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Abstract

Epidemiological studies have shown that dietary fiber consumption is inversely
associated with body weight, and some research suggests that foods high inrigaseinc
satiety and reduce energy intake. The mechanism for this relationship is mnknbw
may be related to changes in glucose, insulin, or gut hormone concentrations. Fiber may
also benefit health by improving laxation, altering the gut microbiota, and imggeas
production of short chain fatty acids (SCFA). The following work describes wi@are
articles, as well as an intervention study designed to help examine thete effec

The first review focuses on the benefits of dietary fiber in clinical nutritidns T
allowed for evaluation of the physiological effects of different types ambuwtions of
fiber in subjects on a controlled diet. In general, blends of fibers with varying
physicochemical properties provided greater benefits and were bettatdd|than single
fiber sources.

Next, a systematic review of the effects of fiber intake on gut hormone
concentrations examined the evidence for this relationship. Considerable variaion wa
found in study design, population, fiber type and dose, which made comparisons difficult.
Few studies reported a significant effect of fiber on gut hormone levels, Ensudgest
caloric load may have a more significant influence.

Lastly, a randomized, double-blind, crossover study examined the effects of three
novel fibers with varying physicochemical properties on satiety, stool ¢kastics, and
the role of gut hormones, glucose, and insulin in appetite regulation. On Day 1 of the

study, healthy men and women consumed either a low-fiber control breakiast 4r



breakfasts containing 25 g fiber from soluble corn fiber (SCF) or ressgtaoh (RS),
alone or in combination with pullulan (SCF+P and RS+P). Subjects rated satigty usi
visual analog scales (VAS), and blood samples were collected at various timsef@o8
hours following breakfast. The fiber treatments did not influence satiety yyenéake
compared to control. The RS+P treatment significantly reduced glucase),iasnd
GLP-1 concentrations.

To examine the effects of chronic fiber intake, subjects consumed the fiber
treatments at home for 6 additional days, with a 3 week washout between periods. Stool
samples were collected on Day 7 and tolerance was assessed followirgtdike on
Day 1 and Day 6. Fiber did not alter stool weight or stool consistency. SCF reduced pH
and increased total SCFA production compared to control, while RS+P increased the
percentage of butyrate. Overall, fiber was well tolerated, although &etmmontaining
pullulan tended to cause minor increases in symptoms. Both SCF treatmertesd iasal
significant shift in the microbial community.

Results from these studies confirm that different fibers vary in theirg@bygstal
effects, and consuming fiber from a variety of sources may be most bdnéfitieugh
increased satiety and improved bowel function are commonly reported benebes of f
intake, it is clear that not all fibers exert these effects. In additioneldgonship
between fiber and potential biomarkers of satiety remains unclear. Thusypioigant
to evaluate the effects of different fibers in human studies to better guide

recommendations for their use.
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Chapter One

LITERATURE REVIEW



Defining Fiber
The definition of fiber is a topic of considerable debate and differs among various
organizations and regulatory agencies. The term “dietary fiber” wasdirsed in 1953,
and referred to the non-digestible constituents that make up the plant céll@st. the
years, other definitions were developed based primarily on analytical methods or
physiological effects. In 2002, the Institute of Medicine (IOM) proposediaititeh for
fiber which has been widely used in the United States. The IOM definitiorasegar
fiber into the following categories:
¢ Dietary fiberis the non-digestible carbohydrates and lignin occurring intrinsically
and intact in plants.
¢ Functional fiberencompasses isolated, non-digestible carbohydrates which exert
beneficial physiological effects in humans.
e Total fiberdescribes the sum of dietary fiber and functional fiber.
More recently, the Codex Alimentarius Commission of the FAO/WHO Food Standards
Program developed a new definition of fiber. The Codex definition states thatydieta
fiber means carbohydrate polymers with 10 or more monomeric units, which are not
hydrolyzed by the endogenous enzymes in the small intestine of humans.” Polymers w
3 to 9 monomeric units may also be included as fiber, depending on regulations at the
national level. Similar to the IOM definition, fiber is divided into three categori
e Edible carbohydrate polymers naturally occurring in the food as consumed.
e Carbohydrate polymers, which have been obtained from food raw material by

physical, enzymatic or chemical means and which have been shown to have a



physiological effect of benefit to health as demonstrated by genereéptad
scientific evidence to competent authorities.
e Synthetic carbohydrate polymers which have been shown to have a physiological
effect of benefit to health as demonstrated by generally acceptadifsci
evidence to competent authorities.
In both the IOM and the Codex definitions, synthetic or extracted/isolated frinest
demonstrate beneficial physiological effects, while fiber containedally in food does

not need to meet this requirement.

Physicochemical Properties of Fiber

It is well recognized that different fibers exert different physialalgeffects.
Traditionally, fiber has been classified as soluble or insoluble accomantatytical
methods agreed upon by the Association of Official Analytical Chemists (A®AC
While these methods are useful, they have several limitations. Many methods r
alcohol precipitation, yet certain carbohydrates, such as oligosacchanddructans,
are soluble in ethanol yet indigestible by hunfarhus, these constituents should be
classified as fiber, but may go undetected by traditional methods. Rediataht(RS) is
another fiber component that may be classified incorréctly.

In addition, there is increasing recognition that solubility is not the most
physiologically relevant basis for classification. More recently, tlysipbchemical
properties of viscosity and fermentability are being viewed as more méaning

characteristicé. Soluble fibers are typically described as being viscous and fermentable,



and having cholesterol-lowering properties. However, not all soluble fibers hayle a hi
viscosity (e.g. partially hydrolyzed guar gum and inulin), and low-visgosiiuble

fibers typically do not reduce cholesterol levelsikewise, insoluble fibers are often
reported to be resistant to fermentation and have fecal bulking properties. However
some insoluble fibers are readily fermentable (e.g. soy polysacchari@®Samehd
scientific evidence for increased stool weight with insoluble fiber is indens?s Thus,

it is not accurate to assume physiological benefits based on fiber solubility

While viscosity and fermentability may be more predictive of the physicabgi
effects of a fiber, determining these characteristics can also bempatiale Viscosity
refers to the extent to which a fiber thickens or forms a gel when mixed wiib.fl
While viscosity is fairly simple to measure in a solution, evaluating visciosihe
gastrointestinal (Gl) tract is far more complex. Experimental data suggeosity is
influenced by food processing, pH, and gut motility, and is likely to vary along regfions
the Gl tract! Thus, it is difficult to determine how a viscous fiber might act in the body
once consumed.

Fermentability refers to the extent to which fiber is metabolized by colonic
bacteria, yielding products such as short chain fatty acids (SCFA), whichave
beneficial effects on health. Unfortunately, current methodologies for emgluat
fermentation patterns of dietary fiber have a number of limitatiomgitro methods may
not provide a representative model of dynamic changes and metabolite usage in the
human colon, whilén vivo methods are limited to measurements of byproducts such as

gas or SCFA concentrations in blood or fetékhe relationship between these



measurements and actual fermentation events in the colon is not well understood.
Furthermore, differences in host microbiota influence the extent to whichieufzar
type of fiber will be fermented in an individual.

Due to the great variation in physical, chemical, and physiological piepef
different fibers, classification of fiber into meaningful categoriadiffecult. This is
further complicated by methodological limitations in assessing the plehsicocal
characteristics of different types of fiber. Thus, assigning healthitseteebroad
categories of fiber may not be accurate. This highlights the importaesalogting the

physiological effects of different types of fiber in human studies.

Specific Typesof Fiber
Three different fibers were used in my research (Chapters 4 and 5). All are
glucose polymers that are resistant to digestion, but differ in a number of pmpertie

These fibers will be described in brief below.

Resistant Starch (RS)
The term “resistant starch” refers to starch and products of starch digistiare
not absorbed in the small intestines of healthy people and pass to thé ddien.
molecular structure of RS is similar to that of digestible starch, constdtmglucose
units connected via-4 anda-6 glucosidic bonds. Thus, RS is theoretically capable of
digestion by pancreatic-amylase, but resists breakdown due to a number of physical and

chemical propertie%.RS is typically classified into four different subtyges:



e RSlis starch that is physically inaccessible and is common in whole or partially
milled grains and seeds
e RS2is resistant due to a certain granular form that limits access byideges
enzymes. This occurs in starch granules that are ingested raw (uncaoked), i
which the starch is tightly compacted in a radial pattern. The most common
sources of RS2 are green (unripe) bananas and raw potato starch.
e RSa3includes retrograded starches. Retrogradation occurs when a starch is cooked
and then cooled, allowing the formation of crystals that resist digestion hé&tarc
with a high amylose (vs. amylopectin) content are more resistant to digestion and
are also more likely to undergo retrogradation upon cooking and cooling.
e RSdis starch that has been chemically modified to increase functionality in
processed foods. These starches include chemical bonds other thdn4fand
a-1,6 typically present in starch.
The RS used in this study is non-granular and not chemically modified. It isddrom
heat-moisture treated high amylose maize starch and is classified as RS3.

Interest in the health effects of RS increased following epidemiolodiaiies
reporting a protective effect of starch on risk for colorectal and inteséinaec” *°
Since RS passes to the colon, it can be used as a substrate for bactemhfiorme
leading to the production of SCFA.Fermentation of RS typically results in increased
butyrate and decreased acetate compared to other'fibRiS.has been studied as a
prebiotic and can promote the growth of bifidobact&i€onsumption of RS can lower

the postprandial glucose and insulin response to a meal and may be of benefit to



individuals with type 2 diabetéd.'* Animal studies, as well as some human studies,
have also shown a cholesterol-lowering effect for'RS. However, there is currently

little evidence that RS has a significant impact on satfety.

Soluble Corn Fiber (SCF)

The soluble corn fiber used in this research is produced from nutritive sugars
obtained by hydrolysis of corn starth. It is mainly comprised af-1,6 linkages, but
someu-1,4 bonds are also preséfitAddition of 25 g SCF to a lemonade drink has been
shown to reduce the glycemic and insulinemic response compared to a glucosétontrol.
In another study, subjects consumed 12 g/d SCF or placebo in a crossover design for 14
days. Treatment had no effect on fasting glucose, insulin, or ghrelin t&vieésy
studies have measured the effects of SCF on satiety. Consumption of two beverage
preloads containing 11.8 g SCF each did not alter appetite ratings or enekgy inta

compared to control, suggesting little satiating effect when provided as aged®r

Pullulan

Pullulan is a linear glucose homopolysaccharide composed @& linked
maltotriose subunits synthesized in large quantities via fermentation of syattod b
fungusAureobasidium pullulan$- # It is water-soluble and forms a viscous, colorless,
clear, adhesive solution when dissol¥&dResistance to degradation by human digestive
enzymes is due to the presence-df,6 bonds as well as to steric hindrance which limits

access ta-1,4 linkages?® Some pullulanases are produced by bacteria present in the



human gut, and pullulan has been shown to promote the growth of several strains of
bifidobacteria® In vitro, pullulan fermentation by human fecal inocula increases gas
production, decreases fecal pH, and increases production of butyrate and total SCFA
when compared to a readily digestible maltodextrin coftrol.

Few controlled feeding trials have examined the effects of pullulan in humans. A
study by Wolf, et al. found that 50 g pullulan mixed with a beverage attenuated the
postprandial glucose response compared to a maltodextrin control. Peak glucose
concentrations were 54% lower and positive incremental area under the curvewWAs)C)
50% lower in subjects consuming pullufdnFlatulence was increased, but all other Gl
symptoms were comparable to conffblA similar suppression in the glycemic response
has also been observed with a dose of 25 g pultfidhFew studies have evaluated the
effect of pullulan on satiety. However, acute ingestion of beverage containing 15 g
pullulan reduced appetite compared to a maltodextrin beverage, although treaterents

not matched for available carbohydraf8s.

Recommendationsfor Fiber Intake

The Dietary Reference Intake (DRI) for fiber is 14 g/1000 kcal, based oevitle |
of intake observed to reduce risk of coronary heart disease. This translates to
approximately 25 g/d for women and 38 g/d for men. However, actual intake is much
lower, with Americans consuming on average only 15°Y/@he main sources of fiber in
the American diet are white flour and potatoes; while these foods are not higérin fi

they are major contributors due to their widespread consunpti@gumes and whole



grains provide a more concentrated source of fiber, but are consumed to axtesger e
Addition of functional fiber to processed foods is becoming increasingly common in
everything from cereal bars to sugar packets. However, research sugmestsole

foods are more protective against chronic disease than isolated food components (e.g
dietary fiber or antioxidants$). The 2010 Dietary Guidelines for Americans highlight
fiber as a nutrient of concern and recommend increased intake of whole foods that

contain dietary fiber (e.g. whole grains, fruits, and vegetables).

Fiber and Health

In recent years, dietary fiber has been increasingly recognizecdeadtia h
promoting agent. High fiber intake is associated with reduced risk for a number of
chronic conditions, including cardiovascular disease, diabetes, and Gl diéréters.
addition, observational studies suggest that dietary fiber may play a rolegint wei
managemerft Fiber consumption is inversely associated with body weight, body fat and
BMI in cross-sectional studies, and fiber supplementation has been shown to improve
weight loss in intervention triafs:>®> However, it is unknown precisely how fiber exerts
these effects.

Several mechanisms have been proposed as to how fiber may aid in weight
regulation. Foods high in fiber have a lower energy density than foods rich in fat or
refined carbohydrates and may displace calories in th&*d®ome fibers form viscous
gels in the gut, which may delay gastric emptying, prolong small imastansit time,

and improve the postprandial glycemic response, all of which may increiese Sat



Fiber may also act through effects on gut hormone secretion. The digestive ¢asasel
a large number of peptides in response to the nutritional state, and these act both
peripherally and centrally to regulate energy baldhcalthough it is known diet
composition plays an important role, the effects of fiber on gut hormone releass are
well understood.

Fiber consumption may also have additional health benefits beyond effects on
weight management. Fiber tends to have a normalizing effect on bowel funotdhea
colon is inhabited by a large number of bacteria which metabolize fiber and produce
SCFA. Certain fibers stimulate the growth of favorable bacteria which caaasethe
production of specific SCFA that promote a healthy colonic environment and may reduce

the risk for conditions such as colon canter.

Satiety and Energy Intake

The term satiation refers to the satisfaction of appetite over the cowrseedl
and ultimately causes termination of eating. Satiety occurs as a resatihgfand is
defined as a state in which further eating is inhibifedppetite and satiety can be
assessed either subjectively or by objective measurements such asdked int

Subjective measures often take the form of visual analog scales (VASicim w
subjects rate hunger, desire to eat, and other appetite parameters. dhemtsst of a
horizontal line of varying length (usually 100-150 mm) anchored by statements
indicating the extremes of the sensation of interest (for example, ‘I am noytairadl’/

‘I have never been more hungry®.*® Subjects mark a line along the continuum that

10



corresponds to their current feeling, and the distance from the left end of thsbale
mark is measured for analyéfs Although the anchor statements can vary, the most
commonly used terminology was developed by Rogers and Blundell, and includes 4
statements relating to hunger, desire to eat, prospective consumption, arss$ftilline
Numerous studies have found these ratings to be correlated with subsequent food
intake3® ** 44 VAS results have been found to be reproducible, but these measures are
best used for within-subject comparisons due to variable response patterns among
subjects’ (See Appendix A for an example of the VAS used in our research).

An alternate method for assessing appetite is to measure food intake,lether s
term or long-term. There is also interest in identifying biomarkers (obgecti
physiological measures) that indicate one’s level of hunger or satietge Tridude
gastric distention and changes in hormone levels and neuronal &€titity.

Unfortunately, while simple assays can be used to determine hormone levels, natsuch te
exists to obtain a truly objective measure of satiety.

Many factors are thought to affect satiety and energy intake. Somesshadie
reported that certain macronutrients are more satiating than others.idolpgrtat is
often reported to be less satiating than carbohydfasthough not all studies support
this*’" Alternatively, others suggest energy density and food volume are more important
factors*® Related to this, the concept of “expected satiety” suggests that intakeauring
meal will depend on previous experiences with foods and beliefs about how much one
needs to eat to be satisfi€d This effect persists despite manipulation of the energy

density of the meal’ The palatability of a food may also be important, and studies

11



suggest higher palatability leads to greater food intake within a’mé&wever, the
influence of palatability on appetite ratings in the period following a ise@dt

consistent? Sensory-specific satiety may also play a role. A food becomes lasamie
compared to other foods as it is consumed, and this contributes to the cessation of
eating®® Increasing attention has also been given to the role of food form in satiety, and
studies suggest that liquids are less satiating than solid ¥63ds.

It is also important to remember that people eat for a variety of reasonsvbat ha
nothing to do with physiological feelings of hunger or appetite. Availability, cost
boredom, holiday traditions, stress, social circumstances and other factéfescafoad
intake>> *® It is clear that environmental and psychological influences play an important
role in appetite. While it is impossible to remove all these influences, tlinala
assessing satiety can help control for these factors by ensuringis@bgetasted prior to

the meal and using a randomized, crossover design.

Fiber and Satiety: Mechanisms of Action
Several review articles have summarized the ability of dietary fibectease
satiety and reduce energy intaRe’® °" However, variability in the literature on this
topic makes generalizations difficult. The characteristics of the fibero/,
fermentability, viscosity, etc), dose, duration of intake, and how the fiber is cedsum
may all impact the level of satiety achieved. Fiber has diversg®tia the body, and a
number of different mechanisms have been proposed as to how fiber may induce satiety

and reduce energy intaRé.
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Foods rich in fiber have a lower energy density and greater volume compared to
foods high in fat or sugar. Rolls proposed that humans may eat a constant weight or
volume of food, regardless of caloric vafifeTherefore, high-fiber foods may displace
other calories in the diet and result in an overall reduction in energy intake. Addjtional
foods rich in fiber often require increased time and effort to chew, whichsésal
slower rate of ingestion and subsequently enhanced s&tigtyncreased mastication
also stimulates secretion of saliva and gastric juices and causeslsexpansion.

Gastric distention has been shown to increase feelings of fullness and redgge ene
intake, but these effects are short-lif&d.

In addition to causing gastric expansion, fiber has other effects on the Gl tract. |
particular, viscous fibers delay gastric emptying, which may hemgthe duration of
fullness® °? These fibers can also form a gel in the small intestine, which acts to delay
nutrient absorption and slow the delivery of glucose into the bloodsffe3ims a
result, the insulin response is decreased, and postprandial glucose and insulin levels
remain more stable compared to a meal without fiber. This slow, sustainedeglucos
response may lead to greater satiety, as discussed later.

Related to the rate of gastric emptying is the influence fiber has Gitethle
brake,” a feedback mechanism that inhibits GI motility and secretions andythere
controls Gl transit to optimize digestion and absorptfoActivation of this mechanism
by ileal nutrient infusion has been shown to delay gastric emptying, inceatle
intestinal transit time, reduce energy intake, and increase feelingsety&°® lleal

brake activation is affected by the caloric load and nutrient composition of the raa
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has been studied most extensively and is considered the most potent activatoeaf the il
brake, though carbohydrates, protein, and fiber have also been shown to have &h effect.
"L Gut hormones, such as polypeptide YY (PYY) and glucagon-like peptide-1 (GLP-1),
which are released in response to food intake, also stimulate the ileal brakgpaod im
satiety’? In addition, fermentable fibers are metabolized by colonic bacterialtb yie

SCFA, and these may play a role in satiety in addition to having other healthEnefi

I ntervention Studies

In recent years, an increasing number of human intervention studies have
examined the relationship between fiber and satiety. Samra et al. foundhidpatiber
cereal (33 g insoluble fiber) significantly reduced the appetite AUC caupa an
isocaloric low fiber cereal (1 g fibefy. In subjects consuming meals that differed only in
fiber content (11 g vs. 3 g), researchers found that the high fiber meal indeceatiety
(4-4.5 hours after the meal) compared to corifréThe same group also reported greater
fullness following a high fiber meal (12 g vs. 3 g), but no difference in hunger oe desir
eat””

Other studies have compared the effects of individual types of fiber on satiety.
Addition of 5 g pectin to orange juice increased satiety for up to 4 hours afterongesti
US Army employee&® Similarly, consumption of 25 g pea fiber incorporated into wheat
bread led to significantly greater fullness and reduced prospective consungptipared

to 9 g fiber from control wheat bread. However, there were no differences in k&tings

hunger and satiety. Biscuits supplemented with 12.6 g fiber from barley reduced desire
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to eat and increased satiety compared to a low-fiber biscuit matched fgy andr
macronutrient$®

Studies comparing different types of fiber provide evidence that not all fikeers a
equally satiating. Preloads containing 22-24 g fiber as soluble fiber dextfn, SC
polydextrose, or RS were compared to a low-fiber control. Only soluble fiberrdextri
suppressed appetite.In another study, muffins containing 8-9.6 g fiber as corn bran,
barleyp-glucan plus oat fiber, RS, or polydextrose were compared to a low-fiber muffin.
Corn bran and RS were most satiating, while polydextrose acted similar tol eoatr
had little effect on satiet}}

Several studies have examined different doses of the same fiber. Consumption of
8 g fenugreek fiber at breakfast increased satiety and fullness and reducedamahg
prospective food intake compared to control, while no effect was seen with a 4% dose.
In a study by Willis et al, subjects consumed muffins with 0, 4, 8, or 12 g mixed fibers.
Appetite ratings did not changes in a dose-dependent manner; fullness andisatisfact
were greater following the 4 g fiber muffin compared to the 0 g fiber mugiit no other
differences among treatments were obsefVed.

Viscosity of the fiber may also be important. Several studies have found that
more viscous fibers induce greater satiety than non-viscous ¥b&tsn contrast, others
have reported no efféétor the opposite effect of viscosity on sati€tyStill, others have
reported no effect of fiber on satiety using a variety of types and dofibsrSf®’

A number of studies support the theory that fiber can reduce energy intake.

Burley et al. found that 29 g of sugar beet fiber reduced energy intake at lunc¥ by 14
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compared to a low fiber control meal.Pasman et al. reported that consumption of 40
g/d partially hydrolyzed guar gum (PHGG) for one week reduced enaaieiby 19%
compared to contrédf Consumption of a high fiber cereal (33 g insoluble fiber)
significantly reduced ad libitum intake at a subsequent meal compared to &dow-fi
treatment”> Similarly, a cereal preload containing 41 g insoluble fiber also reduced
energy intake at an ad libitum meal 1 hour later compared to a low fiber (egefiber)
matched for calories, macronutrients, weight, and volume. However, appetite diting
not differ between meaf€. Likewise, a low-calorie beverage supplemented with 8 g
pectin reduced energy intake at lunch compared to an equicaloric control, although
ratings of appetite did not difféf. Despite these findings, many others have reported no
effect of fiber on energy intaké&. 8848

The available literature on the effects of fiber on satiety and/or eneadgint
shows mixed results. The studies vary greatly in experimental desigliaypef fiber
used, length of intervention, and choice of control, which makes generalizationltiffi
Overall, it is clear that that not all fibers are equally satiatind the effective dose
likely varies by fiber type. Furthermore, even within a certain type of, fiberences
in the source/supplier, method of processing, and the food matrix it is supplied in may
influence the effect on satiety. This highlights the importance of testireffées of

different fibers on satiety to better guide their use in food products.
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Glucose, Insulin, and Satiety

Mayer first proposed the glucostatic theory in 1953, and in it suggested that
glucoreceptors in the hypothalamus and periphery sense the concentration & iglucos
the blood and regulate short term energy intake accordihglydrop in blood glucose
stimulates hunger, whereas an increase signals satiety. In supportleéays mmany
studies have observed declines in blood glucose prior to meal initiation, and that these
declines are correlated with increased hunger and reduced %at&ityilar theories have
been proposed for insulin, whereby higher insulin concentrations are assocthted wi
increased satiety and reduced ad libitum energy intake.

A meta-analysis of 7 randomized feeding trials involving 136 subjects inatestig
the relationship between glucose and insulin concentrations and feelings of hunger and
satiety, as well as subsequent ad libitum inf8k normal weight individuals, higher
postprandial insulin levels were associated with increased satiety asdshist hunger
and energy intake. No associations were seen in obese subjects. In contsst, gluc
levels were not significantly associated with any of the study outcirtdslt et al.
studied the glycemic and insulinemic response to isoenergetic portions of 38 common
foods and found that a higher insulin concentration at 120 min was associated with
decreased energy intake However, infusion studies do not support a direct satiating
effect for insulin in the absence of elevated blood glugbsé.

An alternative theory is that foods that produce a slower, sustained gluqosesees
are associated with increased satiety as well beneficial effedtskdaators for chronic

diseas€’" ® This attenuated response typically describes foods with a low glycemic
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index, and thus Bpwer incremental AUC for postprandial glucose. While low glycemic
index foods are not necessarily high in fiber, increased fiber content ialtypic
associated with lower glycemic index vald&sn particular, viscous soluble fibers have
been shown to lower the glycemic response to a fieal.

