79+2.08  0.0090(0.105)
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Table S.4.2. Continued

Arabinoxylan (n=15) Microcrystalline Cellulose (n=16)
Within Within Between
Taxonomic Group Baseline Week 6 pvalue (adj.) oTaxa Baseline  Week 6 pvalue (adj.) Taxa p value (adj.)

OTU41, Eubacterium oxidoreducens, 99% 0.96+1.08 0.42+0.48 0.0151(0.125) -0.53+0.70  1.07+0.98 0.85+0.80 0.705(0.977) -0.22+0.71  0.0009(0.105)
OTU26, Bacteroides ovatus, 100% 0.41+0.91 0.98+1.16 0.0181(0.129) 0.57+1.26 0.26 +0.28 0.54 +0.69 0.024(0.356) 0.31+0.55 0.3182(0.578)
OTU5, Ruminococcus bromii, 100% 125+156 0.87+1.31 0.0181(0.129) -0.38+0.90 2.98+294 2.78+3.30 0.743(0.977) -0.19+1.74  0.0710(0.326)
OTU7, Bacteroides uniformis, 100% 2.38+1.99 1.68+265 0.0021(0.143) -0.70+223  1.73+2.22 155+1.60 0.820(0.977) -0.17+1.12  0.0780(0.326)
OTU65, Ruminococcus lactaris, 100% 0.37+£0.65 0.09+0.29 0.0353(0.185) -0.27+0.62  0.24+0.32 0.34+0.41 0.073(0.671) 0.11+0.25 0.0072(0.105)
OTU432, Bacteroides cellulosilyticus, 98.76% 0.16 +0.44 1.09+2.99 0.0255(0.150) 0.93 +2.56 0.14 +0.27 0.06 +0.13 0.252(0.833) -0.08 +0.24 0.0105(0.105)
OTU31, Blautia faecis, 100% 145+1.63 1.64+1.06 0.1876(0.360) 0.19+1.47 0.94 +0.65 0.58 +0.45 0.015(0.356) -0.36+0.46  0.0105(0.105)
OTU10, Holdemanella biformis, 99.58% 452+595 231+3.36 0.1069(0.248) -2.20 +3.25 1.98+2.81 1.65+2.48 0.018(0.356) -0.33+0.72 0.7700(0.906)
OTU116, Eubacterium ramulus, 100% 0.22+0.23 0.21+0.29 0.6787(0.780) -0.01+0.23  0.11+0.17 0.19+0.18 0.018(0.356) 0.08 + 0.15 0.0405(0.155)
OTU47, Bacteroides xylanisolvens, 100% 0.26 +0.36 0.58+1.01 0.4887(0.634) 0.3+0.95 0.33+0.53 0.88+1.53 0.007(0.356) 0.55+1.09 0.0855(0.329)
OTU54, Parasutterella excrementihominis, 100% 0.58+0.89 0.54+1.15 0.3591(0.561) -0.04 +0.55 0.38£0.78 0.64 +0.97 0.013(0.356) 0.26 £ 0.54 0.0170(0.155)
Co-Abundance Response Groups (CARGs)  (Sum of relative abundance of OTUs within each CARG)

CARG1 597 +4.97 12.9+11.02 0.0034 6.98 + 8.76 4.86+3.70 4.98+4.72 0.97 0.12+2.64 0.0072
CARG2 256+1.21 6.09+6.09 0.0084 3.53+5.30 2.92+251 3.22+243 0.46 0.29+1.19 0.0170
CARG3 1.21+£158 2.48+3.58 0.0200 1.27 £2.83 2.37+251 2.86+294 0.07 0.48 £ 1.65 0.4600
CARG4 290 £4.09 3.94+4.61 0.1600 1.04 £ 2.57 3.29+4.20 2.85+2.69 0.85 -0.43 £ 2.95 0.3100
CARG5 1.94+1.90 1.78+1.42 0.7100 -0.15+1.82 1.66 +1.64 2.43+2.86 0.14 0.77 £2.27 0.2400
CARG6 463+359 6.34+8.30 0.0200 1.70 + 6.83 7.50+7.18 9.14+7.84 0.43 1.63+5.76 0.4900
CARG7 13.82+£8.19 8.21+6.49 0.0200 -5.60+8.69  11.7+593 14.4+7.73 0.25 2.33+6.20 0.0063

