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Walnuts consumption provides multiple health benefits, but the high energy and fat
content of walnuts raises continued concerns regarding their role in weight management. These
concerns persist despite the evidence from epidemiological and clinical studies indicating that
nut consumption does not increase the risk of weight gain. The predominate factors contributing
to the inverse or neutral relationship between walnut consumption and increased body weight is
their high satiety properties and poor bioaccessibility of energy during digestion. Mastication is
associated with each of these factors; however, its role in energy balance has not yet been clearly
characterized. Moreover, mastication is modulated by factors associated with meal ingestion,
such as palatability and prandial fluid intake. Yet, there has been a dearth of information on the
mastication of nuts in the context of the diet, where these inputs are present. Consequently, this
dissertation focused on mastication and had four primary aims. The first aim was to evaluate the
oral processing of walnuts in isolation and under manipulated palatability and fluid intake. The
second aim was to evaluate the contribution of mastication to the satiety effects of walnuts. The
third aim was to evaluate the contribution of mastication to the low digestion efficiency of
walnuts. The forth aim was to contrast the mastication and digestion of walnuts with almonds
and pistachios, nuts that present different physical properties.

Fifty health adults (25 males, 25 females; BMI 24.7 + 3.4 kg/m?; age: 1852 years old)
were enrolled in a randomized cross-over trial in which nuts (walnuts, almonds, pistachios) with
and without water, juice, sweetened yogurt, and plain yogurt were ingested. Chewing forces,
pre-swallowing particle size, along with satiety sensation and gut hormones following walnut
consumption (whole nut or nut butter) were measured. Results suggest that walnuts with yogurt
yielded larger particle sizes than chewing walnuts in isolation. Although particle size was not
correlated with either food palatability or sweet flavor, the findings indicate that changing the

conditions at swallowing might modify the release of energy from nuts. Further, fullness
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sensations were higher after whole walnut than walnut butter consumption though there were no
significant changes in glucose, insulin, or GLP-1 concentrations. This indicates that mastication
has a direct influence on the satiety effects of walnuts, although the mechanism requires further
investigation.

In the second part of this work nuts (walnuts, almonds, and pistachios) were chewed by
seven healthy adults (3 males, 4 females; BMI: 25 & 1.19; age: 28 + 4 years old) and subjected to
simulated gastric and intestinal digestion conditions. Results showed that the mean particle size
was significantly smaller for walnuts after mastication than after 120 minutes of the intestinal
phase of digestion. Compared to almonds, the mean particle size was larger for walnuts post-
mastication. Moreover, post gastric and intestinal digestion, the mean particle size was larger for
walnuts compared to almonds and pistachios. However, the masticated and digesta particle sizes
were not related to the integrity of cell walls nor lipid release. Mastication caused walnut cells to
rupture rather than separate and as walnut tissues passed through the gastrointestinal track, lipids
coalesced reducing digestion efficiency. The findings from this study suggest that the net release
of energy during the digestion of walnuts is determined by the intactness of cell walls as well as

by structural and compositional features of walnuts, such as naturally occurring oil bodies.



CHAPTER 1. INTRODUCTION

1.1 Rational

With the rise in overweight and obesity, individuals have increasingly turned to foods that
provide a metabolic advantage in an attempt to lower energy intake and aid with healthy eating
and weight loss/management (1). In this context, nuts may be an exemplary food. Extensive
research has connected the intake of nuts, including walnuts with better metabolic profiles(2),
improvements in select biomarkers for cardiometabolic health (3-6) as well as diet quality (5, 7,
8), and a lower or stable body weight (6, 9-11). It is notable that the lack of effect on body
weight occurs despite evidence that nut consumption is associated with higher total daily energy
intake (6, 11-14).

Several mechanisms explaining the relationship between nut consumption and a lack of
weight gain have been advanced previously. Among these mechanisms, the satiating effects of
nuts appears to largely offset the excess energy they provide (13, 15). It has been suggested that
the satiating effects of nuts depend on their physical form and perhaps more importantly their
high demand for oral processing (16, 17), but the contribution of chewing to the satiety value of
nuts has not been widely examined. Walnuts, which are one of the most widely, consumed nuts
in the US and uniquely rich in polyunsaturated fatty acids (PUFA) among other nutrients, have
been associated with strong satiety responses (18, 19). However, walnuts are lesser studied nuts
in regards to their effects body weight, thus they were selected as the focus of this research.