Granfeldt et al. found that 4 barley products (15-18% dietary fiber) elicited lowe
blood glucose responses and also resulted in significantly higher saiiegg tatn a
white bread contra®* Similarly, Benini et al. fed subjects a high fiber meal (20 g/1000
kcal) or a low fiber meal (4 g/1000 kcal) in a crossover design and found that glucose
AUC was significantly lower for the high fiber m&&l. Although there were no
differences in satiety scores, there was a quicker return of hunger awtfieér
group®? Rigaud et al. gave subjects a preload with 7.4 g of added psyllium or placebo
prior to a test lunch. Glucose AUC was significantly lower for the psyllreatrent,
and this was accompanied with a significant reduction in hunger scores and subsequent
energy intaké® These effects have also been reported with low doses of fiber. The
addition of 5 g guar gum to a glucose drink significantly lowered the gluocassulin
response and increased satiety ratings in healthy atfllts.

However, not all research supports this relationship. Keogh et al. fed subjecis a mea
including bread and muffins made with high-fiber barley flour (14.5 g fiber) @va |
fiber white flour control. Despite a significantly lower glucose andlingesponse with
the barley products, there were no differences in any appetite ratings, e@atiety
scores correlated with plasma measfifeSubsequent ad libitum energy intake was also

significantly greater for the barley mél However, the meals were not matched for
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available carbohydrates, so this may have altered the glucose responsalyShialt et
al. examined the glycemic response to 7 isoenergetic breads with valogingdntent
(1.8-33.5 g). There were no correlations between glucose levels and any mefasures
satiety. However, the breads differed in portion size and macronutrient conteiht, whic
may have influenced satiety through other mechant&ns.

Therefore, it seems that while glucose and insulin are likely important ialbver
appetite regulation, they do not appear to be primary indicators of satietyndtas
likely they contribute to appetite control through complex interactions with other

physiological and environmental factors.

Gut Hormones

A variety of peptides are released from the Gl tract in response to theonatriti
state. Traditionally, these were thought to act fairly locally to contrdiuguation and
facilitate digestion® However, it is now well known that these hormones interact with
brain centers to influence the regulation of appetite and energy expenditurehwaypat
referred to as the gut-brain axf&. Although this pathway is widely recognized, the
interactions between the gut and brain circuits are highly complex and thaniseas
by which gut hormones modify feeding behavior are under continuing investigation.
While many more peptides and hormones are produced by the Gl tract and may impa
satiety, only two — ghrelin and GLP-1 — were chosen for investigation in mycksea
The following sections present what is known about the relationship between these

hormones, food intake, and satiety. The complex mechanisms and neural pathways
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regulating the effects of gut hormones on appetite are beyond the scopeaeddahrsh,
and will be discussed in brief. Further discussion of the effects of fiber consnropt

gut hormone concentrations is presented in Chapter 3.

Ghrelin

Ghrelin is a 28 amino-acid peptide hormone identified as the endogenous ligand
for the growth hormone secretagogue recefffothe stomach is the primary site of
ghrelin production, and accounts for approximately 75% of circulating ghf&li@ome
ghrelin is also formed in the small intestine, with much smaller amountgeatiigg in
other organs such as the lungs, kidney, and Bfaihrelin receptors are distributed
widely throughout the body, including the brain, stomach, intestines, pancreas, gonads,
thymus, and heat?’ Circulating ghrelin exists in either an acylated or des-acylated
form, but only the acylated form is considered active and able to bind the ghrelin
receptor. However, since the majority of acylated ghrelin circulates louader
molecules and may be undetected in assays, total ghrelin is most commonlyriporte
the literature-'°

Ghrelin exerts a number of biological actions, but most important is its role in
appetite regulation®” ! Unlike the more abundant satiety hormones, ghrelin is the only
peripheral hormone known to be a powerful stimulant of appetite and food tftake.
Numerous animal studies have reported significant increases in food intakerfgllow
central or peripheral administration of ghrefti*** In humans, peripheral infusion of

ghrelin increased energy intake by 28% and significantly increased hatigeugh the
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dose used was outside of the physiological rafiy@lasma levels of ghrelin increase
markedly prior to a meal and return to baseline within an hour of eating, suggestiag a
in meal initiation**® Ghrelin may also play a role in long-term weight regulation as
levels increase with weight loss and decrease with weight{fain.

In general, nutrient intake suppresses plasma ghrelin levels, although tie calor
load and macronutrient content of the meal are important factors. When all other
variables are equal, meals with higher energy content suppress ghrajire&tea extent
and for a longer period of timé’ In a crossover design, healthy subjects were given
three isocaloric meals with different macronutrient composition. All supgdeghrelin
compared to baseline, but the high carbohydrate meal produced a significeatér gr
decrease than the high fat and high protein méalsiowever, the high protein meal
suppressed ghrelin levels for the longest amount of tth&l Awar et al. found that
ghrelin decreased significantly following a high-protein or balanced, fmeiano
suppression was observed after an isocaloric fat meal. The high-protdiagam led to
longer duration of suppressidt. Monteleone et al. also reported significantly greater
ghrelin suppression following a high carbohydrate meal compared to an isobajbri
fat meal™®® Conversely, another study found that ghrelin decreased significantly after a
carbohydrate-rich meal, birtcreasedollowing a fat-rich or protein-rich meal containing
similar amounts of caloriéé! Others have reported no difference in postprandial ghrelin

levels among meals rich in each macronutrféntOverall, it appears that carbohydrates

cause the most pronounced decrease in ghrelin levels, but protein sustains this
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suppression for a longer time. Studies measuring ghrelin in response to fiber
consumption have yielded mixed results, and are described in Chapter 3.

The mechanisms by which ghrelin affects appetite are not fully understood.
Ghrelin is thought to interact with neuropeptide Y (NPY) and agouti-relatedipepti
(AgRP)-expressing neurons of the arcuate nucleus of the hypothafamN&¥ and
AgRP are orexigenic peptides and promote food intakehe rate at which circulating
ghrelin passes the blood brain barrier is low, which suggests that centrai@cisaot
the primary mechanism. Instead, peripheral ghrelin is thought to stimulséehitzen
regions via indirect pathway?$®

Animal studies provide some insight into the mechanism of ghrelin action.
Ghrelin receptors have been identified on vagal afferent neurons in rats, so ghrel
released in the stomach can send signals to the brain via the vagushéfve.
Vagotomy has been shown to reduce the ability of ghrelin to stimulate food intake,
highlighting the importance of this pathwHy. Ghrelin administration increases activity
of AMP-activated protein kinase (AMPK) in the hypothalamus, which has beed lioke
increased food intake in mi¢&”: 8 Uncoupling protein 2 (UCP2) appears to be required
for the appetite-stimulating effects of ghrelin, since ghrelin adin@tisn has no effect
on NPY levels or AMPK in UCP2-deficient mi¢&

Despite increasing research in this area, the mechanism by which ghrelin i
secreted from the stomach is not known. Secretion increases during fasting bat it i

clear what neural or hormonal factors are involved. The vagus nerve also appears
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important for ghrelin synthesis, since blockage of the nerve preventsetlie gisrelin
observed during fasting?

Hormones may influence the expression and secretion of ghrelin. In rats,
administration of insulin inhibits ghrelin release from stomach tissue and seskercen
ghrelin levels:*® 3! Similarly, in humans undergoing a euglycemic clamp study, insulin
administration induced a significant decrease in plasma ghtélfi® However, the
relationship between insulin and ghrelin is less clear under physiologiaditioas with
fluctuating glucose levef$* Other hormones such as glucagon, somatostatin, growth
hormone, leptin, and estrogen have also been suggested to influence ghrelonsdereti
results of experimental studies are mix&ud.

Some studies have shown that ghrelin increases secretion of gastric acid and
gastric motility™*® **” Theoretically, the increased rate of gastric emptying could remove
satiety signals from gastric distention and lead to intake of additional foodalQiter
appears that multiple mechanisms are involved in mediating the effegtisetih on

appetite and food intake.

Glucagon-like Peptide-1

GLP-1 is produced primarily in the L-cells of the distal small intestimtkigalso
expressed in the brain. GLP-1 is formed from the cleavage of proglucagon, which
produces either a 36- or 37-amino acid molecule. Further N-terminal tamdsati
required to produce biologically active forms of the moleéfleThe most abundant

bioactive form in human plasma is GLP-1(7-36), although GLP-1(7-37) is equipoignt
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will be referred to collectively as GLP-1. Both forms are rapidly cléarel inactivated

by dipeptidyl peptidase-IV (DPP-IV) such that only about 10-15% of secretedlGLP
reaches the systemic circulation ints&&t.GLP-1 receptors are widely distributed
throughout the body, located in pancreatic islet cells, the brain, heart, kidney, and Gl
tract.

GLP-1 has been implicated in the regulation of appetite and food intake.
Infusions of GLP-1 have been shown to significantly increase satiety arehsedood
intake in healthy normal weight and obese subjects, as well as in those wigh type
diabetes®*'*? A meta-analysis by Verdich et al. concluded that infusion of physiological
amounts of GLP-1 results in a 12% reduction in food int&k&hese effects are similar
in both lean and obese subjects, with reductions of 13.2% and 9.3%, respectively. Of
interest, differences in plasma GLP-1 concentrations were correldkedifferences in
fullness, prospective food consumption, and hunger, but noaditiibitumenergy
intake!*?

Due to these effects, GLP-1 mimetics and DPP-IV inhibitors have been studied as
potential anti-obesity agents. Injection of GLP-1 mimetics is associatedignificant
weight loss, as well as improved blood glucose coftfoLiraglutide, a GLP-1
analogue, has been shown to reduce energy intake, shorten meal duration, slow gastric
emptying, and reduce body weight when injected daily for 4 wééKsnportantly, these
effects were not associated with increased nausea or adverse effquaserbta placebo.

Upon food intake, GLP-1 levels increase in the plasma within minutes. In

general, plasma levels rise within 10-15 minutes and peak by 40 miffufEse
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magnitude of the response is dependent on meal size and comp8Sitarbohydrates

are a strong stimulus of GLP-1 release, yet not all carbohydratighedi same response.
After 75 g doses of oral glucose or fructose, GLP-1 showed the same timme phtte
release, but the response was significantly greater after gitf¢ose.early study found

that GLP-1 peaked most quickly (around 30 minutes) after a carbohydrate agst me
while maximum GLP-1 levels were not observed until up to 150 minutes after an
equicaloric fat load?® Protein also stimulates GLP-1 release. In response to meals
enriched in fat, carbohydrates, protein, or alcohol, the protein meal produced thé highes
response and the greatest AUC, followed closely by carbohydrates, fatsadigd f
alcohol**® Other studies have shown higher peaks with glucose compared to protein, but
GLP-1 remains elevated longer following protein consumpfidrStudies on GLP-1
response to fiber ingestion have been mixed, and are reviewed in Chapter 3.

The mechanism by which GLP-1 may influence satiety is not fully understood,
but it is known that an intact GLP-1 receptor is required for an éffedthis receptor is
expressed in the gut, brainstem, and hypothalamus, as well as on vagal afferent nerves.
GLP-1 is also able to cross the blood-brain barrier, but it is unknown whether this
pathway significantly contributes to appetite regulati§nSince most GLP-1 is rapidly
degraded by DPP-1V, it is suspected that paracrine-like signaling vihafégyants is a
more significant pathway.

Since GLP-1 levels increase prior to nutrients reaching the site of GLPeli@ec
in the intestine, some researchers have suggested there is an interaciem et

stomach and small intestine in appetite control and secretion of gut peptidesrt tei
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al. gave subjects an intra-gastric load or an intra-duodenal infusion of glucosexeda

liquid meal*** The intra-gastric load resulted in significantly higher GLP-1 levels,

increased fullness, and decreased hunger compared to the intra-duodenal infusion. This

suggests a neural link between the stomach and small intestine that influenoesehor

release. Furthermore, stomach distention alone does not increase gut hormis/i& leve

So it appears the presence of nutrients is important in addition to mechanical. signal
Colonic fermentation may also influence GLP-1 levels. SCFA have been shown

to trigger secretion of GLP-1 from colon cahsvitro, and mice lacking a SCFA receptor

have impaired GLP-1 secretioi. In one study, rats were given resistant starch (a

fermentable fiber) for 10 days, after which gut hormone levels were nedaswer a 24

hour period->® There was a significant increase in GLP-1 levels that was not due to meal

effects. The authors concluded that fermentation of RS occurred throughout grelday

was responsible for the increase in GLP-1. A similar effect was reporteanans.

Hyperinsulinemic subjects consumed a high-fiber (20 g) cereal or placepdodaine

year'®® GLP-1 and plasma SCFA concentrations were increased in the high-fiber group,

but not until 9 months on the diet. This suggests that colonic bacteria adapted to the fiber

over time, resulting in increased fermentation and changes in gut hormoise level
Additionally, GLP-1 exerts several physiological effects that mdyente

appetite. GLP-1 is an incretin hormone, and amplifies the insulin response to glucose

intake and is important for normal glucose tolerance in huffal.*** In the Gl tract,

36, 111,

GLP-1 inhibits gastric and pancreatic exocrine secretion as well ag gasptying.

157 This is part of the “ileal brake effect” which may extend feelings tidtya
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Summary

The arrival of food to the Gl tract causes the release of a number of peptides and
hormones that act to optimize the digestive process and regulate appetite gnd ener
expenditure. Ghrelin rises prior to a meal and acts via vagal afferents utastim
appetite and energy intake. It also enhances gastric motility, whiglachéo promote
additional food consumption. GLP-1 rises soon after a meal and has actions that oppose
those of ghrelin. It acts via the vagus nerve to relay satiety signals amdssugppetite
and also activates the ileal brake, thereby slowing gastric emptyihexdending
feelings of fullness. However, the precise role of gut hormones in the regulation of
eating behavior is not clear. Levels of these hormones are influenced by meal
composition, caloric load, body weight, gender, and other factors that complicate

investigation of the relationship between these hormones and appetite.

Fiber and L axation

Laxation refers to a number of Gl effects, including increased stool weight and
water content, decreased transit time, and symptoms such as loose stools, ftatng
and abdominal discomfott® A commonly reported benefit of dietary fiber intake is
improved bowel function. This mainly refers to increasing fecal bulk, normalizeng
number of bowel movements per day, and improving the ease with which a stool is
passed®

In general, stool weight increases as dietary fiber incréasdhe increased

weight is due to the physical presence of the fiber, water held by theafilgkincreased
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bacterial mass from fermentation of the fib®r.A meta-analysis by Cummings et al.
found that stool weight was highly correlated with fiber intake, and low stool weagt
associated with increased risk for colon carieiSeveral studies have suggested that
consuming enough fiber to achieve a stool weight of >150 g/d may improve tiraesit t
and reduce risk of colon cancét:**® However, different types of fiber vary in their
bulking capacity. In general, insoluble fibers exhibit greater bulking prepéhan
soluble fibers. Wheat bran is considered the “gold standard” and increases gjbol wei
by around 5 g/g wheat bran consumed. Cellulose, another insoluble fiber, has been
shown to increase stool weight by 3 g/g consuffidn contrast, other fibers have
minimal effects on stool weight. For example, consumption of 20 g/d inulin for 3 weeks
had no effect on stool weight in healthy male volunt&®rs.

In addition to increasing fecal bulk, fiber may improve other aspects of bowel
function. “Normal” bowel function encompasses a wide range of stool frequency, and is
often defined as bowel movements between three times per day and three times per
week?%® 17 Constipation can be defined as three or fewer bowel movements per week,
and is characterized by hard, difficult to evacuate f&€eFhis occurs as a result of
increased water absorption as the feces remains in the colon for longer petiogs
Alternatively, diarrhea is characterized by watery stools and gtbate three bowel
movements per day’® Fiber tends to normalize bowel frequency to one bowel
movement per day and transit time to 2 to 4 days.

Tolerance is an important consideration, since side effects such astiatatel

bloating may discourage people from consuming fiber. Tolerance is typisaigsed
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via questionnaires, where subjects report subjective ratings of a wide wdriet

symptoms. However, there is little standardization in questionnaires amoreg studi
which can make comparisons difficult (Appendix B has a sample of the questionnaire
used in our research). Certain fibers tend to cause intolerance at fairgvida: | For
example, bloating was significantly more intense during consumption of 2.5 or 5 g/d
short-chain fructooligosaccharides (FOS) compared to placebo, although freqtiency
symptoms did not diffet’® In contrast, other fibers such as polydextrose and RS may be
tolerated at very high levels (over 40 gitf).Tolerance appears to depend on
characteristics of the fiber (chain length, molecular structure, feamiéty) as well as

how it is provided (liquid or solid meal; as a sole source of fiber or as part of a.bland)

addition, individual differences, including microbiota composition, also play a role.

Gut Microbiota

The human gut is inhabited by a large and diverse population of microorganisms.
It is estimated that the colon contains roughly* bacterial cells, and these organisms
make up 40-55% of solid stool matfeiThe microbiota is involved a number of
processes, including immunity, fermentation of non-digestible dietary comgdoent
SCFA, protein metabolism, biotransformation of bile acids, and vitamin syntffesis.
Over 50 bacterial phyla have been identified, but the human gut is dominated primarily
by Bacteroidetes and Firmicut€s. Proteobacteria, Actinobacteria (which contains
Bifidobacteria spp.) and others make up a minor proportion of the' tbtahile the

major groups that dominate the microbiota are consistent among individuals,
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considerable interindividual variation occurs when the microbiota is examined at the
genera or species level. The number of species reported varies in diffiedess, ut is
estimated to be between 500 and 1,500.

Due to certain physiological effects, some bacteria are thought to be more
beneficial or detrimental to human health. Although not the most abundant colonic
speciesBifidobacteriumandLactobacillushave received the most attention as health
promoting due to their ability to produce lactic acid, which can lower colonic pH and
help prevent the growth of pathogenic bacteria suc@stridium*’® While this
classification of “good” and “bad” bacteria may be overly simplistic, it gweside
some basis for identifying foods that may modulate the microbiota to influentle. heal

Prebiotics are defined as “non-digestible substances that when consumed provide
a beneficial physiological effect on the host by selectively stimuladtiedatvorable
growth or activity of a limited number of indigenous bactetid.Currently, only a few
types of fiber fulfill the criteria for classification as prebiotiddowever, others have
been shown to have some prebiotic effects.

Several studies have demonstrated the prebiotic ability of differentydidtars.
Gibson et al. fed subjects 15 g of inulin or oligofructose (OF) for 15 days and abllecte
stool samples for the last 5 days on the HfetCompared to a sucrose control, treatment
significantly increased Bifidobacteria counts but had no effect on total lzacteri
indicating selective stimulatior® Clostridia counts were reduced after OF feeding, but
not after inulin:’® Similar results were achieved using the same fibers, but half the dose

(7.5 g/d)'"" In a crossover study, subjects consumed biscuits containing 6.6 g FOS and
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3.4 g PHGG per day or placebo biscuits for 21 d&/dlumbers oBifidobacteriumspp.
in feces were significantly increased following the experimentaliltigsdut no changes
in Bacteroidesspp.,Clostridiumspp., orLactobacillusspp. were observed®

Bouhnik et al. studied the effects of various non-digestible carbohydrates on gut
microbiota composition in humans. Consumption of 10 g/d RS3 (debranched
retrograded tapioca maltodextrin) for 7 days was bifidogenic comparealcibpl.
Counts of total anaerobdsactobacillus, Bacteroidesnd enterobacteria were
unaffected.’® This study provides evidence that microbiota can be altered after a
relatively short (7 day) feeding period. However, no changes in bacterial @gnats
detected after 3 week treatment with a lower (2.5 g/day) dose of FOS, suytest
higher doses are necessary for an efféct.

Despite the high interest in prebiotics, there is now increasing rearyafti
functional redundancy in the gut microbiota, and it appears that many differeigsspie
bacteria perform similar metabolic functions. Thus, although certain groapse
indicative of a healthier microbiota, it is likely that different microlpiadfiles correlate
with similar health effects. More recently, interest has shifted away fineasuring
specific bacteria in isolation (e.g. bifidobacteria and lactobacilli) and tow&rds
looking at the entire microbial community as well as its metabolic activity

Recent evidence suggests that the gut microbiota may play a role in obesity
Several studies have found that the microbiota of obese individuals differshioof t
lean subjects, with obese subjects generally having Basteroidetesand greater

Firmicutes'®®*8? Ley et al. placed 12 obese individuals on low-calorie diets (low-
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carbohydrate or low-fat) and gut microbiota was measured over 1 yearss iSliife
bacterial population towards the lean profile were strongly correlatedmeight loss®
Similarly, in obese adolescents following a weight loss diet, individuals whthiost
most weight had more total bacteria and a distinct microbial profile atiaselinpared
to individuals who had only minor weight I0¥%. This suggests the gut microbiota may
play a role in weight loss success, although the mechanisms for this edffeatat
examined.

Animal studies provide some insight into the mechanism by which the microbiota
may influence energy balance. Turnbaugh et al. transplanted microbiotke&o®@nd
obese mice into wild-type mice. After two weeks, the mice with the obese mouse
microbiota had increased fat and extracted more energy from food as compheed to t
mice with the lean microbiot&> In another study, germ-free mice were colonized with
one or two bacterial strains. Colonization with two species led to greatgy déraevest
from food and a greater increase in body fat compared to mice colonized with enly on
strain!® This highlights the role of cross-feeding among bacteria and the importance of
studying the entire microbial community.

Researchers have also studied changes in the composition and metabolc activit
of the gut microbiota in animal models of diet-induced obesity, which is thought to more
closely resemble development of obesity in humans. Mice fed a high-fdtbkvdiet
became obese and exhibited a reduction in saccharolytic baétefiais change in
microbiota was also accompanied by increased intestinal permeab#igsy

inflammation, and the development of insulin resistance and type 2 diabetes.
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Interestingly, these effects were reversed when the mice werddetiwttose (a
fermentable fiber}®’ In addition, mice fed a high-fat diet experienced an increase in
Firmicutesand a reduction iBacteroidete$® which has also been reported in genetic
models of obesity.

The effect of diet interventions on microbiota seems to be short-lived. Following
cessation of dietary treatment, bacteria levels tend to return to basehireamie or two
weeks. In addition, baseline bacterial counts are an important determinant of the
magnitude of the effect that can be achieved by dietary intervention. lasbett
prebiotics, individuals with low initial bifidobacteria counts typically havertiuest
significant changes in bifidobacteria, while little effect is seen inestdbwith normal or
high levels.

In summary, the gut microbiota clearly plays an important role in human health
and energy balance, although much remains unknown about the complexities of this
relationship. Recent research has found that the gut microbiota is altered iy, alpelsit
that the microbial population can be altered by diet. Dietary fiber is ferchbpteolonic
bacteria, and may have beneficial effects on the microbial communitye\r¢ow
additional research is needed to define a healthy microbiota and determine dieta

interventions to improve host health.
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Short Chain Fatty Acids

SCFA are produced in the colon from bacterial fermentation of non-digestible
carbohydrates. In addition to SCFA, this process also yields gasgsG@Qand H),
and heaf” ' SCFA are organic molecules containing 1 to 6 carbon atoms, the most
abundant of which are acetate, propionate, and but{¥a®CFA are produced in a
relatively constant ratio (60:20:20 acetate:propionate:butyrate) in both thenplaxd
distal colon, but this distribution can be altered by dietary and other chidfiges.

SCFA are important for colonic health, and increased concentrations are
associated with reduced risk for diseases such as irritable bowel syndrtbamesmiatory
bowel disease, cardiovascular disease, and caticBatients with inflammatory bowel
disorders such as ulcerative colitis have been shown to have decreased concemitrations
colonic SCFA when compared to normal subjéttsSCFA enemas and consumption of
various fermentable fibers have been shown to improve symptoms of these contfitions.
194

Increased amounts of SCFA reduce pH, which inhibits growth of potential
pathogens such as clostridid. SCFAs also decrease solubility of bile acids and aid in
the absorption of minerals such as calcium and magnésfiii. The major SCFAs each
exert some unique physiological effects. Acetate, the most abundant SCjdlg r
absorbed and metabolized by the liver, muscle, and other tissues for €Rdtgerves
as a substrate for fatty acid synthesis, and has been shown to increase coloniowlood f
and enhance ileal motilit}® Acetate may also be converted to butyrate by gut

bacteria®® Propionate is suggested to inhibit cholesterol synthesis and have a
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hypolipidemic effect, but the results of human trials have been inconsistefz®*
Butyrate is considered the most important SCFA for colonic health. It iseferned
fuel for colonic epithelial cells, which metabolize 70-90% of the butyrate prodéited
Butyrate is also thought to have a role in preventing colon cancer. While butyrate
stimulates proliferation of normal colonocytes, it suppresses that of cancetisusy
promoting apoptosis and inducing differentiation of neoplastic colonot¥tes.