! Statistical significance of within-gr o u p s hi f thaselifie)pwere eletdrmingd by Wilcoxon tests, while between-gr oup shi fts (g arabinoxylan v
determined by Mann-Whitney tests. Data are presented as relative abundance, and were centered log-ratio (CLR) transformed prior to the statistical analyses. p values were adjusted by
FDR, whereas FDR significance was setatq< 0 . 1 5. BDL, below detection |Iimit; o Taxa, absd® ute change in r
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Table S.4.3. Fecal pH, moisture @ntent, and concentration and percentagesof fecal SCFAs:
Fecal pH, Moisture Content, and Short-Chain Fatty Acids (Mean + Standard Deviation)

Arabinoxylan Microcrystalline Cellulose
Within Within Between
Baseline Week 6 p value PSCFA Baseline Week 6 p value (PSCFA p value
Fecal pH 6.8+0.5 6.7+05 0.57(1.00) -0.1+0.6 6.8+0.6 7.0+£06  0.18(0.76) 0.3+0.8 0.095(0.31)
Fecal moisture content (%) 71.7+£7.3 72.4+7.0 0.80(1.00) 0.7+6.7 722 +87 69.9+7.2 0.40(0.76) -2.3+11.2 0.52(0.70)
FecalConcentration (¢
Total SCFA 1453 +99.0 151.4+80.7 0.59(1.00) 6.2 +65.2 145.3+111.9 126.2+55.2 0.59(0.76) -19.0+96.9 0.56(0.70)
Acetate 90.2 +56.2 94.8 £50.9 0.99(1.00) 4.6 +£37.0 91.4 £ 63.6 80.8 £30.3 0.32(0.76) -10.6 £56.6 0.46(0.70)
Propionate 31.2+286 39.0+26.0 0.15(0.53) 7.8+21.1 31.7+324 240+135 0.40(0.76) -7.7+24.8 0.11(0.31)
Butyrate 23.8+18.4 17.6 £10.3 0.48(1.00) -6.3+16.7 22.3+19.3 21.4+16.9 0.93(0.94) -0.8+21.9 0.59(0.70)
Valerate 31+16 3.1+17 0.93(1.00) -0.004+1.1 35+27 3.1+16 0.59(0.76) -0.3+24 0.76(0.77)
Total BCFA 7.8+3.6 8.4+46 0.71(1.00) 0.6+3.8 7.4+3.6 6.4+25 0.43(0.76) -1.1+48 0.39(0.70)
Isobutyrate 31+11 34+16  0.52(1.00) 03+15 29+13 26+09 0.49(0.76) -0.2+1.38 0.26(0.61)
Isovalerate 47+25 5.0+3.0 0.97(1.00) 0.3+24 46+25 3.7+x17 0.29(0.76) -0.8+3.2 0.46(0.70)
Proportion of Total SCFA (%)
Acetate 62.7+6.4 62.7+£6.7 0.97(1.00) -0.04+£6.9 66.1+6.1 66.6 £9.2 0.78(0.92) 1.0+8.3 0.66(0.72)
Propionate 20.7+6.3 25.0+6.8 0.04(0.19) 43+7.8 189+4.2 17.8+56 0.23(0.76) -14+45 0.01(0.07)
Butyrate 16.6 £5.0 12.3+5.2 0.018(0.13) -4.3+6.4 15.0+4.1 159+7.1 0.89(0.94) 04+70 0.08(0.31)
Propionate -to-Butyrate Ratio 14+05 3.3+4.6 0.004(0.06) 20147 14+0.6 1.4+0.7 0.50(0.76) -0.1+0.6 0.005(0.07)