Additionally, inefficiencies in the absorption and utilization of energy from nuts may
contribute to a lower risk of weight gain (13). Evidence has established that nuts have
indigestible structures that must undergo substantial oral/mechanical processing for optimal
release and absorption of energy (17, 20, 21). However, the relationship between the physical
structure of nuts and their energy yield is still not fully understood. For example, recent
evidence indicates that 21% of the energy from walnuts is not bioaccessible (22). Notably, this
low bioaccessibility is analogous to almonds (23) with markedly different physical properties
and higher than pistachios (24) with similar characteristics. Further research is now needed to

establish the mechanisms responsible for these observations.



Since energy balance is the product of the total diet, the context in which nuts are
consumed is relevant (8). National dietary assessments show that nuts are eaten in many contexts
(e.g., alone as snacks or with beverages or meals) (8, 25, 26), yet knowledge concerning the oral
processing of nuts within the context of the diet is lacking. A better understanding of this may

lead to new strategies to derive the greatest health benefit from nuts.

1.2 Study objectives

The main objectives of this dissertation are to:
. Review the literature on the effects of nut intake on body weight as well as the underlying

mechanisms involved.

. Evaluate the effects of efficiency of mastication of nuts in isolation and in the context of
the diet.

. Evaluate the contribution of mastication to the high satiety property of nuts.

. Contrast the effects of mastication and digestion on the structure and release of lipid from
nuts.

1.3  Organization of dissertation

This dissertation is organized into chapters that contain published manuscripts or manuscripts
submitted to peer-reviewed journals.

Chapter 2 beings with a general review on the topics related to oral processing, followed by an
in-depth discussion of the literature relating the oral processing of nuts to satiety and nutrient
bioaccessibility.

Chapter 3 describes an investigation of the efficiency of mastication of nuts in isolation and
under conditions of manipulated sweetness and fluid ingestion. Changes in pre-swallowing
particle size, bite forces, and palatability were assessed. The contribution of mastication to the
satiating properties of nuts was also investigated. Changes in appetite ratings and GLP-1, PYY,
and ghrelin were assessed.

Chapter 4 contains findings on the effects of mastication and digestion on energy bioaccessibility

as well as changes in particle size and cell wall encapsulation of lipid derived from nuts.



Chapter 5 summarizes the main findings of this dissertation and presents recommendations for

future research.

1.4 Study hypotheses

e Walnut particles will be greater when consumed with a liquid or semi-solid, especially if

the liquid or semi-solid is sweet.
e  Whole nut consumption will yield higher satiety responses than nut butter consumption.

e Mastication of walnuts will lead to less fracturing of cell walls and more separated intact

cells compared to almonds and pistachios.

e A greater proportion of lipid-rich cells from walnuts will remain intact during gastro-

intestinal digestion compared to pistachios.
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CHAPTER 2. A LITERATURE REVIEW ON THE ENERGETICS
OF NUT CONSUMPTION: ORAL PROCESSING, APPETITE,
AND ENERGY BALANCE

2.1 Abstract

Tree nuts and peanuts are nutrient rich foods with wide ranging cardiovascular disease and
metabolic benefits. Despite these benefits, since nuts are energy dense foods, there is still a fear
that their consumption may lead to a greater long-term risk of developing overweight or obesity.
However, accumulating evidence indicates that nut consumption is inversely associated with
weight gain. This is mainly attributable to the high satiety and low metabolizable energy
properties of nuts and perhaps an acute increase in energy expenditure or thermogenesis,
resulting in dissipation of another portion of the energy they provide. All of these mechanisms
stem from the oral cavity. It is here that appetitive signals, which modulate appetite and perhaps
metabolic processes, such as lipid digestion and absorption are generated in response to the
chemical and physical properties of nuts. Moreover, the mechanical reduction of nuts into
digestible particles through mastication alters their structure with implications for digestive and
absorptive efficiency. Further, oral processing stimulates sympathetic nervous system activity

that may contribute to energy expenditure.