SCFA production varies according to the number and type of gut microbiota, as
well as substrate availability. The highest concentration of bacéeribhence the
greatest amount of fermentation, occurs in the proximal colon. This is alsaetbé sit
greatest substrate availability. The concentration of total SCFestimated to be 70-

140 mM in the proximal colon, which drops to only 20-70 mM in the distal ¢&fon.

Low concentrations of SCFA in the distal colon have been implicated in a number of Gl
disorders and cancé&t* Thus, it is of interest to identify methods to increase total SCFA
production as well as delivery of SCFA to the distal colon.

Since diet provides the fermentation substrates, dietary factors can have a
significant influence on SCFA production. Certain fibers are fermented maidyqor
slowly than others, and there is increased interest in identifying sfemhented fibers
which may provide health benefits in the distal cdfinSoluble fibers, such as pectins,
hemicelluloses, and gums, are typically fermented to a greater extemsbauble fibers
such as cellulose or wheat brirf®* Although insoluble fiber is more resistant to
fermentation, it may indirectly increase SCFA production by increastey bulk and

carrying fermentable sugars and starches to the éGlon.
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The assessment of colonic fermentation and SCFA production in controlled
human feeding studies is generally limited to measurement of fecal.SBé&Wever, this
is complicated due to the fact that greater than 95% of SCFA are absorbeddfon®°
While fecal measurement of SCFA is useful in detecting changes in erciets
limited in its ability to assess changes in productfdn.

Several human intervention studies have measured fecal SCFA in response to
dietary interventions using RS, and most have found increases in butyrate production.
Jenkins et al. fed subjects 21.5 g RS2 or 27.9 g RS3 incorporated into cereal and muffins
for two weeks and reported an increase in butyrate concentration and the butyrate:tota
SCFA ratio versus a low fiber contrdP. Similarly, Phillips et al. fed either a low or high
RS diet from a variety of sources, dosed based on energy needs, for 3wékksigh-

RS diet resulted in a significant increase in fecal butyrate concensand significantly
greater daily excretion of butyrate, acetate, and total SCFA as compé#neddo-RS

diet™ In a recent study by Fastinger et al., healthy adults were fed 755go0fl
maltodextrin or resistant maltodextrin (RM) for three we@ksAfter RM treatment, the
proportion of acetate was significantly decreased and the proportion of butyratesetcr
as compared to maltodextrin. This effect remained throughout the washout period,
possibly due to an increaseBifidobacteriumobserved in the RM group. Bird et al. fed
subjects a diet containing a novel high-amylose, high-RS barley (45 g fiberdhmye-
wheat cereals (32 g fiber/day) or refined cereals (21 g fiber/da})vieeks in a

crossover desigff! Consumption of the novel barley resulted in significant increases in

fecal concentration and excretion of butyrate compared to the other two treatments
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The identification of foods that increase production of SCFAs, namely butyrate,
may be beneficial for colonic health. While many sources of fiber have been found to
raise SCFA level@ vitro and in animal models, little data is available on the effects in

humans.

Conclusion

Intake of dietary fiber clearly has implications for human health. Evidence
suggests fiber may aid in weight regulation, possibly by inducing satiety @uncing
energy intake. This effect may be mediated by gut hormones such as ghrelioPatd G
which are released in response to the nutritional state and interact witheapgeters in
the central nervous system to regulate energy balance. However, little is Kymvhhe
effects of fiber on gut hormone release. Fiber consumption can also altat the g
microbiota and produce beneficial changes in the colon, although the effecte@diff
fibers on these parameters in humans are not well studied.

To better understand the effects of fiber on these outcomes, several approaches
were taken. First, the benefits of fiber in clinical nutrition were reviewduts allowed
for evaluation of the physiological effects of different types and combinatidiiseof
under controlled settings. Next, a systematic review of the effects pfrfta&e on gut
hormone concentrations was completed to examine the evidence for this relptionshi
Lastly, a human study which examined the effects of three novel fibers withgaryi
physicochemical properties on satiety, stool characteristics, and tred gpiehormones,

glucose, and insulin in appetite regulation is presented. Chapter 4 describexth®effe
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satiety and blood parameters following acute intake of the fibers, whileectapt

discusses the Gl effects following chronic fiber intake.
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Chapter Two

BENEFITSOF DIETARY FIBER IN CLINICAL NUTRITION**

*Publication Citation

Klosterbuer A, Roughead ZF, Slavin JL. Benefits of Dietary Fiber in ClinNagition.
Nutr Clin Pract. 2011;26(5):625-635.

! This review was supported by Nestlé Nutrition.
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Chapter Synopsis

Dietary fiber is widely recognized as an important part of a healthy riesa
common addition to enteral nutrition (EN) formulas. Fiber sources differ in
characteristics such as solubility, fermentability, and viscosity, aachdw well known
that different types of fiber exert varying physiological effeatshie body. Clinical
studies suggest fiber can exert a wide range of benefits in areas such lasihcvos,
gut health, immunity, blood glucose control, and serum lipid levels. Although early
clinical nutrition products contained fiber from a single source, it is now thought that
blends of fiber from multiple sources more closely resemble a regulardiehay
provide a greater range of benefits for the patient. Current recommesdaijgport the
use of dietary fiber in clinical nutrition when no contraindications exist, blet litt
information exists about which types and combinations of fibers provide the relevant
benefit in certain patient populations. This article summarizes the diftgpet of fiber
commonly added to EN products and reviews the current literature on the use of fiber

blends in clinical nutrition.
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Introduction

Dietary fiber is widely recognized as beneficial for human health, and sedtea
intake of certain fibers has been shown to improve serum lipid concentrations, promote
regularity of bowel movements, improve blood glucose control, aid in weight
maintenance, and improve immune functioRroviding adequate and appropriate
nutrition is especially important in the clinical setting, and fiber suppler@mtduring
this time may benefit patient health outcomes as well as quality of lifewklIl known
that the terniiber encompasses compounds with a wide range of physicochemical
properties and physiological effects. Therefore, it may be possiblestd specific fibers
or combinations of fibers that may be most beneficial for certain patient popslaiine
use of fiber in clinical nutrition products should be evidence based, both in fiber source
and dose provided. This review provides a description of the most commonly
supplemented fibers, as well as a summary of the current research on thehese of f
blends in clinical nutrition.

The importance of nutrition in the clinical setting has received increasing
attention in the past several decades. Patients unable to consume an oral diatter pati
unable to meet their nutrition needs with food alone benefit from the use of enteral
nutrition (EN). The provision of EN is associated with improved clinical outcomes and
prevention of adverse changes in gut intedfifyPolymeric standard formulas, which
are designed for patients with normal gastrointestinal (Gl) functionhamadst
commonly used source of nutrition for patients requiring EN. In the past, enteralderm

were often designed to be fiber free because of concerns with tube occlusiolhaas we
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the belief that bowel rest may be beneficial for the patient. Althoughffibeformulas
are appropriate for patients requiring a low-residue diet for diagnostieques or
surgery, fiber supplementation is useful for preventing some negative sdes eff
associated with EN. Specifically, alterations in bowel function are conynagsbciated
with the use of fiber-free enteral formulas. In the acute and hospital seitingpea is
the most common complaint among patients on fiber-free formulas, occurring in up to
68% of intensive care unit (ICU) patieitS. In contrast, constipation and need for
laxatives are more common side effects of long-term and home enteral fé8ding

Fiber has the potential to exert a number of health benefits for the tube-fed
patient. Fiber increases the water content and bulk of alimentary contents, ziagmali
the progression of stool through the intesfiteThe increased bulk is due to the
presence of fiber itself, the water held by the fiber, and increased bbctass from
fiber fermentatior. In this manner, dietary fiber contributes to improving the regularity
of bowel movements, facilitating the generation of soft-formed stools, and improving
ease and control of stool evacuation. In the distal bowel, certain fibdesmented by
bacteria to yield short chain fatty acids (SCFASs), including butyrattata; and
propionate. Butyrate is the major energy source for colonic epithelial ndlis a
important for normal cell proliferation and differentiatidh. SCFAs also help regulate
absorption of water and electrolytes and can help reverse fluid secretion inethairagc
colon associated with enteral feeding and may thus be useful in the control ledaliarr

this populatiorf*?

42



In addition to the effects on stool frequency and consistency, fiber exerts furthe
benefits in the colon. Approximately fanicroorganisms representing >500 bacterial
species are present in the typical adult cétdriThe balance between beneficial and
pathogenic bacteria is important to maintaining normal intestinal physiologyisas
balance has direct effects on immune function and nutrient digestion and absorption. A
healthy and diverse microbiota acts as a barrier to potentially pathogenorganisms
(PPMs). However, this balance can be upset during illness, when the micro@yolee m
altered by stress, diet changes, medications, or pathology. By definition, @iprsbia
selectively fermented ingredient that allows specific changes, both inrtiposiion
and/or activity in the GI microbiota that confers benefits upon host well-bethg a
health.?* Most studies have focused on an increase in bifidobacteria and/or lactobacilli,
but there is also interest in assessing changes in the entire bacteriatipopt?!

Prebiotic fibers may exert a number of health benefits, related to both the éncreas
in health-promoting bacteria, as well as the increase in SCFAs as afdmdterial
fermentation of fiber. Intake of prebiotic fibers can stimulate mucin productiosifgbos
due to a drop in pH caused by SCFA productiSnincreased mucin improves mucosal
barrier function and helps to reduce translocation of bacteria across theapithkelto
the bloodstrear:” This reduction in pH can also decrease the solubility of bile acids,
help increase mineral absorption, and inhibit the growth of bacteria s@bsasdium
difficile.”*® In addition, attachment of beneficial bacteria, such as lactobacilli or
bifidobacteria, to the epithelial wall can prevent adherence of PPMEsdaerichia

coli, Salmonella typhimuriujnas well as cause competition for nutrietifs.
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Bifidobacteria may also interact with immune cells and antigens to improvearmasiie
responsé?® SCFAs, especially butyrate, have also been shown to exhibit anti-
inflammatory propertie&*

Soluble, viscous fibers have been found to have a number of metabolic benefits.
The presence of these fibers increases the viscosity of intestinattsoste can interfere
with absorption of bile acids in the ileum, causing an increase in fecal bile axid\$oa
result, low-density lipoprotein (LDL) cholesterol is removed from the blood bywvee li
and converted into bile acids, causing a reduction in serum choléétexéscous fibers
may also attenuate the glucose and insulin response to nutrient ing&stidrese fibers
can increase the viscosity of stomach contents, thus delaying gastriecngmipty
addition, the increased viscosity of the chyme slows the rate of integticake
absorption and reduces the need for insifin.

A growing number of clinical trials have evaluated the effects of adding @ber t
enteral formulas. Most studies have focused primarily on bowel function, whereas oth
outcomes, such as changes in microbiota, glucose and insulin response, and SCFA, have
been examined to a lesser extent. In general, the effects of fiber on Grfunclinical
trials have not been consistent, in part because of differences in populatiamy(healt
volunteers vs. patients), length of intervention, fiber source, fiber dose, and lack of a
universal definition for diarrhea and constipation. However, a recent metaianalys
including 51 studies on fiber-supplemented enteral formulas found that fiber sigtiyfic
reduced the incidence of diarrhea in the acute setting, especially in populatioas w

high baseline incidence of diarrh&a. In addition, in both healthy subjects and patients,
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fiber significantly reduced stool frequency when high and increased frequaecylow,

which is supportive of a moderating effect of fiber on bowel function.

Summary of Current Recommendations

The Dietary Reference Intakes (DRIs) current recommendation fos asltxt
consume 14 g dietary fiber per 1000 kcal ingested, which translates into entdgiéyof
about 25 g/d for women and 38 g/d for men. This value is based on protection from heart
disease from fiber consumption observed in epidemiological and clinical data.
However, average fiber intake in the United States is about half the recommended val
and Americans typically consume only 15 g per day. A number of organizations that
promote research and organize consensus statements regarding clinidaih rinztvie
issued guidelines for the use of fiber in clinical nutrition. The Fiber Consé&ased,
which met in 2004, recommended the inclusion of fiber in the diets of all patients if no
contraindication exists, based on benefits on diarrhea, constipation, and feeding
tolerance’®® In 2006, the European Society for Clinical Nutrition and Metabolism
(ESPEN) recommended the use of fiber in EN and a mixture of bulking and fermentable
fibers for all non-ICU patient€® The American Society for Parenteral and Enteral
Nutrition (A.S.P.E.N.) and the Society for Critical Care Medicine (SC@&ls) recognize
the benefits of fiber for laxation, improvement in blood lipid concentrations, and
reduction of the glycemic respofieand published nutrition support therapy guidelines
for adult critically ill patients in 200&® These recommendations are summarized in

Table 2-1.
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Fiber Sources Contained in Enteral Formulas

Enteral nutrition formulas are supplemented with fibers from a variety ofesyurc
either alone or as part of a mixture. As mentioned previously, fibers fromeditfer
sources may vary in a number of physical and chemical characteristiosugt fiber
was traditionally classified according to solubility, additional propgrsach as viscosity
and fermentability, are now being recognized as more important in terms dicspeci
physiological benefits (sekable 2-2).% In general, soluble fibers are more completely
fermented and have a higher viscosity than insoluble fibers. However, not all soluble
fibers are viscous (e.g., acacia gum, partially hydrolyzed guar qumtch)some insoluble
fibers may be well fermented (e.g., finely ground soy polysaccharide®s&iption of

the most common fiber sources used in clinical nutrition is included below.

Soy Polysaccharides

Soy polysaccharides are a fiber source obtained from soy cotyledon and @bnsis
a number of fiber components, including cellulose, hemicelluloses, lignin, and pleetin-|
molecules. Although soy polysaccharides are typically 75%-85% insoluble, they have
been shown to be highly fermentable in humans, likely because of their smaleparticl
size?”® Fermentation of soy fiber results in high proportions of propionate and butyrate
compared with other fibefs?

Soy fiber was a popular addition to early enteral formulas, as it was nonviscous
and easy to incorporate into products without altering quality or causing tubengoggi

Acute supplementation with soy fiber has been shown to reduce duration of diarrhea in
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infants and toddlers compared with a fiber-free formith£>? Long-term use of a soy
polysaccharide—supplemented enteral formula in constipated children incre&ged dai
stool frequency and moisture, suggesting some benefits on constfation.

However, the effects of soy fiber supplementation are less clear in.ddults
healthy subjects, consumption of a liquid diet with added soy fiber has been found to
have inconsistent effects on transit time, stool weight, and stool frequency, but is
generally less effective than a self-selected df&t® Clinical trials also show minimal
effectiveness when soy fiber is used as the sole fiber source. In a cragsdyeamong
head-injured patients (n = 9) receiving tube feeding with a fiber-freaufaran one
supplemented with soy polysaccharide, fiber had no impact on stool weight, cogsistenc
or incidence of diarrhe®’ Similarly, compared with a fiber-free feed, use of a formula
supplemented with 21 g/L soy polysaccharide had no effect on frequency of diarrhea in
ICU patients (n = 913* Furthermore, in acutely ill patients receiving EN (n = 100), use
of a soy polysaccharide—supplemented formula (14.4 g/L) did not significantly tlogver
incidence of diarrhe&®

In contrast, use of an enteral formula supplemented with 10 g soy
polysaccharide/500 mL for 5 days resulted in a significantly lower diarrhea scor
compared with a fiber-free control in postoperative patients (n = 60) who had undergone
antibiotic treatment’® Similarly, in elderly tube-fed patients (n = 148), use of a formula
with 13.2 g soy fiber/L decreased the rate EN-associated diarrhea cdmyitaréber-

free control, independent of antibiotic (7&.

47



These studies suggest that the effects of soy fiber supplementation may vary
according to patient population and medication use. It is possible that becausegtf its hi
fermentability, soy polysaccharide may be less effective atrgjtkrxation compared
with other insoluble fibers. Although enteral formulas with soy fiber as theedibgir
source are generally no longer used, soy polysaccharide is commonly added es a sour

of insoluble fiber in mixed fiber blends.

Partially Hydrolyzed Guar Gum

Partially hydrolyzed guar gum (PHGG) is a soluble fiber produced by cautroll
partial enzymatic hydrolysis of guar gum, a highly viscous fiber. Thetsie consists of
a mannose backbone with galactose side units. PHGG is a soluble fiber with only
marginal effects on viscosity, yet it seems to retain the abilitytofenguar gum to lower
glucose and insulin levels. Several studies have shown that PHGG is beneficial in
glycemic control and can attenuate the postprandial increase in blood glucodéhin hea
individuals as well as in those with non-insulin-dependent diab&t&8. PHGG has also
been shown to produce high levels of SCFA while favoring production of butyrate and
propionate*’ In addition, individuals given 21 g/d PHGG (in 3 divided doses) for 2
weeks experienced a significant increase in the growth of bifidobartesiaol,
suggesting benefits on gut microbidfa.

PHGG is most notable for its laxation benefits, and a number of trials using
PHGG as the single fiber source have shown benefits on bowel function. In healthy

individuals, PHGG supplementation increases fecal #idlxolongs transit time
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compared with a fiber-free formut& 2°°

and increases defecation frequency in
constipated individual®* Similar benefits are observed in clinical trials. In ICU patients
with persistent diarrhea (n = 20), enrichment of EN with 2% PHGG (20 g/L) for 4 days
resulted in significantly fewer diarrheal episodes and better Gl toletiaace fiber-free
feed®”® Similarly, among surgical or medical patients (n = 100), addition of 20 g/L
PHGG to total or supplemental EN resulted in significantly fewer patidtiisiiarrhea

and fewer days with diarrhea vs. confr3l.Supplementation with 22 g/d PHGG for at
least 6 days resulted in a significant reduction in the frequency of diamtieaean

diarrhea score in patients (n = 25) with sepsis or sficln elderly tube-fed patients
experiencing diarrhea (n = 20), increasing doses (7-28 g/d) of PHGG for 4 weeks
significantly reduced stool frequency and increased SCFA prodidction.
Supplementation with PHGG has also been shown to reduce enema requirements and
laxative use among nursing home residents, suggesting benefits on constipatibass we

diarrhea>> 2°¢

Acacia Gum

Acacia gum (AG) is a nonviscous, soluble fiber that has received increasing
attention in recent years because of its prebiotic effects and excéftierence. It is
obtained as an exudate from the branches and stef\taof senegaindAcacia seyal
and is a highly branched, high molecular weight molecule consisting of galactose
arabinose, rhamnose, and glucuronic acid units. AG is slowly fermented compé#red wit

other soluble fibers and increases production of SCFA and therefore may benefit the
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distal color™’ Low doses of AG (3 g/d), when combined with 3 g/d fructo-
oligosaccharides, have been shown to be prebiotic and support the growth of
bifidobacteria in humar$? A dose of 10 g/d AG for 4 weeks was found to cause a
greater increase in fecal bifidobacteria than an equal dose of iPithint, the study was
not crossover in design, and results may have been affected by interindividatbwari
Animal studies suggest an ability of AG to improve symptoms of diafflead human
trials have shown effects on normalizing bowel functBr’®* In addition, 5 g AG
added to a meal has been shown to lower the glycemic response, and chronic
consumption of 25 g/d has a lipid-lowering efféét.Consumption of AG is well
tolerated up to high doses (50 g/d) and produces fewer Gl symptoms than other

fermentable fiberg®’

Inulin, Oligofructose, and Fructo-Oligosaccharides

Inulin, oligofructose (OF), and fructo-oligosaccharides (FOS) belong rgerla
class called inulin-type fructans, which refers to all linear fructanstmaaing-2,1
fructosyl-fructose glycosidic bond®&® These molecules differ in chain length and
method of extraction or synthesis, yet nomenclature is inconsistent irethgulie. In
general, inulin refers to molecules with an average degree of polymerizaion
whereas FOS and OF refer to shorter chain moleéWe50S, OF, and inulin are
nonviscous, soluble fibers obtained from a number of foods (primarily chicory root) or
produced synthetically by adding fructose units to a sucrose molecyiiel \@dinkages

(FOS only)*®?
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These compounds are some of the most well-studied prebiotic fibers and have
been shown to increase fecal bifidobacteria in a number of populations, including infants,
adults, and elderly, typically at doses of 5 g/d or mMi&té®®> As shown in vitro,
fermentation of these fibers leads to high levels of SCFA and an increasedatiolaf
butyrate to total SCFA compared with other fib&fsIn addition, these fibers have been
shown to enhance immune response in chifdfemd elderly patient®® and reduce
inflammation in patients with ulcerative colifi€ These fibers have some bulking
properties, and addition of FOS to an enteral formula has been shown to reduce
constipation"® 2%2’2 Consumption of FOS and inulin has been found to enhance
mineral absorption, especially that of calcium, and therefore may haveatmpig for
bone health/®%"

In some studies, the rapid fermentation of FOS has been associated with excess
gas and Gl discomfoft! Similarly, when used as the single source of fiber in EN, 30—
35 g/d inulin caused a significant increase in flatuléhtddowever, low doses (<15 g/d)

are generally well tolerated and can easily be incorporated into foods anddesyer

making them useful sources of added fiber.

Resistant Starch

Resistant starch (RS) refers to starch and products of starch digestiae thatt a
absorbed in the small intestines of healthy people and pass to thé ®®nan be
classified according to the characteristics that make it resistdigdstion (physically

inaccessible, granular form, retrograded, or chemically modifiedndrgation of RS
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typically results in increased butyrate and decreased acetate produotipered with
other fibers:* and RS can promote the growth of bifidobact&ri&onsumption of RS
has been shown to lower postprandial glucose and insulin re$pdhsed may also
benefit cholesterol levefS.Although RS has not been used as a sole source of fiber in

EN, it is commonly used as a component in mixed fiber blends.

Cedllulose

Cellulose is an insoluble fiber consisting of glucose polymerspwiti# linkages,
present in plant cell wafl§. Cellulose is effective at increasing stool weltfteind has
been shown to suppress osmotic diarfi&aCellulose is poorly fermented and has little
effects on glycemia or cholesterol levél3.2%! Similar to RS, cellulose commonly

appears as a source of insoluble fiber in mixed fiber blends.

Outer Pea Fiber

Outer pea fiber is an insoluble fiber obtained from the hulls of the field pea and is
composed of hemicelluloses, cellulose, and pectic subst&ficeea fiber is primarily
used to enhance the fiber content of products, without modifying functional or technical
properties, and increases stool weight in healthy individ@almtake of low doses of
pea fiber has been shown to increase stool frequency in individuals with infrequent bowel
movements, suggesting a normalizing effect on bowel function. This effect lmas bee

observed in both elderly and pediatric populatis’®
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Rationalefor Use of Fiber Blends

Early enteral formulas were primarily supplemented with a single fthecs,
which was largely driven by technical concerns related to tube clogging @shatcpr
quality. However, new processing techniques allow for the incorporation of a wigke ra
of fibers into enteral formulas. Just as nutrition professionals recommend rodptaini
nutrients from a variety of different foods, it also seems reasonable to conbanfeoim
a variety of different sources to achieve a balanced intake of fiber. Isé&ewurrent
recommendations support the use of fiber blends. The Fiber Consensus Panel
recommends that in patients requiring long-term EN, both nonfermentable, bulking fiber
and fermentable fibers are appropriate for supplementZfi&@8SPEN guidelines also
recommend a mixture of bulking and fermentable fibers (see Tabl&22%®).

Because it is well recognized that different fibers exert diffgshgsiological
effects in the body, the use of fiber blends in clinical nutrition has becomesimgjiga
common. Blends more closely resemble a normal mixed diet, which contains small
amounts of fiber from multiple sources, rather than a larger dose from a singie. sour
Fermentable, prebiotic fibers can be added to promote growth of healthy gubiotiy
whereas less fermentable fibers can enhance stool consistency aridAttassigh
intake of specific fiber components in the general population is difficultinae,
studies suggest Americans consume 12—17 g/d nonstarch polysacélaritiagerage
4.9 g/ld RS® 2.6 g/d inulin, and 2.5 g/d oligofructo&¥. There are currently no official
recommendations for the ratio of soluble to insoluble fiber; however, a typicall whisie

consists of approximately 30% soluble fiB&t.
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Fiber blends have the potential to provide a number of advantages over the use of
a single fiber source, as they can allow achievement of a range of physibkftgcts.
Inclusion of fermentable fibers promotes SCFA production, and fibers that iacreas
butyrate production can be selected to benefit colon health. In addition, fibers \ey in t
rate of fermentation because of a number of characteristics such as moletglhdy
chain length, and structure. Combining fibers with a range of fermentalyuligk(to
slow) could be used to sustain SCFA production along the entire length of the colon.
Although the use of slowly fermented fibers has mainly been studied in relation to
reduced risk for colon cancer, the benefits associated with increased butgradtah
SCFA production (energy for colonocytes, antidiarrheal effects, reduitachimation)
are of great interest in clinical nutrition. For this reason, combination of AG vhén ot
prebiotic fibers may be especially beneficial because of its sloveeofr&rmentation.