1 Statistical significance of within-gr o u p s hi f tbaselifjejpwere dezekminéd by Wilcoxon tests, while between-gr oup shi fts (@ arabinoxyl a
were determined by Manni Whitney tests. p values were adjusted by FDR, whereas FDR significance was setatqg< 0. 15. @ SCFA, a b s eskline te weeklbz
BCFAs, branched short-chain fatty acids; SCFAs, short-chain fatty acids.
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Table S.4.4. MLR Analyses between arabinoxylatinduced fecal SCFA responses anbacterial features:

Fecal SCFA Concentration Response

(_p we-ebaselibe; dependent variables)

Propionate Acetate Butyrate
Predictors b-Coef | p value (adj.) | AICc |b-Coef| p value (adj.) | AICc |b-Coef| p value (adj.) | AICc
Al PC1 286 0.01(0.039)
OTUs PC2 133.2 -4.15 0.03(0.056) 146.2 -1.21 0.05(0.07) 113.3
PC3 2.77 0.03(0.06)
All CARGs PC2 2.75 0.56(0.6) 1411 -8.38 0.2 (0.24) 150 4.67 0.02(0.048) 111.3
Sig. PC1 846 _ 0.03(0.056) 2.85  0.02(0.049)
Baseline OTUs PC2 723 002(0049) %% 230 058064  ° 080 052055 106
Microbiota CARG5 5.54 0.07(0.09) 10.16 0.01(0.043)
CARGs CARG6 139.0 1442 -1.58 0.014(0.043) 110.3
CARG7 143 0.03(0.056)
OTUB85 B. obeum -21.86 0.03(0.056)
OTUs OTU46 C. leptum -9.28 0.17(0.19) 139.5 147 110.7
OTU41 E. oxidoreducens -13.48 0.046(0.07) -5.02 0.016(0.047)
Al PC1 266 _ 0.03(0.06)
OTUs PC2 -2.48 0.07(0.09) 136.3 149.4 116.3
PC3 335 0.14(0.17) 088 0.20(0.25)
PC1 5.8 0.159(0.193) 214 0.21(0.24)
All CARGs PC2 957 0.007(0.038) 13212 722 03300375)  1°%° 0038 ogs(0.98) 12062
Shifts of Sig PC1 -6.99 0.011(0.039)
Microbiota OTLjs PC2 133.2 1444  2.67 0.08(0.10) 114.2
(p week PC3 12,00 0.01(0.039)
baseline) CARG1 1.89 0.0045(0.03)
CARGs CARG7 BLL 50 009011y 1488 “o4ss 023005 1162
OTUG P. copri 150 0.04(0.07)
OTU38 P. succinatutens 8.38 0.05(0.07)
OTUs OTU7 B. uniformis 138.67 1535 g o0z(0.018) 1402 103.1
OTU41 E. oxidoreducens 7.22  0.0006(0.0097)
Al PC1 -4.23 <0.0001(0.005)
OTUs PC2 -1.86 0.046(0.07) 123.7 3.72 0.10(0.12) 148.7 118.0
PC3 0.16 _ 0.80(0.81)
PC2 71089 0.001(0.014) 12.72 _ 0.018(0.048)
Shits of All CARGs PC3 128.95 144.95 607 0.007(0.038) 108.98
- . Sig. PC1 6.54 0.0006(0.0097) 8.05 0.02(0.049)
('V"°r°b\',8t§e «__OTUs PC2 640 0005003 2°9 392 o303 %7 314 oo3e0.067) %0
b;pse”ne) CARGL 163 0.0016(0.018) 164 0.05(0.07)
CARGs CARG2 128.7 0.11 0.93(0.95) 151.6 109.4
CARG3 2.13 0.009(0.039)
OTUB85 B. obeum 9.76 0.007(0.038)
OTUs OTU11 Subdoligranulum sp. 132.3 8.56 0.027(0.056) 145.8 108.4
OTU41 E. oxidoreducens 8.48 0.006(0.035)

1 Each model contains the best one or two predictors of PCs, CARGs, or significant OTUs selected by stepwise regression. All models were adjusted by fiber dose/sex. Quality of each model
was evaluated by corrected Akaike information criterion (AlCc). adj., FDR adjusted pv a | u eCs0;e f-Boeffltient; CARGs, co-abundance response groups; MLR, Multiple Linear
Rearession; PC., principle component; Sia. OTUs: sianificantlv respondina operational taxonomic units.
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Excluded at
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v v
Arabinoxylan Microcrystalline
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into habitual diet(n=3) . Cersqna ik (nl-. ) -1
«Constipation complaint (n=1) onstipation complaint (n=1)

Analyzed (n=15)

Analyzed (n=16)

Figure S.4.1. Flow chart summarizinghe flow of subjects through study.
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Figure S.4.2.Baseline fecal ntrobiota composition and diet showed no association with the
individualized microbiota response toAX. (A) Heatmap shows the associations between
mi crobi ot a c o mp o §BLt dependeht vasidblest totumng) gaMde baseline
microbiota profiles (pretttors; rows).(B) Heatmap shows the association between microbiota
composi ti on &BL; despanddnttvariablesp¥dumns) and the baseline diet variables
(predictors; rows). For both A and B, cells represent individual multiple Ineg@aession mode

(with  FDR correction) that assess whether the predictors explain the individualized
compositional shifts. Multivariate microbiota and diet data were simplified into principal
component (PC) variables PC1, PC2, and PC3 prior to andBzit. model contaed the best

one or two predictors of PCs (microbiota and diet), individual CARGs, or significant OTUs
(predictors selected by stepwise regression), or either total grains, whole grains, or total fiber
alone. All models were adjusted bydr dose/sex. Qars from white to red indicate relative

AICc (corrected Akaike information criterion) values calculated by wp TL.TT
Lower AICc values (red) indicate higher quality models. AX; arabinoxyBin, baselire;

CARG, ceabundance response group; MCC, microcrystalline cellulose; OTU, operational
taxonomic unit; W1, week 1; W6, week 6
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Figure S.4.3.Effects of AX and MCC on stool consistency and BM frequency(A) Stool
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B) by generalized estimating equatiamdels and fofA, B insets and C) by MannWhitney
tess. BL, baseline; BMpbowel movementMCC, microcrystalline cellulosey1, week 1; W6,
week 6.
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W1, week 1; W6, week.6
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Figure S45. Individualized acetate and butyrate response to arabinoxylan could be
explained by baseline and shifts of the gut microbiotaHeatmapshows the associations
between the individualized responeé (A) acetate andB) butyrate ( qoWBL; dependent
variabk; columns) and microbiapr of i | e siB(L B L ,jBW@wdictos; rows).Cells
represent individual multiple linear regressiondeals (with FDR correction) that assess whether
the predictos explain the individualized SCFA responsg Multivariate microlota data were
simplified into principal componentPC) variables PC1, PC3nd PC3 prior to analysis. Each
model containedhe besbneor two predictos of PCs, individual CARGs,or significant OTUs
selected by stepwise regression. All models were adjusy fiber dossex. Colors from white

to red indicate relative AlCccérrectedAkaike information criterion) values calculatdxy

wp T.TiLower AICc values (red) indicate higher quality modeiX,

arabinoxylan; BL, baseline; CARG, -@bundance response group; MCC, microcrystalline
cellulose; OTU, operational taxonomic unit; Wlgek 1; W6, week.6
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Figure S.46. Individualized SCFA response toAX could not be explained by baseline diet,
stool consistency, or BM frequency during treatment Heatmap shows the associations
between the individualize@CFA responsgacetate, ppionde, butyrate dependent variable;
columns) anceither (A) baseline diebr (B) stool consistency anBM frequency(predictos;
rows). For A and B, ells represent individual multiple linear regression models (with FDR
correction) that assess whether thedictos explain the individualized SCFA responsg
Multivariate diet data were simplified it principal component (PC) variabld3C1, PC2and
PC3prior to analysisEach model containeelitherthe calorieadjusted intakes dbtal gains,
whole grains,total fiber, or total supplemental fibestool consistencyr BM frequency or the
bestoneor two diet PCs as the predicta@r(PCsselected by stepwise regresgiohll models were
adjusted by fiber dose/sex. Colors from white to red indicate relative f&d&rectedAkaike