Use of fiber blends may also be beneficial for increasing toleranceivieblat
high doses of fiber are needed to meet recommendations for daily fiber intake.
Supplementation with single fiber sources, both soluble and insoluble, has been shown to
cause Gl side effects, such as bloating, flatulence, and abdomin&l‘path?®° By
combining multiple fibers in lower doses, it may be possible to achieve desiredsenef
without exceeding the tolerance level for any one fiber. For exampliro studies
suggest that Gl tolerance is improved when FOS/inulin blends are used complared wi
these fibers alon€? 2°* Furthermore, combinations of different fibers may result in

synergistic beneficial health effects. Combination of FOS and AG in a 1:1 ratieéas
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shown to reduce Gl side effects compared with FOS alone, while at the same time

conferring a synergistic prebiotic benéfit: 2%

Current Resear ch with Fiber Blends

A number of fiber blends have been developed by the healthcare industry for use
in clinical nutrition products. One fiber blend is a 100% soluble, 70:30 blend of FOS and
inulin (Prebid; Nestlé, Vevey, Switzerland), which has primarily been studied in
pediatric populations. In a prospective study of preadolescent cancerftiert?),
supplementation with 1.2 g/d of the 70:30 blend for 1 month resulted in significantly
increased lactobacilli in stool compared with a control gfdti5®* Similarly, a dose of
2.5 g/d for 3 weeks was effective at restoring fecal bifidobacteritslevehildren (n =
140) following antibiotic treatmert> Lactobacilli also tended to increase in the group
consuming the fiber treatment, although this was not signiff¢arithis blend may also
have beneficial effects on immune response. In infants, supplementation with 1.7 g/d of
the 70:30 blend for 10 weeks was shown to enhance IgG antibody response to
vaccinatior’®’ Although these studies benefit from relatively large sample sizes, khe lac
of a crossover design is a major limitation. This is especially trueudiest examining
gut bacteria levels because these are known to vary greatly by individual. Howeve
preliminary evidence indicates low doses of this blend may have benefiecsen
children.

Research with this blend in adults is less clear. Elderly individuals (n wes@)

given a supplement of macronutrients, vitamiresstobacillus paracaseand 6 g of the
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70:30 blend or placebo for 4 months. Supplemented individuals had increased natural
killer cell activity and significantly fewer infections than the placelmgf®® However,
because of the complexity of the supplement, it is not possible to attribute fleete ef
specifically to fiber. Earlier research by the same group found no immunoleffiect
when 6 g/d of the 70:30 blend was added to the diets of elderly individuals already
receiving a nutrition supplemefit. Additional studies using a crossover design and
controlled diets are required to better understand the effects of this fiber blend on
outcomes in an adult population.

Another popular blend is a mixture of 6 fibers: soy polysaccharide, cellulose, AG,
FOS, inulin, and RS (Nutricia Multi Fibre; Nutricia, Zoetermeer, The Nithes). The
reported proportion of each fiber varies among studies, but the blend used for tube
feeding provides roughly equal amounts of soluble and insoluble fiber, whereas the oral
supplement contains 60% soluble fiber. Results from trials using this blend in children
have been variable, but the main benefit seems to be a reduction in laxative use. In boys
aged 1-36 months (n = 144) with dehydration and diarrhea, short-term addition of 1 g 6-
fiber blend/100 mL to an oral rehydration solution did not alter 48-hour stool output or
duration of diarrhe&®® Similarly, in a randomized crossover design, the same blend or a
fiber-free formula was given to children on home tube feeds (n = 25). After 6 weeks,
there were no differences in stool frequency, diarrhea, or constipation; however, when the
formula was consumed for 6 months, constipation occurred less frequently, and laxative
use was less in children consuming fib&r A reduction in laxative use was also reported

in chronically sick children (n = 60) receiving a nutrition supplement that provided 4 g
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fiber blend/d for 12 week®? Overall, this blend appears to be more effective with
longer term interventions.

Few studies have examined the effects of this 6-fiber blend on microbiota in the
pediatric population. In a randomized crossover design, children receiving lomgter
(n = 20) receiving a 6-fiber blend-enriched feed for 3 months experienced &aignif
increase in the proportion of bifidobacteria in stool compared with a control fofffhula.
Although this suggests a prebiotic benefit, the baseline proportion of bifidobacteria
appeared to differ between treatments, so a statistical comparison ofdobsadls
would have been useful for better understanding the relationship. Baseline bacteria
concentrations are often correlated with the magnitude of response to tieatme
would have been helpful to address whether these differences impactedtthertrea
effect.

This fiber blend appears to have a number of benefits in adults. In healthy
volunteers (n = 10) consuming liquid diets, supplementation with 30 g 6-fiber blend per
day resulted in transit time similar to a self-selected diet, wheridaerdree feed
significantly slowed transit, suggesting a normalizing effect of the ar@I transit®?
Schneider et a® examined the effectiveness of a 6-fiber blend-enriched formula on
SCFA production and microbiota in patients (n = 15) on total EN for dysphagia. In a
crossover design, patients received a fiber-free enteral formula fgs,/fdbowed in
random order by the fiber-free formula or formula supplemented with 15 g/L of the 6-
fiber blend for 14 days each. Following the fiber treatment, there was acaghifi

increase in butyrate and total SCFA compared with baseline and the contrdl, asave
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significant increase in total fecal bacteria counts; however, there wetenges in
bifidobacteria or lactobacilli in stool samples. This may due to the rdiatoxe levels of
prebiotic fibers this blend provided (between 2.4 and 3.8 g of FOS and inulin per day).
Although these studies are strengthened by using a crossover design, theyeatdy
small sample size. Larger studies are needed to confirm these resultscamihaef

they are generalizable to other patients. However, this research does stenditian of
fiber can alter SCFA production and gut microbiota in patients undergoing land=te.

Supplementation with this fiber blend has also been used during inflammatory
conditions. Patients with severe acute pancreatitis (n = 30) were ranassigped to
receive a fiber-free enteral formula or the same formula supplemerntethe/i6-fiber
blend to provide 24 g fiber/d. The median duration of hospital stay was significantly
shorter, and all prognostic indices (C-reactive protein [CRP] values, AcyseoRigy
and Chronic Health Evaluation [APACHE] Il score, computed tomography [CT])score
normalized earlier in the fiber grodf® This suggests a fiber blend may be beneficial for
improving the acute phase response and suppressing inflammation. Unfortunately,
additional measures, such as SCFA production and bacterial counts, were not taken to
help clarify the mechanisi?

A patented blend of 75% insoluble and 25% soluble fibers (oat, soy
polysaccharide, acacia gum, and carboxymethylcellulose) combined with &8 (J
FOS; Abbott Laboratories, Hoofddorp, The Netherlands) has also been studied in a
number of clinical trials, but has had minimal effects on bowel function. Clytidal

patients receiving EN and antibiotics (n = 44) were randomized to receive the fibe
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supplemented formula or contr8f. These groups were again divided so that half
received pectin and half received placebo. Significantly fewer patients fibbéine
free/placebo and fiber/pectin groups experienced diarrhea as compared with the
fiber/placebo group? Although there was a trend toward a lower incidence of diarrhea
in the fiber/pectin group, the small sample size in each arm of the studyavay
prevented this from reaching significance. In a multicenter, randomizealbeistudy,
children aged 1-6 years requiring tube feeding (n = 94) were randomized t@ receiv
standard formula without fiber or an energy-dense formula with the 5-fiber lne@d f
days3°® Although there were no significant differences in stool consistency or Gl
tolerance among treatments, the formula with added fiber showed the tgreates
improvement in Gl symptom scores and tended to result in more formed stools as
compared with the other groupf§.

A pilot study by Wierdsma et &1’ evaluated the effect of the 5-fiber blend on
gastrointestinal quality of life (GIQLI) and gut microbiota in home-livingetdieed—
dependent adult patients. Patients were randomized to receive a fibeminetaf(n =
10) or a similar formula supplemented with 17.6 g/L fiber (n = 6) for 6 weeks. GIQLI
scores and number of bifidobacteria in stool significantly decreased compéred wi
baseline in the fiber-free group but remained stable in the fiber-supplemented®roup.
This suggests the fiber blend may be beneficial at preventing the declinetiry heal
bacteria associated with fiber-free feeds; however, the fiber-suppiedngroup was
very small and there was high variability in bacteria counts, so these résuild e

interpreted with caution.
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A blend of FOS and pea fiber has been used in a number of studies and appears to
have benefits on laxation and gut health. In a randomized crossover design, healthy
participants (n = 10) consumed a standard formula or the same formula supplemented
with 5.1 g/L FOS and 8.9 g/L pea fiber (average intake was 9.5 g/d FOS and 16.5 g/d pea
fiber) for 14 days each. Fiber supplementation blunted the reduction in fecal bacteria
normally associated with liquid diets and significantly increased bifidebaand
reduced clostridia compared with basefiffe Fiber consumption also increased total
SCFA, acetate, and propionate compared with the fiber-free foffifulasecond
randomized crossover study also examined a blend of FOS and pea fiber in chifldren wi
compromised gut function (n = 14). In random order, children received a fiber-free
formula or one supplemented with 3.5 g/L FOS and 3.8 g/L outer pea fiber for 2 weeks
each3®® Stool frequency did not differ between treatments, but use of the fiber-
containing formula resulted in improved stool consistéfityEiber reduced the
proportion of both hard and watery stools, suggesting a normalizing effect on bowel
function3®® The fiber formula was well tolerated and reduced flatulence in a subset of
children with neurological disordef® In a recent study, surgical ICU septic patients (n
= 34) receiving broad-spectrum antibiotics and total EN were randomized iterace
fiber-free formula or one supplemented with 15.1 g/L fiber from FOS and peddihgy
to 14 days?® Mean diarrhea score in the fiber group was significantly lower than in the
fiber-free group, showing this fiber blend can be effective at reducindneiaaim

critically ill patients3®®

60



A number of other blends have been tested in humans, with the primary benefits
on laxation. Hospitalized geriatric patients (n = 172) were randomized todasia
formula or formula supplemented with 30 g fiber (33% insoluble: cellulose and
hemicellulose A; 67% soluble: pectin, hemicellulose B, inulin) for an average of 28
days®'° Fiber supplementation resulted in fewer watery stools and less laxative use
compared with control, suggesting a moderating effect on bowel furittion.a
crossover design, medically stable residents of a chronic care fac#ity@phwere
randomized to receive a fiber-free formula or one supplemented with 28.8 g/d of a 50/50
blend of soy and oat fiber for 10 da¥ys$. Fiber significantly increased fecal weight and

bowel frequency but had no effect on transit tifte.

Conclusion

Current research highlights the potential for fiber blends to provide a variety of
health benefits, including reduction in diarrhea and/or constipation, promotion of SCFA
production, maintenance of healthy gut microbiota, and enhanced immune function.
These benefits are especially important in the clinical nutrition settingre gut
function may be altered and patients may be prone to opportunistic infections. However,
design characteristics such as subject population, choice of end points, duration of fiber
supplementation, and definitions of diarrhea/constipation vary among the available
studies and make comparisons among different fiber blends difficult. Otheeddés in
enteral formulas, such as the presence of fermentable oligosacchasdeshaliides,

monosaccharides, and polyols may also contribute to diarrhea, but this has not yet been
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well studied®®? In addition, many of the current studies are limited by small sample size
and lack of crossover design. This increases variability and makes findingetmedre
difficult and also limits the ability to generalize results to a lapggulation.

Overall, combination of fibers with varying fermentability and solubilitynseéo
be most effective at providing a range of benefits, as well as high tolektmwever, it
is important to balance the benefit of providing a greater variety of fiberesowith
providing a high enough dose to elicit the desired effect while keeping Gl &dtsdb a
minimum. The design of fiber blends should be guided by current research oweffecti
dose and tolerance for the individual fiber components. Additional research is needed t
identify synergistic effects of fiber from various sources. Randomized, dedirol
crossover trials with larger sample sizes are needed to better understangsibigical
effects of these fiber blends. Future studies should compare different ntigetténds
to determine the optimum combinations and doses of fiber to produce the desired end

points in a variety of patient populations.
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Table 2-1. Recommendations for use of fiber in enteral nutrition

Source

Recommendations

Fiber
Consensus
Panef®®

ESPEN?*

SCCM and
ASPEN?®

To prevent EN induced diarrhea in post surgical and in criticatiepts,
supplementing EN with PHGG is effective (Recommendation A)
Fermentable and viscous fibers (e.g.f3gtucan) are effective for glycemic
control, but the available studies make it difficult to ascertain to estiaht
fiber supplementation contributes to the beneficial effects of the diabetes
formulas (No Recommendation)

Short-term studies showed that soy polysaccharides or soy polysdesha
combined with oat fiber, increased daily stool weight and frequency. There i
only one pilot study showing a beneficial effect of adding soy polysaccharides
to control bowel habits in patients on long-term enteral feeding
(Recommendation C)

A fiber intake of 15-30 g/d is advisable for patient on EN

In non-ICU patients or those requiring long-term EN, a mixture of bulking
and fermentable fiber is the best approach

Dietary fiber can contribute to normalization of bowel function in ejderl
patients

In acute iliness, fermentable fiber is effective in reducing diairhpatients
after surgery and in critically ill patients (guar gum and pectinwgrergor to
soy polysaccharides)

If there is evidence of diarrhea, soluble fiber containing or gueglide
formulations may be utilized (Grade E)

Soluble fiber may be beneficial for the fully resuscitated, hemodynéynica
stable critically ill patient who develops diarrhea. Insolublerfitmuld be
avoided in all critically ill patients. Both soluble and insoluble filvenud

be avoided in patients at high risk for bowel ischemia or severe dysynotili
(Grade C)

EN, enteral nutrition; PHGG, partially hydrolyzed guar gum; ESPEN, EuropeagtySturi

Clinical Nutrition and Metabolism; ICU, intensive care unit; SCCM, Sgdir Critical Care

Medicine; ASPEN, American Society for Parenteral and Enteraltidatr
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Table 2- 2. Classification of fiber based on three physicochemical obréstcs

Soluble

Acacia gum
PHGG

Inulin

FOS

Pectin
Hemicellulose A
Oat fiber

Fermentable

Acacia Gum

PHGG

Inulin

FOS

Soy polysaccharide
Resistant Starch
Pectin

Viscous

Pectin
Some gums (e.g. guar gum)

Insoluble
e Cellulose
e Soy polysaccharide
e Resistant Starch
e Hemicellulose B

Non-fermentable
e Cellulose
e Quter Pea Fiber

Nonviscous
e Cellulose
e Quter pea fiber
e Soy polysaccharide
¢ Resistant starch
e PHGG
e |nulin
e FOS

FOS, fructo-oligosaccharides; PHGG, partially hydrolyzed guar gum
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Chapter Three

FIBER INTAKE INCONSISTENTLY ALTERSGUT HORMONE LEVELSIN
HUMANS FOLLOWING ACUTE OR CHRONIC INTAKE*?

*Publication Citation

Klosterbuer AS, Greaves KA, Slavin JL. Fiber intake inconsistently ajtérsormone

levels in humans following acute or chronic intakaurnal of Food ResearcB012;
1:255-273.

2 This research was supported by the Kellogg Company
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Chapter Synopsis

Diet composition affects the release of gut hormones involved in the regulation of
appetite and energy intake. While some research suggests high fiber foodyeatese
satiety than low fiber foods, few studies have measured gut hormone levels as a
mechanism by which fiber may influence appetite. A review of thetliteravas
conducted to better understand the effect of fiber on gut hormone concentrations in
humans, with specific focus on peptide YY, glucagon-like peptide-1, cholecystokinin,
and ghrelin. Considerable variation was found in study design, population, fiber type and
level. Few studies reported a significant effect of fiber on gut hormone,lanelslata
suggest caloric load may have a more significant influence on gut hormone.releas
While it is possible that circulating gut hormones are not the mechanism tly fidars
influence satiety, it is also possible that variability in study design piedefinitive

conclusions around this relationship.
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Introduction

A variety of peptides are released from the gastrointestinal (G)inregsponse
to the nutritional state. These gut hormones are considered to be importantifiatiers
control of appetite and satiety. The strength and timing of postprandial gut hormone
release is clearly influenced by macronutrient distribution and totalcoggdosition.
Certain macronutrients are thought to be more satiating due to their abilitiuenod
gut hormones; however, the impact of fiber on this relationship is not clearly understood.
While some research suggests high fiber foods result in greater satielyHdrer
foods, few studies have measured circulating gut hormone responsebaftamntiike in
humans. Therefore, a review of the literature was conducted to better understand fibe
impact on gut hormone concentrations in the blood. Although many peptides and
hormones are released from cells in the Gl tract and may influencg éatiet
oxyntomodulin, pancreatic polypeptide, glucose-dependent insulinotropic polypeptide,
leptin, adiponectin, enterostatin, glucagon, insulin, amylin), only four — peptide YY
(PYY), glucagon-like peptide-1 (GLP-1), cholecystokinin (CCK), and ghrelin € wer

chosen for this review due to their relatively well established effects otiteppe

Peptide YY

PYY is a 36-amino-acid polypeptide synthesized and secreted from the bfcells
the terminal ileuni*® Upon release, the molecule undergoes cleavage by the enzyme
dipeptidyl peptidase IV (DPP-IV) to yield a truncated peptide, £Ywhich is the

predominant circulating form in the fed and fasted st4td®Y Y3.36 binds with high
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affinity to the Y2 receptor, located throughout the central nervous systen) €@NS
vagal afferent§’® PYY is thought to inhibit appetite by acting centrally on homeostatic
centers in the hypothalamus to reduce expression of neuropeptide Y (NPY), an
orexigenic peptide. Neural reflexes are also important, since PYY corizerdra
increase before nutrients reach the site of PYY release and vagotomseditie

appetite suppressing effect of PY¥. PYY also activates the ileal brake, which slows

gastric emptying and nutrient absorption, and may extend feelings of §atiety.

Plasma PYY levels rise within 15 minutes of a meal, and peak approximately an
hour after nutrient ingestiolt! The magnitude of PYY release depends on both the
caloric load and macronutrient content of the meal. When balanced for total,energy
meals high in fat and protein appear to increase PYY more than carbohyciate-ri
meals®'®3?° |ntravenous infusion of PYY has been shown to significantly increase
satiety and reduce energy intake in huntans?*>* However, many studies use
pharmacological doses which can lead to side effects such as nausea and vomding, whi
may interfere with appetite ratings. Researchers have reported lotirey taxd
postprandial PYY concentrations in obese participants compared to lean individuals, and
this is reversed following bariatric surgefy:*** This suggests PYY may play an
important role in energy homeostasis, and has led to interest in PYY as a potentia

antiobesity therapeutic agent.
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Glucagon-like Peptide-1

GLP-1 is formed from the cleavage of proglucagon, and is released pyrimari
from the L-cells of the distal small intestine. Further N-terminal ttimtas required to
produce the biologically active form, GLR=% *°> GLP-1 undergoes rapid degradation
by DPP-IV and only 10-15% reaches the systemic circulation iHta&GLP-1 receptors
are expressed in the gut, brainstem, hypothalamus, and vagal afferent nesves. |
thought that GLP-1 may access the CNS directly via the area postremia Jadkic a
blood-brain barrier, but the significance of this pathway is unkmdfvGLP-1 exerts
several physiological effects that may influence appetite. As an mb@tnone, GLP-1
amplifies the insulin response to glucose ingestion and inhibits the releaseogfeglyc
from the liver®® 131 |n the Gl tract, GLP-1 inhibits gastric and pancreatic exocrine

secretion, as well as gastric emptying, which may enhance sAtiety™>’

Upon eating, plasma GLP-1 levels increase within 10-15 minutes and peak by 40
minutes**® This initial increase occurs prior to nutrients reaching the small imtestid
is likely mediated by neural inputs. GLP-1 release is proportionate to the noimber
calories consumed. Additionally, when matched for energy, meals high in carbelydrat
and protein seem to be more potent stimulators of GLP-1 secretion than high fat
meals™*® **° In humans, GLP-1 infusion has been shown to increase satiety and decrease
food intake in healthy normal weight and obese participants, as well as individinals wi

type 2 diabete¥*** 3% A meta-analysis by Verdich et al. concluded that infusion with

physiological doses of GLP-1 reduced energy intake by an average 6f°12%.
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Cholecystokinin

CCKis released primarily from I-cells in the duodenum and proximal jejunum,
but small amounts are also produced by neurons in the Gl tract and nervous’&/atém.
CCK is formed by selective processing of its precursor, proCCK, which rasults
multiple bioactive forms ranging in size from 8 to 58 amino atit&?° All isoforms
show affinity for the CCK receptor, located on the gallbladder, pancreas, and stosnach, a
well as in the hindbrain and hypothalanitfs CCK-induced satiation appears to be
mediated neuronally via activation of vagal afferents in the stomach and duotfénium.
addition, CCK slows gastric emptying, which may increase stomach distension and

causes greater satietys.

Plasma CCK typically increases within 15 minutes of a meal, and the duration of
elevation depends both on caloric load and macronutrient content. When matched for
energy, fat and protein appear to be stronger stimuli for CCK release than
carbohydrated?® In humans, infusion with CCK reduces meal size and duration, and has
been estimated to suppress energy intake by an average of*32T5#ére also appear to
be gender differences in the CCK response, with women experiencing grekter CC
elevation than men; however, it is not clear if this corresponds to differences ineappeti

sensations between gend&ts33*

Ghrelin

Ghrelin is a 28-amino-acid peptide hormone originating primarily from the

stomach, with lesser amounts formed in the small intestine and other dfgans.
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Circulating ghrelin is present in both an acylated and non-acylated form, lguhenl
acylated form binds the ghrelin receptor and is considered biologically &&tiGhrelin
receptors are widely distributed throughout the body in tissues such as brainhstomac
intestine, pancreas, and hedft.Ghrelin is thought to interact with NPY and agouti-
related peptide (AgRP)-expressing neurons of the arcuate nucleus of the layposha
through vagal afferents or more directly via the bloodstr€aMPY and AgRP are

orexigenic peptides and promote food int3ke.

Ghrelin is unique in that it is the only peripheral hormone known to be a powerful
stimulant of appetite and food intake. Plasma ghrelin levels increase markedly prior to
a meal, suggesting a role in meal initiatfoh.In general, nutrient intake suppresses
plasma ghrelin levels. While caloric load is the most important determindre of t
magnitude and duration of ghrelin suppression, macronutrient composition of the meal
also plays a role. When matched for total energy, lipids appear to be lessetfean
carbohydrates or protein at suppressing ghréfitt® Peripheral infusion with ghrelin
increases energy intake and hunger in hurrgn addition, there is evidence that
obese individuals may be more sensitive to the effects of gfitRli@hrelin may also
play a role in long-term weight regulation as levels increase withhiviss and

decrease with weight gaff®

Summary

The presence or absence of food in the Gl tract causes the release of a number of

peptides that act to optimize the digestive process and regulate appe&teemd
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expenditure. Levels of these hormones are influenced by meal composition,loaldric
body weight, gender, and other factors. This study aimed to determine thektfieet

intake on circulating gut hormone levels in humans.

Methods

PubMed/Medline was used to identify original research and review axicles
September 27, 2010. The following key words and search terms were used: (tietary f
OR fiber OR fibre OR whole grain OR complex carbohydrate) AND (gut hormoRes O
ghrelin OR peptide YY OR peptide tyrosine tyrosine OR PYY OR glucagon-likelpept
1 OR glucagon like peptide OR GLP OR GLP-1 OR cholecystokinin OR CCK). All
searches were limited to human studies, English language, and peer-reviewed
publications. References from original research and review articleswoareed to

identify other potentially relevant studies.

The following inclusion criteria were used: Adults (19+ years); healthy
individuals of any body weight; clinical trials; measurable fiber lewel type; outcome
data for PYY, GLP-1, CCK, or ghrelin; attrition rate®0%; and studies completed
between 1990 and the present. Exclusion criteria included infants; children; people <19
years of age; people with diabetes, hyperlipidemia, hypertension, hypeteramésia,
or any other health disorders. Studies that used descriptive (retrospectivegeciive}
study design only, or studies without a measurable fiber intervention weuveledchs
were studies with an attrition rate >20%. Studies that met the inclusiomcntse

further examined for relevance, validity, and quality by evaluating sgmoplelation and
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size, study design (crossover vs. parallel), randomization, blinding, choice wafl cant
appropriateness of statistical analyses. These characteriste®rganized into tables.

Studies that lacked a control were excluded at this level of evaluation.

Results
Effect of Fiber on Peptide YY Concentrations

The PubMed search generated a list of 27 publications, including 22 original
research articles and 5 review articles (Figure 3-1). Eleven prinsegroh articles were
relevant to the research question, of which 9 were obtained from the PubMed search and
2 were discovered by examining the reference lists from the revievesurtiine of the
11 relevant publications met the quality criteria and were included in the fingéiana
More than 11 types of fibers were studied and doses ranged from 3.8 to 27 g. Fiber was
primarily supplied via a supplemented grain product (e.g. bread, muffins, or) cereal
which was consumed alone or as part of a mixed meal. Alternatively, fiber ovédaor
as a powder added to a beverage. General study characteristics and outcomes are

summarized in Table 3-1.