information criterio values calculatedby wp T.TLower AlCc values (red)

indicate higher quality model&X, arabinoxylanBL, baseline;BM, bowel movementMCC,
microcrystallinecellulose SCFA,shortchain fatty acidweé, week 6
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CHAPTER 5: Adaptation to tolerate high doses of arabinoxylan is linked

to Bifidobacterium longumas a member of the human gut microbiota

5.1 Introduction

Dietary fiber (DF) is considered an importahetary component for thprevention of
chronic diseasé¥ and to ensure gut microbiome diversity and metabolic functioPality
Governmental and nutritional organizatiomscouragencreasedconsumptiorof DF-rich whole
foods to achieve recommendedaikes of 25/ 38 g/day?2’> Howe\er, the average intake of DF
in socioeconomically developed societhess remained at only half ofhat is recommendée,
resul ting #ithaafurthdr bekrmrgued ghatphé fiber gap might be even larger in
light of the DF amounts consumed throughout human evolution, which likely impacted human
physiology and its symbiotic interelationship with thegut microbiotd”?’¢%! |n addition,
suggestions have been made that higher doses of DF may be necessary for consistent health
benefitg®3%2 a notion supported by systematic reviews and aetdyse¥’ 3’ DFs alsooffer
exciting prospects for selective and targeted modulation ofngatobiota composition and
metabolic functions alevant to healf§, but physiologcally relevant changes to the gut
microbiome mg require higher dos&843 Purified DFscan be used in fosdorassupplements
to reachappropriatelevels of DF?"27277 put it remainsunknown whether modern humans
would tolerate DF amouns required for consistent health benefits and/or to induce
physiologicallyrelevant changes to tiyait microbiotd®.

DFs remainargely intact until reachng the colon wherehey undergodiffering degrees
of fermentation by themicrobiota, which resuls in the formation ofshortchain fatty acids
(SCFAs),lactic acid, ad otherorganic acidghat acidify the colonic vironment™ as well as
gases such a3z, CO,, and CH?% Elevated colonic gasroduction leads to flatulence and also
increased intestinakall tensionby raising intraluminal pressuse triggerirg the perception of
bloating, abdominal discomfort, and related symptoms e@onic mechanoreceptor
simulatior??>°2 Symptoms are dependent on DF molecular size stnatture. Larger more
complex DF moleculesuch as resistant staretacia gumandlong-chain arabinoxylas (AXs;

a cereal derived D¥), have been showim vitro to befermened slower by fecalmicrobiota

relative to inulin and resistargligosaccharidenolecule$*”°2%527, which are tolerated €38
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Accordingly, human trialkave shown acceptabieleranceat supplementation des around 40
g/day for resistant starch and acacia §if%° To my knowledge, the tolerance tdng-chain
AXs has not been assessed beyond 15 Rilagnd limited knowddge exists on how
gastrointestinal tolerance is linked to the gut microbiome.

Although symptoms as a reswdf DF fermentation are for the most part inevitable,
|l i mited evidence suggests t haadaph udsnganed DE a n a
consumption a process proposed to involve the gut microBitaWhile symptom
improvements are notypically investigated inDF intervention trials, previousstudies
supplementingvith inulin®3, acacia gurR¥?, partially hydrolyzecguar gum33 and NUTRIOSE
FB32° haveobserved symptom agtationswithin two to four weeks of treatmerin addition,
Mego and colleagues have shown thatssibrted flatulence arttie number of gas evacuations
decreased ithin two-weeks of galactooligosacchariddreatment®™®. These improvements
stemmed predominantly from reductions in #tdume of intestinal gas producétj with lower
volumes of evacuatd gas being associated with higher alamces ofMethanobrevibacter
Lachnospiraceagand Clostridiaceaé®. However, the dose of this study was, wati8 g/dy,
lower than what might be required for physiological and maximum bifidogenic éffegtts
Therefore, whether humans can adaphiggthe, more relevant supplementation doses tnal
factors that determinethese responses &g. the gut microbiotg remains insufficiently
understood

In Chapter 4 and Appendix A, the effects ofong-chaincorn branAX at daily doses of
25 and35 gramgfor women and men, respectivelyh healtd*® and the gut microbiotad’ were
assessedsing an exploratoryandomizd controlled trial(RCT) in individualswith overweight
and obesity. These studies revealed thatek¥redglobal changes to fecal bacterial community
compositionpromoted a range of bacterial taxa sucBifisobacteriumongum Blautia obeum
Subdoliganulum sp, and Prevotella coprj increasedfecal propionateconcentrations’; and
improved perceived satiety and measuofglucose homeostas?. In Chapter 5, this work was
extended to evaluate theeverity of gastrointestinal symptomsluring high-dose AX
supplementation, determindd what degree humans adapted to tolerate AX, and explored
whethermicrobiada- and dietaryrelated factorsassociate with interpersonal differences in AX

tolerance.
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5.2 Methods

This sixweek, parallel twearm, exploratory RCT was registered with Clinicéls.gov,
registry number NCT02322112, as part of a large-éoar RCT referred to as: The Alberta
FYBER (Feed Yougut Bacteria morE fibeR) Study. The RCT aimed to compareffeets of
an AX, acacia gum, resistant starch tyJde and microcrystalline drilose (MCC) on the gut
microbiota and human health (original registratf@n In response to requests by reviesvef a
grant application, the AX arm was separated from the original RCT and data from the 15
protocol completers were analyzed independently. Study procedures were approtresl by
University of Alberta Health Research Ethics Board, identifier ProOO050&it4, written
informed consent obtained prior to participant enrollment (for study procedures r€feaiter
4).

5.2.1 Study Design and Subjects

Thirty-eight volunteers with\eerweight or clas$ obesity were enrolled in the study and
instructed to suppiment their diet, over siweeks, with either AX or MCC at a daily dose of
25g (females) or 35g (maledjigure 5.1). AX was BIOFIBER GUM, a fermentable lorghain
AX isolatedfrom corn bran (Agrifiber Holdings LLC, lllinois, USA), while the négrmentale
control was MICROCEL M€l12, a large particle woederived MCC (Blanver Farmoquimica
LTDA, S&o Paulo, Braziff’. Thirty-one subjects aged 33 + 9 years and body mass index 28.7 +
2.3 kg/nt completed the intervention and were amaty pefprotocol, which consisted of 21
females and 10 males (AX ardOF and 5M; MCC arm: 11F and 5Nable S.51). On average,
the total intake of DF was increased during the intervention from 19 + 5 and 2d/dal/1to 40
+ 5 and 56 £ 10 g/day for females and males, respectively (assessed by-twaezdlls
Appendix A).

5.2.2 Assessment of Habitual Diet at Baseline

Diet history was assessed at baseline using the onlirenonth Canadian Diet History
Questionnaire Il (€DHQ I1), a food frequency questionnaire adapted for Caffada-DHQ |
responses were analyses using Diet*Calc software (v1.5.0) and an upe2t¢@ C nutrient
dat abase, which included eight additional f o«
Food Guide servingsizeequivalent®®. Prior to statistical integration with gastrointestinal
symptoms, €DHQ Il data were adjusted for total caloric inté&ke
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Figure 5.1. Study design.The 6X06 indicates that the specif
study we&. C-DHQ IlI; Canadian Diet History Questionnaire Il; Gl, gastrointestinal

5.2.3 Assessment of Perceive@astrointestinal Tolerance

Participants reported gastrointestinal symptoms at baseline and then weekly during the
intervention bycompleting a symptoms diary. At the end of each week, subjects rated their
overall symptoms, flatulence, bloating, and stomach adtemsity using a scale from 0 (no
symptoms) to 4 (severe symptoffis)A composite symptom rating was calculated by summing
flatulence, bloating, and stomach ache ratings, resulting assilpe range from 0 to 12 (higher
ratings corresponded to less tolerance).