Three studies examined the effect$-@jflucan fibers on PYY response. Two
studies used randomized, crossover designs and controls matched for calories and
macronutrients. The first measured 3 g baglgjyucan in 14 normal weight
volunteers™® Area under the curve (AUC) measured over 3 hours was significantly
higher followingp-glucan intake compared to control. In a similar study, 3 doses (2.2-

5.5 g) of oaB-glucan were tested in 14 overweight men and wottfeRYY levels were
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compared to control at individual time points (AUC was not compared). The highest
dose of-glucan resulted in significantly higher PYY levels after 4 hours compared t
control. A dose response effect was observed for increasing le\getdufan.

Although these studies are limited by small sample size, they suggest a 8&d¢(6f

glucan may raise postprandial PYY levels.

One study examined the effects of chrgiiglucan supplementation on PYY
levels. In a parallel design, overweight women (n=66) consumed a low calorie diet
supplemented with 0, 5-6 or 8-Peglucan for 3 monthd** Total fasting PYY decreased
in all groups compared to baseline, but the decrease was significantlyrldss thigh
dose compared to control. However, it is not possible to distinguish the effects of fiber
supplementation from the effects of caloric restriction and weight loss on goubther

levels.

Two randomized, crossover studies examined the effect of wheat and/or oat fiber
on PYY response. Juvonen et al. tested 10 g wheat or oat bran alone, 5 g of each in
combination, and a control and found no differences in PYY response among
treatments*? Similarly, Weickert et al. tested 10.5 g of added wheat or oat fiber in 14
women and found that postprandial PYY Ablgowas blunted following wheat fiber,

while PYY levels after oat fiber did not differ from controf.

Other fiber sources were tested in single studies, but at varying doses. |
randomized, crossover design, subjects (n=20) consumed 0, 4, 8, or 12 g of a mixed fiber
(pectin, barleyB-glucan, guar gum, pea fiber, and citrus fiferPYYs.36 AUCq.60 did
not differ among treatments; however, many samples fell below the assetyatelevel.
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In another randomized crossover study, subjects (n=16) consumed 4 isoenergetic meals
with varying amounts of psyllium (6.2-27 g) and soy protein or a bread c3#trohe
high fiber meals caused a longer elevation of PYY levels compared to control, but this

was only significant at 90 min and 120 minutes after the meal;,Akd@id not differ.

Two studies using parallel designs examined chronic consumption of a fiber
source. Subjects (n=10) consumed 16 g/d of an inulin/oligofructose blend or control for
2 weeks, at which point postprandial PYY was measured in response to a free choice
buffet breakfast®” Mean total PYY levels were compared at individual time points
(AUC was not measured). Plasma PYY was significantly increased 10 mafigies
breakfast in subjects who had been consuming the inulin treatment compared to control.
Another study examined the effect of increasing doses (5 to 10 g) of a functi@nal fi
blend consumed for 3 weekS. Following intervention, fasting PYY was significantly
higher in the supplemented group compared to control, but only in a subset of individuals

with BMI <23. In addition, PYY levels at week 3 were not different from baseline.

Overall, the available evidence does not show a clear effect of fiber on PYY
levels. Acute feeding studies reported that small amourfitglofcan or large amounts
of psyllium increased postprandial PYY, while wheat and oat bran and a mixed fiber
blend did not increase PYY compared to control meals. Chronic, daily consumption of
B-glucan combined with energy restriction was shown to decrease fastirgdérNY,
while a mix of inulin and oligofructose or a functional fiber blend had littlecetia

fasting PYY levels. In general, the available studies are limitedrbgleasize and study
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design. The wide variety of fiber types and doses used make it is difficult éordest

overall relationship between fiber and PYY response.

Effect of Fiber on Glucagon-Like Peptide-1 Concentrations

The PubMed search generated a list of 53 publications, including 37 original
research articles and 16 review articles, meta-analyses, or tetteeseditor (Figure 3-
1). Nineteen primary research articles were relevant to the respastion, of which 17
were obtained from the PubMed search and 2 were discovered by examining the
reference lists from the review articles. Of the 19 relevant publicationsetlhen
quality criteria and were included in the final analysis. Many types af\iibee
evaluated, with doses ranging from 1.7 g to 29 g fiber. In 11 studies, the fiber was
provided as a supplemented grain product (most commonly bread), while in the other 5
studies, a powdered fiber supplement was mixed with a beverage or other test product.

General study characteristics and outcomes are summarized in Table 3-2.

Several studies tested multiple types and amounts of fiber, but only one
combination showed a positive impact on GLP-1 levels. In a randomized, crossover
design, subjects (n=15) consumed 7 test meals with varying levels (9.9-81 ganf diet
fiber plus resistant starch (RS) from various forms of barley, oats, and rdazmbfie
starch or a low fiber contrf® Test meals were consumed in the evening, and GLP-1
was measured the next morning following a standard breakfast. The total GUE,1 A
120 Was significantly higher than control following consumption of the test meal

containing 20.2 g fiber + RS from ordinary barley. There were no other difesrenc
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among treatments. This suggests the source of fiber may be more importahetha
dose, since other treatments with similar amounts of fiber + RS had no effecheAnot
study that compared 5.5 g whole wheat barley to control found no differences in GLP-1

AUC 300 following the test meat*’

Additional studies have evaluated the effect of fiber from other whole grain
sources on GLP-1 response. Two crossover studies compared various types and doses
(6.1-29 g) of rye bread to a low-fiber white bread matched for availatileloalrates.

In both studies, GLP-1 AU o did not differ among treatment& **° A high fiber rye
bread (whole meal rye bread enriched with rye bran) providing 29 g fiber caused
significantly greater GLP-1 values compared to control at 150 and 180 minutes
postprandially’*® However, this product was also higher in energy, fat, and protein, so it
is unclear if fiber was responsible for the observed effects. A ryd brea&ched witlf-
glucan (17.1 g fiber, including 5.4fgglucan) also increased GLP-1 compared to control
later in the postprandial period (120 and 150 minut&shn a randomized, crossover
design, Weickert et al. examined the effect of 10.5 g wheat or oat fiber compared t
control and found no differences among treatments in GLP-1 measured gsoftiC
individual time point$™® Similarly, ancient wheat Einkorn (4-6 g) did not alter GLP-1
AUC.150 compared to a modern wheat bréddHowever, fiber differences between

control and treatment were minor and the sample size was small (n=11).

Psyllium was tested in two randomized, crossover trials. In the first, sbjec
(n=10) consumed a meal with added psyllium (1.7 g) and/or fat or an unsupplemented

meal matched for available carbohydrafésGLP-1 AUG..40was significantly higher
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than control in the meal with added psyllium and fat, but this effect was likelypdue t
caloric differences between meals. AUC was not different betweerokantt the low

fat psyllium treatment, which was matched for caloftésin a later study, isoenergetic
meals with varying levels of psyllium (6.2-27 g) and protein were compared to an
unsupplemented contrdt* GLP-1 AUG.120did not differ among treatments, but GLP-1
concentrations decreased below baseline following consumption of the high fiber, high

protein treatment, indicating a negative effect of fiber and/or protein on GLRls.le

Two studies tested pea fiber, either alone or as part of a mixed fiber blend. In a
study by Raben et al., subjects (n=10) consumed a meal supplemented with 25.5 g pea
fiber or low fiber control matched for energy and macronutri€ntBhere were no
differences in GLP-1 between treatments when measured ag AMC at individual
time points. Willis et al. examined the effect of muffins supplemented with 0, 4, 8, or 12
g of a mixed fiber (pectin, barl@¢glucan, guar gum, pea fiber, and citrus fiber) and
found that GLP-1 AUggo was significantly higher for the 0 g dose than the 4 and 12 g

doses, which again suggests a potential suppressive effect of fiber on®LP-1.

Three randomized, crossover trials measured GLP-1 response to fiber dissolved in
a test beverage. Two studied the effect of a preload of guar gum (2.%lgctoge or
water (control), followed by a test meéaf: 3** In both studies, GLP-1 levels were
increased compared to control between 30 and 60 minutes postprandially. However, this
is not a useful comparison since GLP-1 is known to increase as a result of caldric |
The fiber treatment contained 200 kcal and was compared to a non-caloric control. In

another study, there were no differences in GLP-1 Ad§between a beverage
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containing 24 g inulin + 56 g high fructose corn syrup (HFCS) and beverages with 80 g

or 56 g of HFCS alon&”

Three studies with parallel design have evaluated the effect of chitoic fi
supplementation on GLP-1 levels. Consumption ofegitican (5-6 or 8-9 g/d) as part
of a reduced calorie diet led to a reduction in fasting GLP-1 levels after Bsitnt
Values were not different from a control group on the same low calorie diet, Bagges
that weight loss has a greater effect on gut hormone levels than fiber. In atadyer
subjects consumed increasing doses (5 to 10 g) of a novel functional fiber or cor8rol for
weeks** There were no differences in fasting GLP-1 levels at the end of theereatm
period. Similarly, fasting GLP-1 levels were not different in subjectsiveng 16 g/d of
an inulin/oligofructose blend or control for 2 weéRSs.However, GLP-1 was elevated
compared to control at 10 minutes following a standard meal in subjects who had
consumed fiber; AUC was not evaluated. These studies suggest chronic fiber intake
independent of weight changes does not impact GLP-1 levels. In addition, due to the
parallel design, these studies must be interpreted with caution, given tivediatgunal

variability in gut hormone levels.

The available research suggests that fiber does not increase GLP-1 levels
compared to control. Most studies were limited by sample size or design. Only one
study reported an increase in GLP-1 AUC following fiber intervention (20.2 g oydina
barley), and other studies with similar types or doses of fiber found no effedt.débgs

of fiber (17-29 g) from rye bread significantly increased GLP-1 betwes 3 hours

79



after a test meal, but at no other time points. Other fiber interventions showdeano ef

on GLP-1 concentrations when matched for calorie content.

Effect of Fiber on Cholecystokinin Concentrations

The PubMed search generated a list of 64 publications, including 47 original
research articles and 17 review articles, meta-analyses, or tetteeseditor (Figure 3-
1). No additional articles were discovered from examination of revieweantterence
lists. Eleven primary research articles were relevant to thercesgaestion, of which 9
met the quality criteria and were included in the final analysis. Fibes &@m a variety
of sources, byt-glucan sources were the most common; fiber doses ranged from 3.7 to
35.5 g fiber. While most studies provided fiber as part of a mixed meal, one used a fiber-
supplemented liquid formula. Control meals were generally well matched to the
treatment meals in terms of energy and macronutrients. General Bardgteristics and

outcomes are summarized in Table 3-3.

Several studies evaluated CCK response to supplementation with fibers
containingB-glucans. Test cereals containing varying amounts di-gatcan (2.16-
5.65 g) were compared to a low fiber cereal in a randomized, crossover #@sigrere
was a significant dose response for women (n=7), but the combined sex analyses showe
no differences in CCK AUg,40 A similar gender effect was observed in subjects
consuming mixed meals containing 7 g (control) or 20 g fiber (added fiber in the high
fiber meal was primarily from oat8}® In women, the high fiber meal elicited a

significantly higher mean CCK response compared to control, while the CCK response
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between meals did not differ in men. In another study, male volunteers (n=11) consumed
pasta made from barley with hijglucan content (15.7 g fiber; 5gglucan) or

control®*’ CCK AUG.360did not differ, but the pattern of CCK response was different.
While CCK concentrations returned to baseline by 3 hours after the low fibErGaa

levels did not return to baseline until 6 hours following the high fiber meal.

In a chronic study using a parallel design, consumption d§-gatcan (5-6 or 8-9
g/d) as part of a reduced calorie diet for 3 months did not alter fasting G€K le
compared to control in woméft- Another chronic study evaluated addition of 20 g
partially hydrolyzed guar gum (PHGG) to a very low calorie formulaidiebese
women (n=25¥>® Women received PHGG during either week 3 or 5 of the diet.
Following a meal challenge using the formula diet, average CCK conoemsrdid not

differ between treatment and control.

Additional randomized, crossover trials have evaluated different types obfiber
types of carbohydrate. In a small study, men (n=10) consumed a test meal withel2 g
from bean flakes or a low fiber meal matched for energy and macronutrieftise bean
flake meal produced almost twice the CCK Adigs response, which was statistically
significant. Pasman et al. compared the effect of isoenergetic measoantomplex
or simple carbohydrates in 26 male volunté&tsThe complex carbohydrate meal
contained 6.7 g of fiber, provided primarily by rye bread. There was no difference in
CCK response between the meals when measured ag Ad4C at individual time

points.
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Two studies compared meals that differed in glycemic index. The first found that
consumption of a low fiber (2.4 g), high glycemic index meal resulted in a sajnific
greater CCK AUG.4g0 compared to a high fiber (35.5 g), low glycemic index meal in
female volunteers (n=235" In contrast, when matched for fiber content (29-30 g),
consumption of a low glycemic index meal resulted in significantly gr€ai& AUC,.

420in men (n=12)%

The available evidence indicates that fiber does not have a consistent effect on
CCK levels. In a small, but well designed study, fiber from bean flakesd¢audear
increase in CCK compared to control, but the results are applicable only to mea. Acut
consumption of fiber from oats may increase CCK in women only, while chronic intake
of fiber has no effect. In addition, meals varying in type of carbohydrdtkegie
inconsistent effects on CCK. Most studies were limited by small sampleasid may
not be representative of the general population since they were conducted in certain

genders, BMI ranges, or individuals on a reduced calorie diet.

Effect of Fiber on Ghrelin Concentrations

The PubMed search generated a list of 51 publications, including 40 original
research articles and 11 review articles, meta-analyses, or tetteeseditor (Figure 3-
1). Twenty-three primary research articles were relevant to theckspsgestion, of
which 19 were obtained from the PubMed search and 4 were discovered by examining
the reference lists from the review articles. Of the 23 relevant ptuibtisal9 met the

quality criteria and were included in the final analysis. A variety of indiviibats and

82



fiber blends were studied, with doses ranging from 2 to 52 g fiber. Twelve studies
provided fiber as a supplemented grain product or as part of a mixed meal, 5 added
powdered fiber to a liquid or semi-solid product, and 2 added fiber to water. General

study characteristics and outcomes are summarized in Table 3-4.

Several studies measured ghrelin respongeglacan supplementation. In a
randomized, crossover design, subjects (n=14) consumed isoenergetic breadsl enri
with 3 g barleyg-glucan or controf*® Ghrelin AUGy.1g0wWas significantly lower
following the fiber treatment. In contrast, there were no differencesahigAUCo.240
among subjects (n=14) consuming cereal supplemented with varying doseg-of oat
glucan (2.16-5.65 g) or control matched for available carbohydrate and pfStein.
Similarly, in a 3 month parallel trial, supplementation withfgtucan (5-6 or 8-9 g)
had no effect on fasting ghrelin levels in women on a reduced calorié'didawever, it
possible that any effect of fiber would have been overshadowed by the influence of
weight change on gut hormone levels. Additional randomized, crossover trials using 10
10.5 g fiber from oats or wheat did not show a suppressive effect of fiber on ghrelin
levels compared to an isoenergetic contfol** In fact, one study found that 10.5 g

wheat fiber resulted in significanthigher ghrelin AUGy.150compared to contrdf?

A series of crossover studies examined the effects of carob fiber on postprandia
ghrelin levels. In the first study, subjects (n=20) consumed a liquid meal alone or
enriched with 5, 10, or 20 g carob fib&t. Acylated (but not total) ghrelin was
significantly lower 60 minutes after the test meal for all doses of fiber qeihpa

control. There were no other differences over the 5 hour postprandial period, and AUC
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was not analyzed. In contrast, the same doses of carob fiber added to glueobaavat

no effect on acylated ghrelin, but the 10 g dose decreased total ghrelin compared to
control®®* In a third study, volunteers consumed calorie and nutrient matched meals with
or without 50 g carob fiber, followed by an overnight f&3tGhrelin was measured the

next morning following ingestion of a standardized white bread. Fastingextyiait

not total) ghrelin was significantly higher following consumption of the meal exttich

with carob fiber; there were no differences in postprandial ghrelin levels.

There were 9 additional acute, crossover studies with fiber and ghrelin, each
testing different types of fiber. In a study by Karhunen et al., subject§)oesthsumed
isoenergetic meals with varying levels of psyllium (7.6-27 g) and proteimoav fiber,
low protein control in randomized ord®f. The declines in total ghrelin, measured as
AUC,.1p0 after the high fiber meals were blunted and differed significantly frortotine
fiber meals. Similarly, in subjects (n=11) consuming a meal with 6 g aralttamosry
control matched for energy and macronutrients, ghrelin suppression was greater
following control®®® In a study by Willis et al., subjects (n=20) consumed muffins with
0, 4, 8, or 12 g of a mixed fiber in random orffeiThere were no differences in Ald&
between treatments and control, but the highest dose led to significantly higher value
than the lower doses. Consumption of rye products with varying levels of fiber (6.5-12.3
g) did not alter ghrelin AUg180compared to low fiber control matched for available
carbohydrate?®” These studies suggest that fiber does not have a suppressive effect on
ghrelin, and that certain fibers may actually blunt the decline in postprandihghre

levels.
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In contrast, several studies have reported greater declines in gavels |
following fiber compared to control. Consumption of bread enriched with lupin kernel
flour (15 g fiber) resulted in significantly lower plasma ghrelin values éhealorie-
matched white bread over a 3 hour postprandial p&ffotlowever, the enriched bread
also contained twice the protein as control, so it is unclear if the effeatsiaro fiber,
protein, or the combination. Consumption of 6 g fiber from plums produced significantly
lower ghrelin values compared to white bread, but only at 15 and 30 minutes after the

meal; there were no differences in ghrelin Al46>%°

Addition of 24 g inulin to a
HFCS beverage caused a significant decrease in ghrelin levels compeoattdg but
not until 4 hours later, after a standard test lunch was constim@tis suggests that

fiber may produce a"2meal effect on ghrelin levels. Although these studies suggest a

suppressive effect of fiber on ghrelin, any effects appear to be short lived.

Two studies tested the influence of different types of carbohydrate onnghreli
levels. Ghrelin response was not different when subjects consumed a high glycemic
index meal or a low glycemic index meal with similar fiber cont&ntn another study,
subjects consumed meals containing simple or complex carbohydrates rag) catgrie
levels, but with similar fiber conteft’ The decrease in ghrelin AYGiowas greater for
the high calorie, simple carbohydrate meal than for the high calorie, complex
carbohydrate meal, which suggests carbohydrate structure may aftdot gwels,

regardless of fiber content.

Two additional studies examined the effect of chronic fiber supplementation on

fasting ghrelin levels. In a randomized, crossover design, subjects consumdd 12 g/
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pullulan, RS, soluble fiber dextrin, soluble corn fiber or control for 2 weeks each. There
were no differences in fasting ghrelin among treatm&htSimilarly, consumption of a
novel functional fiber for 3 weeks did not alter fasting ghrelin levels compared to a

control diet** However, this study was limited by parallel design.

The available evidence suggests fiber does not positively influence postprandial
ghrelin levels. The majority of studies found that fiber had no effect or a negtégee
on ghrelin (higher levels compared to control) over a range of fiber sources aad biose
the few studies showing a suppressive effect of fiber, lower ghrelin wakresonly
observed at limited time points throughout the postprandial period. However, many of
these studies were limited by small sample size, lack of crossover desige, of a

control that differed in variables other than fiber content.

Discussion

The available literature on fiber and gut hormones is limited in both quality and
guantity. Few studies with strong design (randomized, controlled, double-blind,
crossover trials) measure gut hormone levels following acute fiber intakeefditeg to
provide a more complete assessment of the literature, studies withl ghasilig and
those that measured fasting hormone levels after chronic fiber intakals@iacluded
in this review. Gut hormone levels can be highly variable from individual to individual,
so the reliability of results from those studies is unknown. There is alsadittistency
in the types of fibers and doses used across studies, and a wide variety of igxdeded f

synthetic fibers, and high-fiber whole foods were used. Furthermore, coratolérgs
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differed greatly among studies and were not always appropriate for exanhmeaiafject
of fiber supplementation. Since the primary outcome was gut hormone levels abmpare
to control, the use of inappropriate control treatments could significantlyradteegults.

These variations make it difficult to discern the true effect of fiber on gutdmee levels.

Few studies have been conducted investigating the effect of fiber on PYY release.
Only nine publications met the inclusion criteria for the current review, resulti2g
fiber-control comparisons based on many different fiber types and levelbo<ef t
comparisons, the influence of fiber on circulating PYY levels was seen outé a
feeding of test meals containing 3-6 g barley orflegiucan or greater than 25 g
psyllium. Generally, fat and protein, as well as calorie load of a meal, havatergre
influence on release of PYY into circulation than carbohydrateé® Fiber, as a
member of the carbohydrate family of macronutrients, might not be expecteldiémaef

PYY to a great extent beyond the provision of calories to a meal.

Sixteen publications investigating the effect of fiber on GLP-1 releas¢hm
inclusion criteria for the current review, resulting in 34 fiber-controlganmsons based
on many different fiber types and levels. Of those comparisons, influencerahtiaés
on circulating GLP-1 levels were seen primarily when differences aniealontent of
the products were reported-or instance, in a study of psyllium, an increase in
circulating GLP-1 was found when fat, and therefore calories, was addedéstthesal,
but not when the meals were matched for en&fgirculating GLP-1 levels are known
to be influenced by calories consumed, however when calorie content of a heddl is

constant, carbohydrates and proteins are potent stimulators of GLP-1 t&léasahe
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results of this review suggest that calories are a more potent stimul@bPef release
into the bloodstream than fiber. Any effect of fiber on appetite through GLP-1 action

may be mediated directly via the vagal nerve and not as a result of circulafng).G

Nine publications investigating the effect of fiber on circulating Ee¢ICCK
met the inclusion criteria for the current review, resulting in only 14 fiber-glontr
comparisons based on many different fiber types and levels. In generakuhe would
suggest that fibers are not efficacious in promoting higher levels of cintu@CK.
These results should not be surprising as carbohydrates have not been found to be as
robust in their influence on circulating CCK levels as either protein or fagedBon this
review, two areas of interest for further investigation are the influence 10 lbea
glycemia on CCK releasd® %2 Although only 1 study has been published examining
bean flakes, the results were quite promising with twice the response, base@€pon A
when compared to a control meal. The efficacious component of the bean may be the
protein and/or phytonutrient co-passengers in the formulation. Glycemic index of a mea
was examined by Reynolds and coworkers with a report that, when controlldukfor fi
content of the meal, glycemic index significantly influenced the CCK respiorike
meal®®? Preliminary research has suggested that glycemia may influendéeappé
satiety and this is the first report that suggests that one mechanism mkdaetoeCCK

release. More research is needed in both of these areas to confirm thesedeagty. f

Ghrelin is known to be influenced by consumption of food. The increase in
ghrelin levels between meals is generally reversed once food is consumed. fome da

suggest that protein and carbohydrates are more effective than lipids atteitetinga

88



rise in ghrelin; however, the presence of food in the gut may be the primanyitatet
factor. Nineteen publications investigating the effect of fiber on atteguiinrise in
circulating levels of ghrelin met the inclusion criteria for the currewew, resulting in

44 fiber-control comparisons. Although several studies examining specifipdimis
following the meal suggest that the influence of fiber on ghrelin may be tincdispe
other data suggest that inclusion of fiber in a meal may actually blunt the posipra
decrease in ghrelin. In general, data reported as AUC did not support the hypb#iesis

fiber suppresses ghrelin levels.

Other issues complicating gut hormone research are related to the tgadaiolo
aspects and limitations involved in the measurement of gut hormones. Most studies rely
on more affordable, but less sophisticated techniques, such as enzyme immunoassay or
radio immunoassay, for gut hormone analy&sThese often measure the total amount
of the peptide, rather than a specific form. In many cases, only certain forms of a
hormone may be bioactive, so measuring the total concentration may not be entirely
informative. In addition, some studies have shown changes in one form of a peptide, but
not another (e.g. acylated ghrelin vs. total ghrelin), suggesting that inegastal
peptide amounts is providing an incomplete pictiteFurthermore, degradation of some
peptides (e.g. GLP-1 by DPP-1V) both in the blood and in stored samples could lead to
inaccurate measurements and interpretations. In addition, since mamyrganas bind
their receptors and exert actions in the gut, measurement of these pepielesus

blood may not be meaningful in terms of their physiological effects.
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The primary reason for measuring gut hormones following fiber interverstian i
identify potential mechanisms by which fiber may influence appetite. Wit is
important to consider the fact that individual gut hormones are not releasedtinrnsola
following a meal. Instead, they are released in concert with other hornmmahpe@tides
which act together to control the digestion and absorption process and signal energy
needs. Nevertheless, most studies focus on individual hormones as independent
contributors to the primary outcome of appetite. Specific combinations of gut hormones
have been shown to have additive effects on outcomes such as inhibition of food intake,
and other synergistic relationships may eXistBy studying each hormone in isolation,

we may be missing the bigger picture.