Two different approaches were used to quantigy severity of symptoms in response to
AX and the degree of adaptation for each subject: absolute change (MAX) and area under the
curve (AUC) (Figure 5.2.A). To calculateMAX severity, baseline values were subtracted from
the highest reported rating durimgeeks 1 to 5 for each subject, where higher scores represent
more intense symptoms. To calculate MAX adaptatieeek 6ratings wee subtracted from the
highest reported rating between weeks 1 and 5, where higher scores represent greater reductions
in symptom intensity. For AUC analyses, AldCeriywas calculated by computing the AUC from
weeks 1 to 6, where higher scores mean mewvers symptoms during the sikeek intervention
relative to baselinéFigure 5.2.A). AUCadaptaionwascalculatedoy determming the ratio between
the AUC fromweeks 1 to 3 divided by the AUC from weeks 4 tqd6 Y@ Qo 6 GO Q¢ ¢

), where higher scores equal better adaptatimmng the final thre weeks of

treatment.
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5.2.4 FecaMicrobiota, pH, and SCFAAnalyses

Findings from 16S rRNA gene amplicon profiling of fecal mimaota and the
characterization of fecal pH and SCFAs have lisoussed irChapter 4. In Appendix A, we
also determined which bacterial tawareactivelyinvolved in AX degradatiomising anex vivo
approach based on bioorthogonal fwamonical amino acithgging (BONCAT). Briefly, this
approach fluorescently labeladetabolically activebacteria during ‘r anaerobic incubation
with AX and L-azidohomoalanine, a marker of cellular activittheR active bacteria were
isolated using fluorescenaetivated ell-sorting. 16S rRNA gene amplicon sequencamgl a
bioinformatic analysis based on amplicon sequeraéants (ASVsY® was used to determine
which bacterial taxa utilized AXseeAppendix A for details).16S rRNA gene amplicon data
are available for download at the NCBI Sequence Read Archive under BioProjects:
PRJINA56463gfecal) and PRINA63084&X vivQ.
5.25 Statistical Analyses

Generalized estimated equation (GEE) models with Bonferronihmasttess were
applied tothe gastrointestinal symptom and composite ratings to determine differences between
groups and withirgroup differences relative to baseline. Differes between AX and MCC for
the calculated MAX and AUC severity scores were determingddoynrWhitney tests. To test
for adaption to AX and MCC, Bonferroni corrected Wilcoxon tests were applied to determine
differences between the highest rating reportednd weeks 1 to 5 and the week 6 rating, as
well as the AUC of weeks 1 to 3 ratings amekeks 4 to 6 ratings

To determine whether fecal microbiota composition, pH, SCFAs, or dietary intake
correl ated wi t h sympt om s ev e rlationsy were rappliedd apt at
Significant associations were first identified bgrrelating flatulence, bloating, stomach ache
and composite severity scores with microbiota compositional variables measured in fecal
samples during the intervention. As fecal samplere collected in weeks 1 and 6, symptoms
during weeks 1 to 3 were lgdy correlated with measurements in week 1 fecal samples, and
symptoms during weeks 4 to 6 were correlated with measurements in week 6 fecal samples. For
t hese a-qigelsiyysndices andUall bacterial phyla, families, genera, anatzndance
respose groups (CARGs; groups of intesrrelated operational taxonomic units [OTt§]
with average relative abundances above 0.15% (considering all fecal samples) were
systematically assessed, while only OTUs significantly affelaye®X (henceforth referred to as
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6significant OT Us Geducewtleer chance ofntypé H ernorefibm mnudtiple
comparisonsife. 15 OTUs instead of 100). Significant OTUs and CARGs were evaluated further

to determine if their relative abundandebaseline correlated with MAX and AUC severity and
adaptation scores.>&induced shifts (week 6 baseline) of significant OTUs, CARGs, pH, and
SCFAs were correlated with severity and adaptation scores to assess whether microbial
responses to AX relate gsymptoms. Finally, to elucidate whether tolerance to AX is linked to
bacterial taxa that are actively involved in the utilization of AX, correlations were assessed
between severity and adaptation scores and the most abundant (average relative abundance
>1.0%) bacterial ASVs within the active bacterial consortia as establighB@ONCAT.

Given the connections between habitual intake of aniaral plartbased diets and gut
microbiome compositioli® and that AXs constitute the main nroellulose DF in cereal
grain$?* we furtier investigated whether calomgljusted intakes during the month prior to
treatment- of meat/meat alteatives (meat/alt; included eggs, legumes, nuts, and seeds),
cholesterol (a nutrient found only in anirt@sed foods), whole grains, and DF, or tago
between these food groups or nutrients, correlated with severity and adaptation scores. All
statistichanalyses were performed using GraphPad Prism v8.4.3, apart from GEE models, which
were performed using R v3.5.3. Statistical significance wasidered ap<0.01 for correlations
with microbiota compositional data (to account for multiple comparisansl) atp<0.05 for the

remaining analyses.

5.3 Results

5.3.1Severity of Symptoms During AX and MCC Administration

Although AX was on average welblerated (average scores were < 2 points), overall
symptoms, flatulence, bloating, stomach ache, and comepgings were significantly higher
when compared to subjects consuming MCC (treatment gffdx05, GEE modelskigures
5.2.B and S.51.A). Consderable collinearity was detected between-iaduced symptoms; for
instance, flatulence positively correlatedth bloating (s=0.55, p<0.0001; Figure S.52.A).
Comparison of MAX severity scores.g, highest symptom rating) between AX and MCC
treatments sowed that flatulence, bloating, and composite ratings increased during AX
consumption as compared to MC@Ex(0.05, ManAWhitney testsfigures 5.2.C and S.51.B).
Accordingly, flatulence AUGeverityScoresi(e. overall flatulence severity during the intention)
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were higher for AX relative to MCCp£0.045), with differences in composite AkdGrity also
appro@hing statistical significancg<0.1) Figure 5.2.C).
5.3.2 Symptom Adaptation During AX Administration

Comparison of the most intense symptom®regal to symptoms at week 6 revealed that
overall symptoms, flatulence, bloating, stomach ache, and compasitgs improved by the
sixth week of AX consumptionp€0.05, Wilcoxon testsFigure 5.2.D). Evaluating differences
between weeks 1 to 3 and wedki 6 symptoms further indicated that flatulence and composite
ratings began to improve after three we@fsAX (p<0.05; Figure 5.2.D). These findings
suggest that although corn bran AX, at doses of 25 g/day and 35 g/day, led to moderate yet
significantly increased symptoms and primarily flatulence, effects were temporary as most
subjects 6 ad apitweeksof sustainédconsumptitini
5.3.3 Inter -Individual Differences inGastrointestinal Symptoms

Although significant increases in gastrointest symptoms were detected in the study
cohort, symptom severity and the degree of adaptation were highiydualized Figures 5.3
and S.51.D) . For i nstance, MAX composite severity
points for 40% of subjects, whie 33 % reported scores O 4. F
composite ratings reverted to baseline, as M#xnhposite severity and adaptation scoresewe
equivalentie.di f f erence of O 1 point). However, for
intense symptoms, symptoms did not recover completelyF4 reduced from 10 to 6 points;
M24 reduced from 9 t6 points).
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Figure 5.2. Symptoms in respose to AX consumption and adaptation towards AX as
compared to MCC consumption Legend continued adine next page.
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