Conclusion

The available research does not support a consistent effect of fiber on ngpdifyin
circulating gut hormone levels. While it is possible that fiber does not influgp=tite
via gut hormone pathways, it is also possible that the lack of consistent stugly desi
merely prevents us from forming conclusions around this relationship. Curreatates
uses a wide variety of fiber sources with different physical and cheprimaérties which
may influence gut hormone response. Different fiber types may inflggndermone
levels based on their physicochemical properties, but additional researghiieddo
examine this relationship. The relationship between fiber intake and appefitdsa be
mediated by mechanisms not detectable with the measurement of cigcglathormone
levels.
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Figure 3-1 Search process and selection criteria diagram

Initial Search

PubM ed Search
Search terms: (dietary fiber OR fiber OR fibre ORole grain OR complex carbohydrate|
AND (gut hormones OR ghrelin OR peptide YY OR péetiyrosine tyrosine OR PYY Of

Articles
from
R Review

glucagon-like peptide-1 OR glucagon like peptide GEP OR GLP-1 OR cholecystokinin Sear ch*

OR CCK)
Limits: Humans, English language
PYY=27 PYY=2
GLP-1=53 GLP-1=2
CCK=64 CCK=0
Ghrelin=51 Ghrein=4
1*'level of evaluation: Relevance Y
Include Exclude Review Articlesand
(PubMed and Infants, children, adolescents, young adults, alima Letterstothe
Review Search)| populations with disease (i.e. eating disordehelies, Editor from
hypertension, hyperlipidemia/cholesterolemia, maltion, PubM ed sear ch
bowel disorder, cancer), pregnancy, no gut hornwarteome,
no fiber intervention, published before 1990, nablshed in a
peer-reviewed journal, dropout rat20%
PYY=11 PYY=13 PYY=5
GLP-1=19 GLP-1=20 GLP-1=16
CCK=11 CCK=36 CCK=17
Ghrelin=23 Ghrelin=21 Ghrein=11
2" level of evaluation: Quality Y
Include Exclude Review Articlesand
No control, fiber source and/or dose not reported Lettersto the Editor
from PubM ed
search
PYY=9 PYY=15 PYY=5
GLP-1=16 GLP-1=23 GLP-1=16
CCK=9 CCK=38 CCK=17
Ghrelin=19 Ghrelin=25 Ghrein=11
Final Count v
Articles Articles Not Used in Review
Used in Articles from PubMed search and review searchdithhot meet criteria
Review Review articles and letters to the editor from Peld\earch
PYY=9 PYY=20
GLP-1=16 GLP-1=39
CCK=9 CCK=55
Ghrelin=19 Ghrein=36

* Reference lists of reviews from PubMed searchenestamined. References that met relevance criteria

were included and later examined for quality
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Table 3-1. Studies measuring effect of fiber on PYY

PYY Increasevs.

Ref N X/P | C/IA Fiber Type Fiber Dose
Control
= 14 X A | barleyp-glucan
concentrate 39 ves
A 14 X A | oatp-glucan 229 No
oatp-glucan 3.8¢g No
oatp-glucan 55¢ Yes (2-4 h after test meal
341 66 P C | B-glucan 5-6 g/d x 3 months No (fasting values)
B-glucan 8-9 g/d x 3 months No (fasting values)
42120 X A | wheat bran 10 g No
oat bran 10g No
wheat bran + oat bran 5 g each No
34 14 X A | wheat fiber 10.5¢g No
oat fiber 10.6 g No
& 20 X A | mixed fiber 49 No
mixed fiber 8¢ No
mixed fiber 129 No
344 16 X A | psyllium + low protein 7649 No
psyllium + low protein 2749 Yes
psylllym + high 62 No
protein
psyllium + high
protein 25.8 Yes
187 10 X | CIA | diinjoligofructose Yes (but only at 10 min
blend 9 16 g x 2 wks after standardized non-
fiber meal on day 14)
34T 54 P C Yes (in BMI <23; values

Functional fiber blend

5 g/d x 1 wk, then
10 g/d x 2 wks

not different from
baseline)

A, acute intake; C, chronic intake; C/A, chronitake, acute meal challenge; P, parallel design; X,
crossover design
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Table 3-2. Studies measuring effect of fiber on GLP-1

GLP-1Increasevs.

Ref N X/P | AIC | Fiber Type Fiber Dose
Control
341 66 P C | B-glucan 5-6 g/d x 3 months No (fasting values)
B-glucan 8-9 g/d x 3 months No (fasting values)
81 20 X A | mixed fiber 49 No
mixed fiber 8¢ No
mixed fiber 129 No
344 16 X A | psyllium + low protein 760 No
psyllium + low protein 279 No
psyllium + high protein 6.2 9 No
psyllium + high protein 25.8 No
187 inulin/oligofructose Yes (but only at 10 min
10 X C/A 16 g x 2 wks after standardized non-
blend '
fiber meal on day 14)
345 54 P C | functional fiber blend 2 ghiel o2 1w, e A No (fasting values)
g/d x 2 wks
sae 15 X A | ordinary barley 2029 Yes
cut ordinary barley 19.4¢ No
ordinary barley 99¢ No
high amylose barley 38.1¢g No
high B-glucan barley 8lg No
resistant starch 115 No
el 10 | X A | whole wheat bread 6.39 Yes
whole wheat barley
bread 55¢ No
sat 20 X A | whole kernel rye 12.8¢ No
whole meal rye with oat 171 Yes (but only at 120 and
B-glucan concentrate =9 150 min after meal)
dark durum wheat pasta 5649 No
34¢ 19 X A endosperm rye 6.19g No
whole-meal rye 152 ¢ No
whole-meal rye 29 Yes (but only at 150 and
enriched with rye bran 9 180 min after meal)
B 114 | x | A | wheatfiber 10.5 g No
oat fiber 10.6 g No
351 11 X A | ancient wheat Einkorn 4-6 g No
352 10 X A | psyllium 179 No
psyllium + fat 1.79 Yes
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Table 3-2. Studies measuring effect of fiber on GLP-1, continued

Ref

N

XIP

AlC

Fiber Type

Fiber Dose

GLP-1Increasevs.
Control

g

10

X

A

pea fiber

255¢

No

353

58

X

A

guar gum (+galactose)

25¢g

Yes (but vs. water;
important kcal
difference)

354

30

X

A

guar gum (+galactose)

25¢

Yes (but vs. water;
important kcal
difference)

35t

12

X

A

inulin (+HFCS)

249

No

A, acute intake; C, chronic intake; C/A, chronitake, acute meal challenge; HFCS, high fructose cor
syrup; P, parallel design; X, crossover design
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Table 3-3. Studies measuring effect of fiber on CCK

CCK Increasevs.

Ref N X/P C/A | Fiber Type Fiber Dose Control
34 14 X A B-glucan 2.16 g No
B-glucan 3.82¢ No
B-glucan 5.45¢ No
e = ot 5.65 Y ——
glucan concentrate 029 (EEEE [ESDTEE
women)
341 66 P C | B-glucan 5-6 g/d x 3 months No (fasting value
B-glucan 8-9 g/d x 3 months No (fasting value
35€ 16 X A oat bran 20g Y es (women only)
B-glucan enriched No
357 11 X A fraction of barley 15.7 g, including (ele_vated above
5gp-glucan baseline for 6 hrs vs.
flour .
3 hrsin ctl.)
barley flour naturally 15.7 g, including No
high inp-glucan 5gp-glucan
358 5 C partially hydrolyzed 20 g No
guar gum
35¢ 10 A bean flakes 129 Yes
260 complex No (vs. low fiber,
26 X A carbohydrate 6.79 simple carbohydrate
meal)
361 292 X A low glycemic index 355 No
meal
362 low glycemic index Yes_(vs. high .
12 X A 3049 glycemic meal with
meal :
equal fiber)

A, acute intake; C, chronic intake; C/A, chronitake, acute meal challenge; P, parallel desigryossover

design
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Table 3-4. Studies measuring effect of fiber on ghrelin

Ref

N

XIP

CIA

Fiber Type

Fiber Dose

Ghrelin Decrease vs.

Control
= | x | A |k T Vs (AU
34 14 B-glucan 2.16¢g No
B-glucan 3.82¢ No
B-glucan 5.45¢ No
o | ses No
341 66 P C | B-glucan 5-6 g/d x 3 months No (fasting values)
B-glucan 8-9 g/d x 3 months No (fasting values)
s4z 20 X A | wheat bran 10g No
oat bran 10g No
wheat bran + oat bran 5 g each No
ELE 14 | X A | wheat fiber 10.5¢ No
oat fiber 10.6 g No
8l 20 X A | mixed fiber 49 No
mixed fiber 8¢ No
mixed fiber 129 No
344 16 X A psyllium + low protein 760 No
psyllium + low protein 279 No
psyllium + high protein 6.2 9 No
psyllium + high protein 25.8 No
345 54 P C | functional fiber blend 5g/d x 1wk, then 10 No
g/d x 2 wks
35 | 12| x | A |inulin (+HFCS) 24 g hg:fs(:g:; &E?ec; ‘;ga
362 12 X A low glycemic index mea 309 No
363 20 X A CEE 3 ol ({0 FTpee 59 Yes (acylated only)
meal)
Cmaégg eer (i mbe 10g Yes (acylated only)
carob fiber (in mixed 20g Yes (acylated only)

meal)
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Table 3-4. Studies measuring effect of fiber on ghrelin, continued

Ghrelin Decrease vs.

Ref N | X/P | C/A | Fiber Type Fiber Dose Control
364 20 X A carob fiber (in glucose 5q No
water
carob fiber (in glucose 10g No
water)
carob fiber (in glucose 20g No
water)
365 .
19 A | carob fiber 45 ¢ No
see 11 X A | Arabinoxylan 6g No
ser 12 X A Endosperm rye bread 6.790 No
Whole grain rye bread 9.6¢g No
Rye bran bread 12.3¢g No
Endosperm rye porridge 6.5¢ No
Whole grain rye porridge 10.1 g No
see 17 lupin kernel 15¢ Yes
369 s : Yes (but only at 15 and
19 A | fiber from dried plums 69 30 min after meal)
370 low kcal meal (fiber
20 X A from fruit) l4g ALY
high kcal, simple
carbohydrate 129 pE
high kcal, complex
carbohydrate 129 N
s 20 X C pullulan 12 g/d x 2 wks No (fasting values)

resistant starch

12 g/d x 2 wks

No (fastingies)

soluble fiber dextrin

12 g/d x 2 wks

No (fagtivalues)

soluble corn fiber

12 g/d x 2 wks

No (fastirajues)

A, acute intake; C, chronic intake; C/A, chronitake, acute meal challenge; HFCS, high fructose cor
syrup; P, parallel design; X, crossover design
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Chapter 4

RESISTANT STARCH AND PULLULAN REDUCE POSTPRANDIAL
GLUCOSE, INSULIN, AND GLP-1, BUT HAVE NO EFFECT ON SATIETY IN
HEALTHY HUMANS®

% This research was supported by Tate & Lyle Heafith Nutrition Sciences.
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Chapter Synopsis

Dietary fiber may increase satiety and have beneficial effectslofadors for
chronic disease. The mechanism for this is not well understood, but may be related to
changes in glucose, insulin, or gut hormone concentrations. The objective of this study
was to determine the effects of three novel fibers on satiety and enexgy amtd to
assess the relationship between these outcomes and serum parametershé&altegty
subjects (10 men and 10 women) with normal BMt2Rg/nT) participated in this
randomized, double-blind, crossover study. Fasted subjects consumed a low-fiber control
breakfast or 1 of 4 breakfasts containing 25 g fiber from soluble corn fiber (SCF) or
resistant starch (RS), alone or in combination with pullulan (SCF+P and RS+Bal Vis
analog scales assessed hunger and satiety and blood samples were tolieetesure
glucose, insulin, ghrelin and glucagon-like peptide-1 (GLP-1) at variousageafter
the meal. Food intake was measured adahbitumlunch and for the remainder of the
day. The fiber treatments did not influence satiety or energy intake cafriparentrol
(p>0.05). RS+P significantly reduced glucose, insulin, and GLP-1 concentrations
(p<0.05), but neither SCF treatment altered serum parameters compared to ¢ontrol
conclusion, when provided as a mixed meal matched for calories and macronutrients,
these fibers have little impact on satiety. Additional research regalainmhysiological
effects of these novel fibers is needed to guide their use as functiomaliengs in food

products.
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Introduction

Fiber consumption is inversely associated with body weight, body fat, and BMI in
cross-sectional studies, and fiber supplementation has been shown to improve weight loss
in intervention trial€>* A number of review articles have summarized the ability of
dietary fiber to increase satiety and reduce energy ifftake>’ However, variability in
the literature on this topic makes generalizations difficult, and it is ot#aall fibers are
equally satiating® *** Characteristics of the fiber (e.g. solubility, fermentability, and
viscosity), dose, duration of intake, and how the fiber is consumed may all influence the
level of satiety achieved.

The mechanism by which fiber may impact satiety is not clear, but may tegrela
to changes in appetite-related gut hormones. A number of peptides, including glucagon
like peptide-1 (GLP-1), have been shown to increase satiety and decreaserdakegy i
in humans®® Conversely, ghrelin is known to stimulate hunger and energy iftake.
While many studies evaluate changes in gut hormone concentrations following intake o
carbohydrates, fats, and protein, few well-controlled studies measure slatigese
hormones after fiber consumption.

Fiber may also influence satiety via effects on postprandial glucosesuhi
concentrations. Certain fibers can delay gastric emptying and nutrsarpéon, thus
slowing delivery of glucose into the bloodstre3ih?* Some research suggests that foods
that produce a slower, sustained glucose response are associated witedncreas

satiety’>’® 3"®although not all research supports this relationhi?
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Epidemiological data indicates that high postprandial glucose concentia@ons
an independent risk factor for cardiovascular disease (CVD) in individuals with
diabeted’” *"®and are associated with mortality from CVD as well as all-cause ihortal
in non-diabetic men and wom&fY: *® Therefore, dietary strategies to reduce the
glycemic response to a meal may be useful for the prevention or managemebétsdia
and CVD. Addition of fiber to food products may improve glycemic response and have
beneficial effects on risk factors for chronic diseHse.

Fiber intake is low in the United States, with most individuals consuming only
half the recommended levefs. In response to this, the addition of functional fibers to
new or existing food products has been a growing trend in the food industry. However,
little is known regarding the physiological effects of many of thimed. Thus, the
purpose of this study was to evaluate the effects of three novel fibers on glosuobe, i
and gut hormone response and to examine the relationship between these variables and

subjective measures of appetite.

Subjectsand Methods
Participant Eligibility

Twenty subjects were recruited via flyers posted around the University of
Minnesota campus. Subjects initially completed a telephone screen to detétheye i
met the inclusion criteria. Eligible subjects were English speakinghleatn and
women aged 18 to 60 years, nonsmoking, non-dieting (weight stable over the past 3

months), with a body mass index (BMI) between 18.5 and 27°kgim with normal
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fasting blood glucose. Exclusion criteria were as follows: history oaskse
gastrointestinal conditions affecting digestion and absorption; use of meds;dtod
allergies to study products; persons who did not regularly consume breakisaaineds
eaters (score >10 on the dietary restraint factor of the Three Fatitog Buestionnaire
382 (Appendix C); vegetarians; individuals who consumed more than approximately 15 g
of fiber per day; or women who were pregnant or lactating. This study was approved by
the University of Minnesota Institutional Review Board Human Subjects Civeani

Written informed consent was obtained from all subjects prior to the start dfithye s

(Appendix D).

Screening and Study Visits

Eligible subjects attended a screening visit at the General ClinisabR#
Center (GCRC). The study coordinator verified medical history and anthrapomet
measurements, and fasting blood glucose less than 126 mg/dL was confirmiegevia f
stick. Subjects were instructed to follow a low-fiber, lead-in diet and to avord fibe
supplements, alcohol, and excessive exercise for 24 hours before each study visit.

On 5 separate occasions, subjects arrived at the GCRC following a 12 hour fast.
Each visit lasted approximately 4 hours and was separated by a washout periodstf at le
3 weeks. Women were only scheduled during the follicular phase of their menstrua
cycle, so some visits were more than 3 weeks apart. At the start of each Wsiyas
placed in the antecubital vein, followed by a 10 minute break to ensure the stress of

venepuncture did not alter baseline hormone concentrafforgtudy staff then
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instructed subjects on the use of computerized visual analog scales (VAS), aots subje
completed baseline appetite measures. Immediately following compdétioa VAS,
nursing staff drew baseline blood samples for glucose, insulin, ghrelin, and GLP-1.
Subjects then received a low-fiber control breakfast or 1 of 4 fiber-containirngdstsa
and were instructed to consume the entire meal within 20 minutes. Participentsotve
allowed to consume any additional food or water for the duration of the study.
Appetite ratings were recorded by VAS and blood samples were drawn for
glucose and insulin at 15, 30, 45, 60, 90, 120, and 180 minutes after completion of the
test meal. Ghrelin and GLP-1 were assessed at 30 and 60 minutes after the meal
Subjects rated palatability of the test meal at the 15 minute time point. @mnpf the
VAS always preceded blood sampling. The IV was removed following the 180 min
blood draw and subjects were then offeredaiibitumbuffet lunch. The lunch
consisted of a variety of pre-weighed food items, including sandwiches, soub fissh
fruits and vegetables, dessert, and beverages (Appendix E provides a full listsof ite
available at lunch). Subjects were instructed to eat until comfortably fukr 30
minutes, lunch items were removed and weighed to calculate energy intaieto Pri
discharge from the GCRC, a registered dietitian instructed subjects on togale

detailed food record for the remainder of the day.

Test Breakfasts
Subjects consumed the 5 test breakfasts in a randomized, crossover design. Meals

consisted of a muffin, hot cereal, and a fruit flavored beverage powder mixed into 250 ml
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water (Appendix F provides information on preparation of the test breakfasts). The fibe
treatments provided 25 g fiber from soluble corn fiber (SCF) or resistaci $RS)

alone or in combination with 5 g pullulan (SCF+P and RS+P). The control treatment
contained fully digestible maltodextrin. All test products were provided by arat Lyle

Inc. (Decatur, Ill.,, USA). Treatments were similar in appearance aredmegched for
calories, macronutrient content, and available carbohydrb#bdg4-1). Muffins were

stored at -20C and thawed at room temperature 2 hours prior to each subject visit.

Visual Analog Scales (VAS)

Ratings of hunger, satisfaction, fullness, and prospective food intake were
assessed using a previously validated 100 mm $’ABhe questions appeared as
follows: How hungry do you feel? Not hungry at all (0 mm) to | have never been more
hungry (100 mm); How satisfied to do you feel? | am completely empty (0 anim) t
cannot eat another bite (100 mm); How full do you feel? Not at all full (O mm) tdyTota
full (100 mm); How much do you think you can eat? Nothing at all (0 mm) to A lot (100
mm).

Subjects also completed five VAS questions to assess the palatability edtthe t
breakfasts. Visual appeal, smell, taste, and overall pleasantness wefenatgood (0
mm) to bad (100 mm). Aftertaste was rated from much (0 mm) to none (100 mm).

Appendix A provides the VAS for satiety and palatability.
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Dietary Intake Analysis
Food records were analyzed using the Nutrition Data System for Research
(NDSR, version 2008, Nutrition Coordinating Center, Minneapolis, MN) program for

determination of energy, carbohydrate, fat, protein, and fiber intake.

Sample Collection and Analysis

Glucose and insulin were analyzed by the Collaborative Studies Clinical
Laboratory at the University of Minnesota Medical Center. Glucose wasured by the
hexokinase method (Roche Diagnostics, Indianapolis, IN) and insulin was chete toyi
the double monoclonal antibody enzyme-linked immunosorbent assay method (Merodia
AB, Uppsala, Sweden). Gut hormones were analyzed with commerciallytde il
from Millipore, St. Charles, MO (Total Ghrelin, Cat. # GHRT-89HK; Active Glurag
Like Peptide-1, Cat. # EGLP-35K). Samples were collected and stored according to

manufacturer’s instructions (Appendix G).

Statistical Analysis

Subjects were randomized according to a Williams design that balanced
treatments over visits and subjects (Appendix H). There were ten sequences, and the
study was stratified so that both genders were assigned to each of the 10esequenc
Subjects were assigned to treatments in order of enrollment. The sarafte s

study was chosen based on clinical research in hutdafi$ie primary outcome variable
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is a change on the VAS, where a difference of 10 mm is considered clinically
meaningful.

Concentrations of gut hormones, glucose, and insulin are expressed as change
from baseline and were compared using area under the curve (AUC), calculagetiels
trapezoidal rule. Change from baseline AUC for the blood parameteas dibitum
food intake were compared among treatments using a mixed effects linedmitlode
random subject effect (Proc Mixed). This procedure calculated treatmems,mea
standard error, and statistical differences among means. Carryover aactionegerms
were tested in each model but were dropped from the final models because thagtwer
significant. Data are presented as meaS8&M. Spearman correlation coefficient tests
were performed to determine relationships between selected varialdésticat
significance was achieved at p<0.05. All analyses were completed with SARS.2 (S

Institute, Cary, N.C., USA).

Results
Subject Characteristics

Twenty subjects (10 men and 10 women) participated in this study. All 20
subjects completed all 5 study visits. The mean BMI wag 8/nf and the mean age
was 298 years. Fasting values for glucose, insulin, GLP-1, and ghrelin did not differ

among treatments.
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Satiety-Related Questions

AUC hunger, satisfaction, and fullness were not different among fiber treatments
AUC prospective food intake did not differ for any of the fiber treatments cehpa
control, but SCF+P differed from SCF: subjects felt they could eat more fojdive

SCF+P treatment than after the SCF treatniéigu¢e 4-1).

Food Intake

Energy intake at the lunch buffet and for the remainder of the day as reported by
food records did not differ among treatmerigy(re 4-2). There were also no
differences in grams of carbohydrate, fat, protein, or fiber consumed during the post-

intervention period (data not shown).

Glucose and Insulin

The postprandial glucose and insulin response curves are displdyigdria4-3.
The RS and RS+P treatments resulted in significantly reduced AUC glucoparednto
control. The glucose response following the SCF and SCF+P treatments did mot diffe
from control or the RS treatments. AUC insulin was significantly reducknhiog the
RS+P treatment compared to control and the SCF treatment. Glucose and insulin did not
correlate with any of the subjective appetite measures, but there wasrae inve
relationship between AUC insulin and calories consumed at lunch and for the remainder

of the day (Spearman r = -0.37, p=0.0003).
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Gut Hormones

AUC GLP-1 was significantly reduced following the RS+P treatment coedpa
to control and the SCF treatmenidure 4-4). AUC GLP-1 was significantly correlated
with the subjective measures of appetite. Higher concentrations of GLR:1 we
associated with greater fullness (Spearman r=0.30, p=0.002) and satisfaotiam{&
r=0.30, p=0.002) and lower hunger (Spearman r=-0.25, p=0.01) and prospective food
intake (Spearman r=-0.24, p=0.02). AUC ghrelin did not differ among treatmentse(Figur

4-4) and did not correlate with any of the subjective appetite measures.

Breakfast Palatability

Ratings for visual appeal, smell, and aftertaste did not differ among ématm
Subjects rated the taste of both SCF breakfasts similar to the control ancvooablfy
than both RS breakfastSigure 4-5). The taste of the RS+P breakfast was the least
preferred and was also significantly lower than control. Rating for dyéealsantness
followed a similar pattern: both SCF breakfasts were rated as significaoité pleasant
than the control and both RS treatments. The RS+P treatment had lower overall

pleasantness than control.

Discussion
Novel dietary fibers are continuously being developed to increase fiber cantent i
foods, but limited information is available regarding the physiological eftédtsese

ingredients in humans. SCF, RS, and pullulan are glucose polymers that aretrtesista
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digestion but differ in physicochemical properties. SCF is formed from theliigidr of
corn starch by heat and acid, followed by cooling to form a branched structuteotbit
digestible and non-digestible bonds. The RS used in this study was produced from heat-
moisture treated high amylose maize starch. It is insoluble and classifety@e 3
(retrograded) RS. Pullulan is produced from the fermentation of dextrin by
Aureobasidium pullulansit is water soluble and forms a viscous solution when
dissolved.

Increased satiety is a commonly reported benefit of dietary fiber consamjirh
the present study, despite providing high levels of fiber, there were no differerases i
of the subjective appetite sensations or energy intake compared to the low fibar cont
Our results are consistent with data showing minimal impact of RS on satidRpodest
al. found that supplementation with 30 g/d type 2 (intrinsically resistant) RS o8 fgfe
had little effect on appetite or energy intake compared to gldéaSenilarly,
consumption of 48 g type 2 RS divided over two meals had no effect on appetite ratings,
but did reduce energy intake atauhlibitumevening meaf®* Intake of two preloads
containing 11.2 g type 3 RS each had no effect on satiety or food intake compared to an
isoenergetic, low fiber contréf. In contrast, Willis et al. reported increased satiety with
consumption of 8 g RS. Some research suggests RS may have a delayed impact on
satiety mediated by colonic fermentation and production of short chain fatty*&cids
The duration of our study may not have been long enough to capture the influence of

these effects on appetite.
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The effect of SCF on satiety has not been well studied. Supplementation of two
carbohydrate beverage preloads with 11.8 g SCF each had no effect on appesterating
energy intake at a subsequent lunch compared to an isoenergetic Cofttelamount
of fiber provided was similar to the current study and suggests that SCF has minimal
effects on satiety when added to a carbohydrate beverage or a mixed meal.

Interestingly, we found that prospective food intake was greater (AUCesss |
negative) during the postprandial period following the SCF+P treatment compared to
SCF. This effect may be related to differences in the insulin resporgtddy these
treatments. AUC insulin was significantly higher after SCF compar&C#+P, and
was negatively correlated with energy intake. A meta-analysidimiyefFal. found that
postprandial insulin was associated with increased satiety and decreasedamang
energy intake in normal weight subjettsFurthermore, there is evidence that insulin is a
regulator of ghrelin suppressioif: 2> 3t is possible that higher insulin concentrations
following SCF caused greater suppression of ghrelin over the postprandial period, and
this may have altered appetite sensations. However, since ghrelin waseaslyreu for
60 minutes after the test meal, we are unable to confirm that effect inuthys st
Additionally, despite lower insulin responses with the two RS treatments cairipare
SCF, there were no differences in appetite sensations. This indicategiitiahad
factors are involved in regulation of satiety and energy intake.

The reduction in glycemic response following the RS treatment is consistent
other studies reporting lower glycemic and/or insulinemic respondewifod acute or

chronic intake of RS3* 38638 Aqdition of 5 g pullulan to the RS treatment (RS+P)
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resulted in lower AUC for both glucose and insulin compared to control. Wolf et al.
found that consumption of 50 g pullulan attenuated the postprandial glucose response
compared to maltodextrin, resulting in 50% lower incremental AUC (IAGCR
reduction in postprandial glucose and insulin was also observed following consumption
of a beverage containing 25 g pulluf&nAlthough the doses used in these studies are
higher than that used in the present study, this suggests that addition of pullulan to the RS
meal contributed to the reduction in the glycemic and insulinemic response.
Alternatively, the SCF and SCF+P treatments did not alter the glucoseilom ins
response compared to the control meal. These results differ from a previguis stud
which subjects consumed 25 g pullulan, SCF, RS, or a 50/50 blend of SCF and pullulan
mixed with a lemonade beverafeThe iAUC for glucose and insulin was significantly
lower for all fiber treatments compared to glucose. However, these mealaate
matched for available carbohydrates, so these differences likelyt teiegreater
availability of digestible carbohydrate in the control treatment. Our seswdfgest that
when provided as a mixed meal matched for macronutrient and available carlb®hydrat
content, SCF does not reduce the glucose or insulin response to a meal. However, SCF
may still be useful for attenuating postprandial glucose concentrationslifaikmver
the available carbohydrate content of a food product. Future studies should exasnine thi
application for SCF in a mixed meal, which may be more physiologicallyarti¢han a
carbohydrate beverage.
Modulation of gut hormones is a potential mechanism by which fiber might

influence satiety, yet few studies evaluate gut hormone concentrationgrigllawnixed
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meal containing fiber. We found that AUC GLP-1 following consumption of RS+P was
significantly lower than GLP-1 concentrations following the low-fiber cont@ihers
have also reported a suppressive effect of fiber on Gt:F*13* These studies used
viscous fibers, which may have delayed gastric emptying and nutrient atsorpt
resulting in fewer nutrients acting to stimulate GLP-1 release. Pulkiriscous fiber
and therefore may have influenced GLP-1 release via this mechanism. This would al
be consistent with the reduced glycemic response observed for the R$meritea this
study. However, to our knowledge, the effect of pullulan on gastric emptying has not
been evaluated. All other fiber treatments resulted in AUC GLP-1 valuesdteahot
different from control. These results are consistent with other studies fimoliefject of
fiber on postprandial GLP-1 concentraticns>>> 38

We also found that postprandial ghrelin concentrations were not different among
treatments. Ghrelin decreases rapidly following nutrient intake, with thik degt
duration of suppression related to caloric load and meal composition. In our study,
ghrelin values were not yet returning to baseline at 60 minutes. Other studies ha
reported differences in ghrelin when measured for several hours after @aSPrr® It
is possible that the time frame of measurement in this study was too shqtui@ ca
differences in duration of ghrelin suppression. In general, the results dithysd® not
support the hypothesis that fiber influences satiety via effects on gut h&mone

The SCF and SCF+P treatments were generally rated as more pdlealilee
RS and RS+P treatments. However, this did not correspond to differences in appetite

ratings between these treatments. This is consistent with a reviewgapefound that
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palatability has an inconsistent effect on appetite following a test’m&lr results
indicate that SCF can be added to food products at high levels without negatively

impacting taste, and therefore may be useful for increasing fiber in the diet

Conclusion

Addition of 25 g fiber to a meal had no effect on subjective appetite ratirags or
libitum energy intake in healthy volunteers. Postprandial serum parameters varied by
fiber treatment. RS, alone or in combination with pullulan, significantly reduced
glycemic response compared to control. In contrast, treatments contatdjcsnot
alter any serum parameters compared to control. This further highlightspbeance
of evaluating the physiological effects of novel fibersivoin order to guide their use as

functional ingredients in food products.
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Table 4-1. Composition of Test Meafs

Protein Available Water
Treatment  Fiber (g) Fat(g) Calories
(9) Carbohydrate (g) ()

Control 2.8 12.7 10.4 591.3 104.9 372.1
SCF 27.8 12.6 10.3 617.1 103.9 347.8
SCF+P 27.8 12.6 10.3 614.1 103.7 347.9
RS 27.2 12.8 10.3 589.4 105.8 3495
RS+P 27.2 12.8 10.3 586.4 105.7 349.7

"Nutrition content listed per test breakfast. All data provided by Tate and Lyle

Treatment materials were analyzed as dietary fiber by AOAC method 991ACBAG

method 2001.03.

P, pullulan; RS, resistant starch; SCF, soluble corn fiber

114



More O
hungry -10 ‘ Hunger /‘* =—4—Control
20 \ SCF
-30 —————  —A—SCF+P
a0 RS
Less -50 F—RS5+P
hungry 60
0
J:to::gt 10 ‘ Prospective Food Intake
\ =¢—Control AUC=-92+16ab
20 SCFAUC= -109+16a
-30 —A—SCF+P AUC= -83+16b
-40 —===RS AUC=-88%16ab
lcould 20 ] #=RS+P AUC=-90+16ab
eatless g

M 70
ore o Satisfaction
satisfied —4—Control
>0 7 SCF
40
/ ——SCF+P
30
/ ——RS
20 l
Less 10 RS+P
satisfied 0 __1
70
More full o Fullness
50
l —4— Control
40
l SCF
30
I —te— SCF+P
20
/ —<—RS
10
Less full o 1 RS+P

Baseline 15 30 45 60 90 120 130
Minutes after breakfast

Figure 4-1. AUC for satiety-related questions, expressed as change from baseline. F
prospective food intake, the numbers following the fiber treatment in the legeedaet
AUC scoret SEM. Treatments with different letters have statistically diffefdht
(p<0.05). AUC scores are not shown if there were no significant differences among
treatments. P, pullulan; RS, resistant starch; SCF, soluble corn fiber
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Figure4-2. Calorie intake (meatSEM) throughout the day of the intervention. There
were no significant differences in calories consumed at the lunch buffet or thedema
of the day as reported by food records. Total intake after breakfast (lunch +doadk)e

was also not different. P, pullulan; RS, resistant starch; SCF, soluble corn fiber
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Figure 4-3. AUC glucose (top) and insulin (bottom), expressed as change from baseline.
The numbers after each treatment represent thetAB®. Treatments with different
letters have statistically different AUC (p<0.05). P, pullulan; RS, resistarch; SCF,

soluble corn fiber
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Figure 4-4. AUC ghrelin (top) and GLP-1 (bottom), expressed as change from baseline.
The numbers after each treatment represent thetSB®. Treatments with different
letters have statistically different AUC (p<0.05). GLP-1, glucageoaeptide-1; P,

pullulan; RS, resistant starch; SCF, soluble corn fiber
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Figure 4-5. Palatability ratings (mea$EM) for the test breakfasts. A higher score
indicates better visual appeal, smell, taste, and overall pleasantness aaften@ase.
Within a palatability category, treatments with different letterersatistically different

palatability ratings (p<0.05). P, pullulan; RS, resistant starch; SCF, sotrhléleer;

VAS, visual analog scale
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Chapter 5

GASTROINTESTINAL EFFECTSOF RESISTANT STARCH, SOLUBLE CORN
FIBER, AND PULLULAN IN HEALTHY ADULTS'

* This work was supported by Tate & Lyle Health ahdrition Sciences.
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Chapter Synopsis

Fiber has been shown to exert a number of benefits on gastrointestinal (&) heal
yet intake is low. Addition of novel fibers to food products may increase fiber intake and
improve gut health. Our objective was to evaluate the influence of three noveldiber
Gl outcomes in healthy humans. Twenty healthy participants (10 men and 10 women)
with normal BMI (232 kg/nf) participated in this randomized, double-blind, crossover
study with 5 treatment periods. Participants consumed a maltodextrin contra2sr 20-
g/d fiber from soluble corn fiber (SCF) or resistant starch (RS), alone or inirtaton
with pullulan (SCF+P and RS+P). Treatment periods were 7 days with a 3 week washout
between periods. Stool samples were collected on day 7 of each period, anda@t¢é¢oler
was assessed via a questionnaire on day 1 and day 6. There were no treatment
differences in stool weight or consistency. SCF significantly reduced stoagigpH a
increased total SCFA production compared to RS and control. RS+P significantly
increased the percentage of butyrate compared to all other treatmentsll, Gier
symptoms were minimal. SCF+P led to the highest Gl score on day 1, while RS+P had
the highest score on day 6. Both SCF treatments caused a significant shifun the
microbial community. These functional fibers are generally well t@drdtave minimal
effects on laxation, and may lead to beneficial changes in SCFA production in healthy

adults.
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Introduction

Dietary fiber exerts a number of beneficial effects on gastrointe§Bmghealth,
and fiber consumption is associated with reduced risk of colorectal cancer and othe
forms of chronic diseas&’ Despite this, fiber intake in the United States is low, with
most individuals consuming only half the recommended amdthts.

Many of the potential health benefits are related to fermentation of fyguitb
bacteria. Fermentation leads to production of SCFA, the most abundant of which are
acetate, propionate, and butyrate. While all SCFA have metabolic signifitatypeate
is considered the most important for colonic health due to its effects on promotire norm
colonocyte development. Additionally, SCFA production can lower luminal pH, which
may inhibit growth of potentially pathogenic bactéffa.Fiber may also benefit laxation
by increasing stool weight and improving stool consistency.

In recent years, the role of gut microbiota in human health has receivedimgreas
attention. While many studies have focused on the concept of prebiotics and the ability
of fiber to alter levels of a few select bacterial species, there is nesgshin assessing
how diet influences the overall bacterial community. Terminal restrictagmfent
length polymorphism (TRFLP) analysis is a bacterial fingerprinting tgolenihat
provides a rapid overview of interindividual differences in the gut microbial corityn
(GMC). This technique has been used previously to identify changes in gut wi@riobi
response to dietary interventiofs.

Although fiber has many potential health benefits, increasing fiber in theahiet

also lead to undesirable side effects such as gas and bloating. These symptaits may
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as a deterrent for fiber intake. Tolerance is defined as a state in whiclstaeralisence
of unwanted symptoms related to fiber consumptiénit is of interest to identify fibers
that can be added to food products without causing intolerance in order to increase
overall fiber consumption.

While many Americans could benefit from increasing the amount of fiber in their
diets, it is important to consider the type of fiber in order to balance toéeaautc
physiological benefits. Functional fibers are constantly being developix igod
industry for use as ingredients in food products. However, little research ebéevail
regarding the effects of novel functional fibers on GI health. Resistach $RS),
soluble corn fiber (SCF), and pullulan (P) are maize-based fibers that dgrbeas
incorporated into foods or beverages. Previous studies have shown these fibers are well
fermented®® but research regarding their physiological effétgvois limited.

Therefore, the objective of this study was to examine the influence of thesedn

laxation, Gl tolerance, SCFA production, and the GMC in healthy humans.

Experimental Methods
Participants

Twenty participants (10 men and 10 women) were recruited via flyers posted
around the University of Minnesota campus. Participants were initiallysctes/er the
phone to determine eligibility for the study. Eligible participants wereigimgpeaking,
healthy men and women between 18 and 60 years of age, non-smoking, not taking

medications, weight stable, and had a BMI between 18.5 and 27. kBarticipants were
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excluded if they had a history of cardiovascular, renal, or hepatic disessetedi

mellitus, gastrointestinal conditions affecting digestion and absorption, wggtavians,

or consumed more than approximately 15 g of fiber per day. Participants weildngt ta
fiber supplements or laxatives and had not taken antibiotics for at least 6 months prior to
the study. This study was conducted according to the guidelines laid down in the
Declaration of Helsinki, and all procedures involving human subjects were approved by
the University of Minnesota Institutional Review Board Human Subjects Civegni

Written informed consent was obtained from all subjects prior to any study prasedure

(Appendix D).

Study Design

Prior to official enroliment, participants attended a screening visit at the
University of Minnesota General Clinical Research Center (GCRC) t;mabfarmed
consent, collect anthropometric measurements, verify medical history anerstudy
instructions and supplies. Eligible participants were instructed to follow ailbew-f
lead-in diet and to avoid fiber supplements, excessive exercise, and alcohol for 24 hours
prior to study visits. Participants were required to maintain their currévityatevel
and were instructed not to initiate a weight loss program for the duration of the study
Prior to any study visits, participants collected a baseline fecal samhgke following
their habitual diet.

Participants consumed five treatments in a double-blind, crossover design with

treatment periods of 7 days followed by a 21-day washout period. On Day 1 of the study,
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fasted participants arrived at the GCRC and consumed either a low-fibexl tweakfast
or 1 of 4 fiber-containing breakfasts. Meals consisted of a muffin, hot cereal, and fruit
flavored beverage. For the next 6 days, participants consumed the study products at
home. Treatments were provided as cereal bars and a beverage mix, which was pre-
measured into 500-ml water bottles. Participants were instructed to consureal4 ce
bars and 1 beverage over the course of each day.

The test breakfast on day 1 supplied 25 g SCF or RS alone or in combination with
5 g pullulan (SCF+P and RS+P). The cereal bars and beverage contained the same fibe
treatments, but at a slightly lower dose of 20 g supplemental fiber per daygstAll
products were provided by Tate and Lyle Inc. (Decatur, Ill., USA). Study prodects
matched for macronutrient and energy content, and were consumed along with the
participants’ habitual diets. The compositions of the control and fiber treatments a
displayed inTable 5-1.

SCF is produced via hydrolysis of corn starch, followed by cooling to form a
branched structure. It has an average degree of polymerization of 10. ThelRS use
this study is classified as type 3 RS (RS3, retrograded starch) produodaeiat
moisture treated high-amylose maize starch. Pullulan is a linear glucose
homopolysaccharide formed via the fermentation of dextrin by the Aeeasbbasidium
pullulans Resistance to degradation by human digestive enzymes is due to the presence
of u-1,6 bonds, as well as to steric hindrance which limits acces$ linkages® The

control treatment was fully digestible maltodextrin. Treatment méteviere analyzed
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as dietary fiber by AOAC method 991.43 or AOAC method 2001.03. Dietary fiber

analyses were provided by Tate and Lyle Inc.

Stool Records and Tolerance

Prior to leaving the GCRC, patrticipants were given instructions on completing a
Gl symptoms questionnaire for Day 1 and Day 6 of the study. The symptoms
guestionnaire assessed stool frequency and consistency, as well as Géside ef
(Appendix B). Symptoms included flatulence, bloating, abdominal cramps, and stomach
noises and were rated on a 10-point scale where 1=none and 10=excessive. Stool
consistency was assessed on a scale of 1 to 4, where 1=liquid and 4=hard. Rarticipa
completed a daily record of study product consumption and were asked to return any
uneaten study products to assess compliance. Participants were also thetribte
collection and delivery of a fecal sample on Day 7 of each treatment periottipBats
collected one fresh stool sample using the Commode Specimen Collectiongeit (Sa
Products, Crystal Lake, Ill., USA) and sample collection bags provided by saifly s

Participants delivered samples to the GCRC on ice within 2 hours of defecation.

Stool sample collection and bacteria DNA extraction

Immediately following delivery of stool samples by participants, staidif
collected two pea-sized samples of fresh feces and added them to a tube cahtaining
RNAlater (Ambion, Austin, TX). The collection tube was inverted 15 times, and samples

were stored at -8C. Frozen samples were shipped to Fred Hutchinson Cancer Research
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Center (FHCRC; Seattle, WA) for analysis. Fecal samples in RNAle&ier
homogenized using an OMNI tissue homogenizer (OMNI Inc., Marietta, 6d\) a
aliquoted into 300L volumes. Fecal bacterial genomic DNA was extracted in duplicate

using a QlAamp stool minikit (Qiagen, Valencia, CA) with 1 minute bead be&fing

Fecal Chemistry and Short Chain Fatty Acids

Stool wet weight was determined in grams by weighing the filled collectign ba
on a balance and subtracting the average bag weight. Stool consistency was determined
subjectively by investigators and rated using King’s Stool CfiafEecal samples were
homogenized with a hand blender and pH was determined in an aliquot using a glass
electrode at 2% (Orion PerpHecT LogR meter, model 350; Thermo Electron
Corporation, Beverly, Mass., USA).

Acetate, propionate, butyrate, and total SCFAs were extracted in duplicate and
concentrations were determined via gas chromatography using the method dédxscribe
Schneider et al., with minor modificatioff. Briefly, 200 mg of stool was suspended in
1.6 ml distilled water. Two ml diethyl either and 0.4 ml sulfuric acid (50%) waatedy
along with 2ul ethyl butyrate as the internal standard. Samples were mixed in an orbital
shaker for 45 minutes and centrifuged at 3000 rpm for 5 minutes. The supernatant was
transferred to a glass test tube and residual water was absorbedalsing chloride.
Samples were filtered using a 1-ml syringe (Sherwood Medical, St. LoGi} akld a
Fisherbrand nylon filter (13 mm, pore diameter 0.2 mm; Fisher Scientific, St&,MQ)

and frozen at -8@ until analysis via gas chromatography. Analysis was conducted
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using a Stabilwax DA column (30 m, 0.52 mm internal diameteamIim thickness;

Restek, Bellefonta, PA, USA) with helium as the carrier gas.

TRFLP (Terminal Restriction Fragment Length Polymorphism) Analysis

A TRFLP profile was generated for each extracted fecal bacterial geDdhA
sample using a protocol described previously, with minor modificatfoBacterial 16S
rRNA genes were amplified with primers 11-27f and 519r
(GWATTACCGCGGCGCTG). The forward primer is identical to 8-27f as desdiby
Li et alexcept that the initial 5 AGA nucleotides were removed in order to reduce

specificity and capture more GMC organisiifs>*°

Data Analysis

SCFA concentrations, stool weight, stool pH, stool frequency, and GI symptoms
were compared among treatments using a mixed effects linear modelreuiitican
subject effect (Proc Mixed) using Statistical Analysis Systentiststal software
package version 9.3 (SAS Institute, Cary, NC, USA). Carryover and perioddrgatm
interaction terms were tested in each model, but were excluded from the finé mode
since they were not significant. Paitgeésts were used to determine differences in Gl
symptoms between Day 1 and Day 6. Data are presented asinstandard error,
adjusted for study visit. Statistical significance was set at p<0.05.

TRFLP profiles were analyzed with DAx software (Van Mierlo Software

Consultancy, Eindhoven, The Netherlands) as previously deséfibéthn-metric
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multidimensional scaling ordination (NMS) analysis was performed on the mean of
duplicate Pvalues using PC-ORD (MJM Software Design, Gleneden Beach**OR).
Permutational multivariate analysis of variance (perMANOVA) wasl tisgest whether
there was an effect of treatment on the composition of the GMC. All p-vakres w
corrected for multiple comparisons using Bonferroni adjustments where boederli
significance P=0.1/15=0.007 and significance P=0.05/15=0.0033.

To identify organisms (represented by TRFLP fragment length) that occurred
uniquely in participants on different treatments, we performed indicatorespanalysis
(ISA) in PC-ORD. We linked the TRFLP fragment lengths of the indicator peaks wit
gut microbial taxonomic annotations. Our reference database consisted of archived
human GMC sequences from the comprehensive SILVA 102 Ref reference dafabase o
curated high-quality 16S rRNA gene sequeritemd ~30,000 sequences generated from
10 individuals. We generatad silico terminal restriction fragments (TRF) from each of
the 67,506 reference sequences using the Alu | and Rsa | restriction erdsawtlt
site. TRF sequences with lengths (bp) matching the 2 RSA TRFLP indicator(peaks

and 314 bp) plus or minus 2 bp were collected.

Results
Participants
All 20 patrticipants who enrolled in the study completed all five treatments. Mean

age and BMI were 28 years and 22 kg/nf, respectively.
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Stool Characteristics

Stool characteristics are presented able 5-2. Stool weight and stool
consistency (investigator-reported and subject-reported) did not differgaireatments.
Self-reported number of stools was greater on Day 6 following RS and RS+P edmpar
to control (p=0.0119) and SCF (p=0.0257). Stool pH was significantly lower when
participants consumed SCF compared with control (p=0.0472) and RS (p=0.0457), while
pH values for SCF+P and RS+P were intermediate. These pH differencesflested
in the SCFA concentrations. Total SCFA were significantly higher for SCF cethfmar
RS (p=0.005) and control (p=0.007), but did not differ from SCF+P or RS+P. The
percentage of acetate was higher for SCF (p=0.02), SCF+P (p=0.03), and RS (p=0.002)
compared to control. Both RS treatments resulted in a lower percentage of propionate
compared to control and the SCF treatments (p<0.0001). The percentage of butyrate was
significantly higher than all other treatments following RS+P (p<0.001), aschgher

than both SCF treatments following RS (p<0.01).

Gl Symptoms

Gl symptoms ratings are reportedTiable 5-3. On Day 1, participants reported
greater bloating following consumption of RS+P compared to control (p=0.0263) and
SCF (p=0.0157). Flatulence was highest when participants consumed SCF+P compared
to control (p=0.0271) and SCF (p=0.0111), while the two RS treatments were
intermediate. Abdominal cramps and stomach noise did not differ. Gl score for SCF+P

was significantly greater than SCF and control. On Day 6, RS+P caused bleatiag
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than RS (p=0.0045), SCF (p=0.0105), and control (p=0.0045); greater flatulence than
SCF (p=0.0452) and control (p=0.0023); and greater abdominal cramps and stomach
noise than all other treatments. Gl score for RS+P was significandiyegtbhan all other
treatments. When Gl symptoms were statistically different betwagri@and Day 6,

symptoms were always rated lower on Day 6 (Table 5-3).

Gut Microbial Community

NMS analysis explained 81% and 86% of the total variation in the composition of
the GMC using Alu | and Rsa |, respectively. Figure 5-1, SCF and SCF+P tend to
cluster at the bottom of the cloud of samples. PerMANOVA showed that there was a
significant effect of treatment on the GMC measured using Rsa | (p<0.0006) but none
using Alu | (p> 0.05). The GMC associated with baseline was significanfiyetit
from SCF (p<0.001) and SCF+P (p<0.001). Among treatments, the control was
significantly different than SCF (p<0.001) and SCF+P (p< 0.0002). SCF was
significantly different than RS (p<0.007), and SCF+P was significantly eiftehan
RS+P (p<0.002). The GMC following consumption of SCF and SCF+P were not
significantly different from one another. ISA showed that Rsa | peak 309 was
significantly enriched after SCF (p<0.0006) and Rsa | peak 314 was sigmyficant
enriched after SCF+P (p<0.0014). Rsa | peak 309 was identified asfgitierococcus
vaginalisor Parabacteroides goldsteingind Rsa | peak 314 was identified as either

Parabacteroides distason® Parabacteroides merdasing anin-silico TRFLP
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prediction program based on 16S rRNA sequences from the Silva database and human

reference samples.

Discussion

Despite the relatively high dose of fiber provided in this study, few changes in
stool characteristics were observed. The reduction in stool pH following consarapti
SCF was minor (0.23 units), but was consistent with an earlier study in whichpaentsci
consumed 21 g/d SCF for 3 weeRS.Walker et al. reported that a one-unit shift in pH
had marked effects on bacteria populations and SCFA prodictidno.*®® However,
the clinical significance of smaller changes in pH has not been well studiedntiast
to the present study, Stewart et al. found no differences in pH when participants
consumed 12 g/d SEE, suggesting a higher dose may be needed for an effect. Most
studies have reported a minimal effect of RS ort -/t 401404

Fiber can increase stool weight via the physical presence of the fibemtire
held by the fiber, and increased bacterial mass from fermentation dfeh fn this
study, the supplemental fibers had no effect on stool weight. In contrast, RS has been
reported to increase stool wet weight by 0.7 to 2.7 g per g RS consumed, using doses
from 25 to 55 g/d 2°% 49> 4% jkewise, 21 g/d SCF was shown to increase fecal dry
weight by 0.9 g per g fell? However, these studies looked at stool weight over 3-5 day
periods. In this study, stool weight was determined from a single samplés postible

any effect on laxation may have been missed due to the short collection period.
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Normal stool frequency ranges from 3 times per day to 3 times per#ie€ke
RS treatments led to a minor increase (0.56 stools) in the number of stools on Day 6.
Most studies have reported no effect of RS on stool frequency in healthy participants
when measured over the course of a week or I61§éF* “°° Timm et al. reported an
increase by 0.9 stools over a 5 d period for participants consuming 20 gfd’SCF.
However, no laxative effect of SCF was found in this study. Again, this studyitiedi
by the fact that stool frequency was only assessed for one day. In additioudhieas
conducted in healthy individuals with normal bowel function. Fiber tends to have a
normalizing effect on bowel frequency, after which only stool weight inesfaghus, it
is likely we would have seen a greater effect in constipated individuals.

SCFA are a marker of fermentation and are considered important for colonic
health. We observed a significant increase in total SCFA following consumpti@of S
Previous studies have also reported higher fecal SCFA concentrations with SCF
compared to control, although these differences did not reach signifitarce.

Changes in total SCFA concentrations mirrored differences in pH amongéres
suggesting that these acids may be a primary determinant of colonic pHiciidased
percentage of butyrate following consumption of RS in this study is consistaratiwir
reports bothin vitro andin vivo. 2°> 498 409Gjyen the growing evidence for a protective
role of butyrate in colonic health, this suggests that addition of RS to food products may
be beneficial.

Gl tolerance is an important issue when considering fibers for addition to food

products, as it may have an effect on the acceptability of the product yntherer.
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Mean symptoms scores for all treatments were low (1.6-4.4), indicatingpéhibers
were well tolerated overall. The SCF treatment appeared to be the bedethland did
not differ from control for any of the measurements. Previous studies have also found
SCF to be well tolerated, with only minor increases in Gl symptoms compared to
control®*3%° RS was also well tolerated, and only differed from control for flatulence
on Day 6. This is consistent with other research reporting increased flatwiéméts at
doses ranging 10-39 gt 3" 404

Although SCF and RS were well tolerated alone, addition of pullulan led to an
increase in most Gl symptoms. Previous studies have also reported incregaeansym
ratings following consumption of 12-50 g pullul@h®"* **° The present study used only
5 g pullulan, indicating that minor increases in Gl symptoms are observed even at low
levels. In vitro studies have found that pullulan is rapidly fermented and increases gas
production®® 3% If pullulan is also rapidly fermented vivo, this may explain the
observed increase in symptoms, since gas is perceived more in the proximat‘bdmel.

contrast, RS and SCF were more slowly fermeittadtro®®

, which may lead to
improved tolerance.

Gl symptoms tended to be lower on Day 6 than on Day 1. This may be related to
distributing the fiber over the course of the day, rather than consuming the fiber in a
single dose. This would reduce the amount of substrate available for feroreatati
subsequent gas production. Research with sugar alcohols, another form of low digestible

carbohydrate, has shown that ingestion of several divided doses is bettezddleaata

single dose of the same amotiit**? The reduction in Gl symptoms from Day 1 to Day
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6 may also be related to chronic ingestion of the same fiber source. Okubo et al. found
that flatulence was reported at the beginning of the experiment but gradkedihed
within the first week of participants consuming partially hydrolyzed guar®*® Others
have reported habituation and adaptation of GI symptoms when fiber was consumed over
a period of several weekgh 413 414

To our knowledge, this is the first study to evaluate community-wide changes in
microbiota following consumption of SCF and pullularvivo. Our analyses showed
that there was a significant change in the GMC with dietary interventioesus@d two
fingerprinting approaches, Alu I-TRFLP, which focuses on the phylum Firmjautds
Rsa I-TRFLP, which encompasses the phylum Bacteroiffétésowever, the changes
with the dietary enrichment were only associated with the Rsa I-TRFLParticular,
the relative abundance of TRFLP peaks, putatively associated as meirthers
Parabacteroides genus, increased in abundance when participants consumedi SCF a
SCF+P These organisms are non-butyrate producing bacteria which have previously
been associated with RS enrichm&AtSurprisingly, the RS treatments did not cause an
increase in these bacteria in the present study. This may be explainedypetbf RS
used. Inthe study by Martinez et al., type 4 RS (chemically modified starcbased
Parabacteroides distasoniwhereas type 2 RS (granular starch) had no effect; type 3 RS,
which was used in the present study, was not evaluated. Walker et al. reported an
increase irRuminococcus broméandEubacterium rectalevhen overweight participants
consumed type 3 R8® This was not observed in the present study, and may be due to

differences in microbiota between lean and overweight individuals. These studies
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suggest that the effects of fiber on the GMC cannot be generalized, even withiifi@ spec
class of fiber. While this study provided an initial screening of the edfddier
intervention on the GMC, future studies could include a more thorough characterization

of the GMC by sequencing the 16S rRNA genes.

Conclusion

Consumption of relatively large doses (20-25 g/d) of RS and SCF were well
tolerated and had minimal effects on laxation. Further research using a lomggiope
bowel habit evaluation in individuals with constipation may help identify potential
laxation benefits of these fibers. SCF increased total SCFA production, while RS
improved the ratio of butyrate, suggesting fermentation of these fibers may have
beneficial effects in the colon. Additional research is needed to furtherexpé

effects of these fibers on gut microbiota and possible implications for humaim. healt
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Table 5-1. Composition of the test meals.

Treatment
Control SCF SCF+P RS RS+P

Test Breakfast (Day 1)

Fiber (g) 2.8 27.8 27.8 27.2 27.2

Fat (g) 12.7 12.6 12.6 12.8 12.8

Protein (g) 104 10.3 10.3 10.3 10.3

Energy (kcal) 591.3 617.1 614.1 589.4 586.4

Available carbohydrate  104.9 103.9 103.7 105.8 105.7
(9)

Water (g) 372.1 347.8 347.9 349.5 349.7
Cereal bars and beverage (Days 2-7)

Fiber (g) 3.84 23.8 23.8 22.3 22.3

Energy (kcal) 642.2 668.9 668.9 639.5 639.3

Available carbohydrate = 135.2 135.2 135.2 133.7 133.7
(9)

SCF, soluble corn fiber; P, pullulan; RS, resistant starch

All data provided by Tate and Lyle.
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Table5-2. Stool pH, weight, number, consistency, and SCFA concentrations of healthy
adults consuming soluble corn fiber (SCF; 20 g/d) or resistant starch (R$t) 20ogke
or in combination with 5 g pullulan (SCF+P and RS+P) or no supplemental fiber

(maltodextrin control).

Treatments

Control SCF SCF+P RS RS+P  SEM
Stool pH 6.70 6.47 654F 6,70 659" 0.1
Stool weight (g) 100.1  94.3 102.0 119.0 109.6 14
Number of stools 118 118 137" 1.7F 165 0.2
(self-reported)
Stool consistency 2.08 2.33 2.32 2.13 227 0.2
(self-reported)*
Stool consistency 2.00 2.20 2.10 2.15 235 0.2

(investigator-reported)t
Total SCFA gmol/g stool) 31.2 355  32.9% 31 337" 17
SCFA ratio (% of total

SCFA)
Acetate 389 407 40.6 41.3 388 09
Propionate 29.6  29.7 28.6 2568 258 0.9
Butyrate 31.8° 30.2 30.9 33.” 360 0.9

SCF, soluble corn fiber; P, pullulan; RS, resistant starch; SCFA, short chaiadialt
ab9viean values within a row with no shared superscript letters were signiicantl
different (p<0.05).

*Self-reported stool consistency on Day 6 was rated on a 4-point scale (1=hard,
4=diarrhea)

tlnvestigator-reported stool consistency was rated on a 4-point scaled Bnlar

formed; 2=soft and formed; 3=loose and unformed:; 4=ligirid.
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Table 5-3. Gastrointestinal tolerance ratings after consuming test treatmerayh D

and Day 6 of each treatment period.

Treatments
Control SCF  SCF+P RS RS+P SEM

Bloatingt

Day 1 240 230 330" 3.0 3.50 0.54

Day 6 2.48 2.60 3.1 2.4% 3.89 0.52
Flatulence

Day 1 3.1  2.90 4.39 410"  4.00"°  0.49

Day 6 228  2.79°¢ 3.09°¢  3.40* 3.66 0.38
Abdominal
Cramps

Day 1 2.10 1.85 2.42 2.00 2.68 0.49

Day 6 1.38 1.78 1.6F 1.68 2.89 0.42
Stomach Noise

Day 1 3.00 2.40 3.30 2.60 2.76 0.45

Day 6 1.9  1.80 2.068" 2.08 2.94 0.33
Gl Scoret

Day 1 2.68° 236 3.35  3.000"  3.24*" 0.38

Day 6 1.9 222 2.47" 2.39 3.35 0.33

SCF, soluble corn fiber; RS, resistant starch; P, pullulan; Gl, gastromatest

ab9\iean values within a row with unlike superscript letters were significantly
different (p<0.05).

*Within a gastrointestinal symptom, scores for a treatment were sigmifyc

different between Day 1 and 6 (p<0.05).

TSymptoms were each rated on a 10-point scale (1=none, 10=excessive)

T The Gl score is the mean of bloating, flatulence, abdominal cramps, and stomach

noise ratings (possible range 1-10)

139



F=
05 i = SRy L4
-

— T L - 1
037 | TR
mis3s AT | | et

Dl

20 1.5
Figure5-1. Non-metric multidimensional scaling (NMS) analysis of Rsa I-TRFLP
patterns of the 16S rRNA gene from the gut microbial community of the study

participants on different dietary interventions. Red = Control; Green = S, Biue
= SCF+P; Fuchsia = RS; Dark Blue = RS+P; and Yellow = Baseline.
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Appendix A. 100 mm Visual Analog Scales

| am not
hungry at all

| am
completely
empty

Not at all
full

Nothing at
all

Questionson Satiety

How hungry do you feel?

How satisfied do you feel?

How full do you feel?

How much do you think you can eat?

170

| have never
been more
hungry

| cannot eat
another bite

Totally full

A lot



Good

Good

Good

Much

Good

Questions on Palatability

Visual appeal

Smell

Taste

Aftertaste

Overall pleasantness

171

Bad

Bad

Bad

None

Bad



Appendix B. Gastrointestinal Symptoms Questionnaire

Symptoms Questionnaire
GCRC Protocol #1193

Satiety Study

DAY 6 of trial

DATE:

Please list any symptoms that are bothering you at this time. Plaasgt@she length

of time the symptom has been present and rate its severity on a scale of 1 to 5, where
1=mild, 3= moderate, and 5=severe. If you haven't noticed anything unusual, please
write “none” on the first line and leave the remainder of the form blank.

Symptom Duration Severity (circle)
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
12 3 45
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Gastrointestinal Symptom Survey
DAY 6 of trial

Number of Stools today

Please rate the consistency of each stool you gpasday
Stool Consistency (1= liquid...... 4=hard, circle number below)

Stool 1 1 2 3 4
Stool 2 1 2 3 4
Stool 3 1 2 3 4
Stool 4 1 2 3 4
Stool 5 1 2 3 4

If you passed more than 5 stools today, please continue rating stool consistency on the
back of the page.

Please rate the amount of bloating you experietamaly.

Bloating (1 = none.....10 = excessive, circle number below)

1 2 3 45 6 7 8 9 10

Please rate the amount of flatulence you experdctoay
Flatulence (1 = none.....10 = excessive, circle number below)

1 2 3 4 5 6 7 8 9 10
Please rate the amount of abdominal cramps youiexged today
Abdominal Cramps (1 = none.....10 = excessive, circle number below)

1 2 3 4 5 6 7 8 9 10
Please rate the amount of stomach noises you exped today

Stomach noises (1 = none.....10 = excessive, circle number below)

1 2 3 45 6 7 8 9 10
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Appendix C. Three Factor Eating Questionnaire - Restraint Factor

TFEQ-Restraint Score
1. When | have eaten my quota of calories, | am usually g Jcld(ﬂ) =
about not eating any more
2. | deliberately take small helpings as a means of controllin]g(ﬂ) =
my weight
3. Life is too short to worry about dieting T F (+1)
4. | have a pretty good idea of the number of calories in T (+1) =
common food.
5. While on a diet, if | eat food that is not allowed, | T (+1) =
consciously eat less for a period of time to make up for |t
6. | enjoy eating too much to spoil it by counting calories or F (+1)
watching my weight
7. | often stop eating when | am not really full as a consciou.? (+1) =
means of limiting the amount that | eat
8. I consciously hold back at meals in order not to gain wejgh{+1) =
| eat anything | want, any time | want T F (+1)
10. I count calories as a conscious means of controlling my
weight T(+1) F
11. I do not eat some foods because they make me fat T (+1) F
12.1 pay a great deal of attention to changes in my figure | T (+1) F
13. How often are you dieting in a conscious effort to control your weight?
Rarely Sometimes Usually (+1) Always (+1)
14. Would a weight fluctuation of 5 Ibs affect the way you live your life?
Not at all Slightly Moderately (+1) Very much (+1)
15. Do your feelings of guilt about overeating help you to control your food intake?
Never Rarely Often (+1) Always (+1)
16. How conscious are you of what you are eating?
Not at all Slightly Moderately (+1) Extremely (+1)
17. How frequently do you avoid “stocking up” on tempting foods?
Almost never Seldom Usually (+1) Almost always (+1)
18. How likely are you to shop for low calorie foods?
Unlikely Slightly unlikely = Moderately likely (+1)  Very likehj+
19. How likely are you to consciously eat slowly in order to cut down on how much

you eat?
Unlikely Slightly likely Moderately likely (+1) Very liketyl(

20.

How likely are you to consciously eat less than you want?
Unlikely Slightly likely Moderately likely (+1) Very likehd ]
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21. On a scale of 0 to 5, where 0 means no restraint in eating (eating whatever you
want, whenever want it) and 5 means total restraint (constanttynjmiood
intake and never “giving in”) what number would you give yourself?

(0) Eat whatever you want, whenever you want it

(1) Usually eat whatever you want, whenever you want it
(2) Often eat whatever you want, whenever you want it
(3) Often limit food intake but often “give in” (+1)

(4) Usually limit food intake, rarely “give in” (+1)

(5) Constantly limiting food intake, never “giving in” (+1)

TOTAL SCORE
Exclude if score 11 or higher
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Appendix D. Informed Consent

SATIETY AND GLYCEMIC RESPONSE TO RESISTANT STARCH STUDY
CONSENT FORM

Please read this document and ask any questions you may have before agreemg to be i
the study.

Joanne Slavin, Ph.D., RD and Abby Klosterbuer in the Department of Food Science and
Nutrition are conducting this study. The Department of Food Science and Nutritieen a
University of Minnesota is in the College of Food, Agricultural and Naturabies
Sciences. The study is sponsored by Tate and Lyle, Inc.

Description and Purpose of the Study

You are being asked to participate in a study of new dietary fibers and theis effie
hunger, blood glucose, and fecal chemistry. The fibers you will consume acy alseal
in food products and are safe to consume.

Approximately 20 subjects will participate in this study. The study consists of one
screening visit and five treatment visits. All 6 visits will take placé@atGeneral

Clinical Research Center (GCRC) on the University of Minnesota East BanpuSa

All visits are necessary to complete the study itself. The screenihgviigast
approximately 30 minutes and the next 5 treatment visits will each last about fosir hour
You are selected for this study because you are a man or woman in good health.

At each visit, you will consume 0, 20, or 25 grams of fiber. Two fiber sources will be
given, each either alone as a 20 g dose or with the addition of 5 g of another fiber source.
After your visit you will be give the same fiber to consume for 6 more days. Mbu wi
collect fecal samples on days 6 and 7 and complete surveys on gastrointespioase

of the fiber.

Study Procedures

At all visits, you will be given 0, 20, or 25 grams of fiber. You will also be asked to
complete a survey about your level of hunger at baseline and for 3 hours afileerthe f
You will be given a lunch to consume 3 hours after the fiber treatment. An IV will be
placed to draw blood samples and removed before you leave the clinic. Blood samples
will be drawn at baseline, 15, 30, 45, 60, 90, 120, and 180 minutes after the fiber
treatment. Information from these visits will be retained in your Far¥iedical Center
medical chart.

You will be given the same fiber source and instructions on how to consume the fiber for
the next 6 days. On days 6 and 7 you will collect fecal samples that can be frozen for
drop off at the laboratory.

You will be scheduled for your next visit at least 2 weeks later. This cyitleew
repeated 5 times for a total of 5 study visits.
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Risks Associated With the Study

The fibers used in this study are provided in amounts commonly taken in foods. There are
no known side effects of the fibers in the amounts used in this study.

Blood samples will be drawn from a vein in your arm. The risks associatedraiting
blood are pain, bruising, lightheadedness, and rarely infection.

Benefits Associated with the Study
There is no guarantee that you will receive any benefit by particpiatitis study.
Compensation

In the event that this research activity results in an injury, treatmertiendiailable,
including first aid, emergency treatment, and follow-up care as needed. Caretfor s
injuries will be billed in the ordinary manner, to you or your insurance company. The
sponsor of the study has some funds available to pay for care for injuriesigesult
directly from being in this study. If you think you have suffered a reseatated injury
and that you may be eligible for reimbursement of some medical care cogte,dridy
physicians know right away.

Compensation for Participation

Study related visits, procedures, tests, and the fiber for the study will bdgutatino
cost to you.

$100.00 for each completed scheduled visit (excluding the screening visit), if you do not
complete the whole study.

$500.00 if you complete the whole study, for a total of $1000.
Confidentiality and Document Review

The results of this research study may be presented at meetings or in juisljcat
absolute confidentiality cannot be guaranteed. However, your identity witlenot
disclosed in these presentations. Data will be kept for 1 year after thesstedgrted in
the literature.

Alternative Treatment

The alternative is to not participate in this study. You may consume fildesuwit
participating in this study.

Voluntary Nature of Participation

Your decision whether or not to be in this study will not affect your current or future
relations with the University of Minnesota. If you decide to be in this studyaye free

to withdraw your consent and to stop participation at any time. Withdrawing your consent

and stopping participation will not affect your relationship with the University of
Minnesota.
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New Information

If, during the course of this research study, there are significant newgediscovered
that might influence your willingness to continue, the researchers vathmnyou of
those findings.

Contacts and Questions

You may ask any questions you have now. Or you may also contact the irgestiga
the study, Dr. Joanne Slavin, Department of Food Science and Nutrition, 1334 Eckles
Avenue, St. Paul, MN 55108: telephone (612) 624-1290.

If you have any questions or concerns regarding the study and would like to talk to
someone other than the researchers, you are encouraged to contact the Rase@wh
Helpline at telephone number 612-672-7692 or toll free at 866-508-6961. You may also
contact this department in writing or in person at Fairview University Mé@ienter —
Riverside Campus, #815 Professional Building, 2450 Riverside Avenue, Minneapolis,
MN 55454. You will be given a copy of this form to keep for your records.

Statement of Consent:

| have read the above information. | have asked questions and have received answers.
consent to participate in the study.

Signature Date

Signature of Investigator or Person Obtaining Consent
Signature Date
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Appendix E. Ad libitum lunch menu

Food Item Quantity
Hamburger

1 hamburger bun 1item

3 0z ground beef patty, grilled
American Cheese 1 slice
Mustard 1 packet
Ketchup 1 Thsp
Pickles
Lettuce Leaf 2
Grilled Cheese Sandwich

2 slices white bread 1i

: . item

2 slices American cheese

2 tsp Promise margarine
Tomato Soup 1 serving
Chicken Noodle Soup 1 serving
Saltine Crackers 2 pkg
Potato Chips 1 serving
Lettuce Salad 1 cup
Fat Free French 1 Thsp
Italian Dressing 1 Thsp
Carrot Sticks 6
Celery Sticks 6
Ranch Dressing 1 Thsp
Fresh Apple 1
Orange 1
Banana 1
Vanilla Ice Cream 1 cup
Chocolate Sauce 2 tbsp
Chips Ahoy Cookies 1 pkg
Cola 1 can
Lemon Lime Soda 1 can
Milk, Skim 1 cup
Milk, 2% 1 cup
Mineral Water 1 bottle
Yogurt, fruited 1 container
Coffee 1 cup
Tea 1 cup
Sugar 2 pkt
Half & Half 3 pkt
Equal 2 pkt
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Appendix F. Test breakfast preparation — instructions for staff

I nstructionsfor RDs:

O0hALNE

7.
8.

Take specified treatment muffin out of freezer at 4 pm the day before subject vis
Thaw muffin on plate at room temperature

Set out specified cereal and beverage mix next to thawing muffin

Send kitchen staff the menu

Double check that buffet item weights were recorded before and after lunch
Calculate calorie and macronutrient intake from lunch based on information in
database

Provide instructions for completing 24-hour food diary

Leave copy of intake for study coordinator

Beverage I nstructionsfor Kitchen Staff:

Follow instructions according to specified mix:
Dry Mix A
1. Weigh5.94 g of Dry Mix A and pour into glass
2. Add 234.06 g cold water from Pur filter
3. Stir until completelydissolved
Dry MixB & C
1. Weigh31.5g of dry mix and pour into glass
2. Add 208.5 g cold water from Pur filter
3. Stir until completelydissolved
Dry Mix D & E
1. Weigh30.5 g of dry mix and pour into glass
2. Add 209.5 g cold water from Pur filter
3. Stir until completelydissolved

Cereal Instructionsfor Kitchen Staff:

Shake packet to assure even distribution of particles

1
2. Pour packet into small bowl
3. Add 110 g whole milk

4.
5
6
7

Stir thoroughly until most clumps disappear

. Microwave for 1 minute
. Stir until any remaining clumps are dissolved
. Let cool one minute before serving

Breakfast Tray Preparation Instructionsfor Kitchen Staff:

Place the following items on tray and serve:
1. Thawed muffin
2. Bowl of hot cereal
3. Beverage
4. Spoon
Collect tray after 10 minutes.
Alert Study Coordinator if any portion of the breakfast was not consumed.
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Appendix G. Blood Samples — Collection Tube Preparation and Processing

5mL in Red Top Tubewith gel (Insulin and Glucose):

|

O o0ooo o

Gently rock the tubes several times

Let stand 30 minutes

Centrifuge for 10 minutes at 3200rpm

Aliquot ~2ml into GLUCOSE and INSULIN labeled screw cap vial
Freeze at -20°C

UMN Outreach Lab to pick up on Fridays

Insulin and glucose samples were processed at University of Minnesotach utada

2mL in EDTA Purple Top Plasma Tube (GLP-1— ELISA Linco Research):

a

Oooooaogoao

O

Add 20 microliters DPP-IV inhibitor to vacutainer tube

Refrigerate empty tubes, with inhibitor added, for up to 24 hours before collection
Draw blood

Gently rock tube several times immediately after collection

Immediately place tube back in ice bucket and keep there until centrifuged
Centrifuge in refrigerated centrifuge at 3200rpm for 10 minutes

Aspirateat least 300 microliters of plasma into 3mL screw cap aliquot tube
labeled for GLP-1

Place on dry ice

Study coordinator will pick up and transfer to -70 freezer

2mL in EDTA Purple Top Plasma Tube (Total Ghrelin — RIA Linco Research):

a

OooOooaod

O

Draw blood

Gently rock tube several times

Place tube in ice bucket and keep there until centrifuged

Centrifuge in refrigerated centrifuge at 3200rpm for 10 minutes
Aspirateat least 300 microliters of plasma into 3mL screw cap aliquot tube
labeled for GHRELIN

Place on dry ice

Study coordinator will pick up and transfer to -70 freezer
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Appendix H. Randomization Scheme

ID Women

1] A B D E C
2] A D B C E
3] E B C A D
[4 B A E D C
[5(] D C A E B
6] D A C B E
[l E C B D A
[B] B E A C D
99 C E D B A
[10] C D E A B
Men
1] A E C B D
[2] D B C E A
3] C D A B E
[4 E B A D C
[5() B D E C A
[6] D C B A E
[l B E D A C
[B] C A D E B
99 A C E D B

[10] E A B C D

A=Control

B=SCF

C=SCF+P

D=RS

E=RS+P
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