2.2 Introduction

Several epidemiological and clinical studies indicate that nut consumption is associated
with reduced risk for a number of chronic diseases. The mechanisms behind these associations
have not been fully characterized. Nevertheless, it is hypothesized that the nutritional
composition of nuts induces positive health outcomes, such as in improvements in lipid profiles
and glycemic control, as well as reductions in blood pressure, inflammation, and appetite(1, 2).
Due to the increasingly demonstrated health benefits of nut consumption on cardiovascular
health, the US Food and Drug Administration (FDA) released a health claim acknowledging the
these foods may reduce the risk of heart disease (3). Since then, nuts have been included in

regulatory guidelines for healthy eating worldwide(4).



Despite the approved health claims for nuts, the healthfulness of nut consumption has been
questioned because they are energy dense and rich in fat (albeit mostly unsaturated), which are
properties associated with positive energy balance and weight gain. Concerns about body weight
remain a barrier to regular nut consumption(5). However, evidence challenging this view has
emerged over the past three decades. The available data demonstrate that body weight is lower
among nut consumers than non- nut consumers despite the evidence indicating nut consumers
have higher energy intake (6). Suggested reasons for this counter-intuitive observation, include
underreporting by nut non-consumers, differences in dietary and lifestyle patterns associated
with body weight in nut consumers and non-consumers(7), or properties of nuts that affect
energy balance(7, 8). The latter is the focus of this review.

Research over the past two decades has revealed three primary factors that collectively
account for the limited impact of moderate nut consumption on body weight (7): 1) the energy
contained in nuts is not fully bioaccessible resulting in limited absorption efficiency; 2) regular
nut consumption may augment resting energy expenditure; 3) nuts have strong satiety effects
leading to a high level of dietary compensation. All three of these mechanisms are linked to the
oral cavity.

This chapter starts with a brief overview of chewing, followed by a discussion of the
factors that influence chewing behavior. The role of nuts in energy balance is then reviewed. In
addition, the literature relating the oral processing of nuts to lipid metabolism, appetite; and

energy expenditure are discussed.

2.3 Obesity

Globally, the prevalence of obesity has increased and is expected to reach around 20% by
2025 if trends in the mean body mass index (BMI)(9), which characterizes its population
distribution continue. Obesity causes various health issues, including increased risk of
developing type 2 diabetes, dyslipidemia, hypertension cardiovascular disease, fatty liver disease
certain types of cancer dementia obstructive sleep apnea and so on (10). Increases in being
overweight and obese reduced life expectancy by 5—13 years increases health care expenditures

by 50-200% and dramatically alters quality of life (9-11).



2.3.1 Oral processing and obesity

An association between obesity and oral processing behaviors has been noted (12, 13) .
Observational studies suggest there is a positive relationship between fast eating and BMI (14),
and researchers have recommended eating slower to protect against excess food intake, by
chewing more and/or taking smaller bites (14-16). However, while those studies link oral
processing behaviors to a higher BMI and obesity risk, clinical studies suggest that the
relationship between oral processing and weight status is less clear. Inverse associations
between food hardness and energy intake have been reported from randomized controlled trails,
suggesting a positive effect of chewing on energy balance (17-24). In addition, a recent
systematic review suggests that there is a positive association between chewing and obesity (25).
Due to these discrepancies, associations between oral processing and energy balance demands

clarification and was one aim of the present research.

2.3.2 Potential action of oral processing on the health benefits of nuts

Tree nuts, such as walnuts, almonds, pistachios, as well as legume seeds, such as peanuts
are particularly aligned with reduced CVD, diabetes, and obesity risk as well as with cholesterol
lowering effects due to the unique composition of nuts(26). Many of the health benefits provided
by nuts are associated with their favorable fatty acid composition(27). Many investigations have
focused specifically on walnuts due to their higher levels of polyunsaturated fatty acids (PUFA),
especially -3 fatty acids(28). Lipid digestion and absorption influences postprandial lipedema
which is related to CHD (29). Moreover, there are other compounds in walnuts and other nuts,
including soluble and insoluble fibers, vitamins, minerals, and bioactive compounds, such as
carotenoids and antioxidants, with known health benefits.

The majority of the health-promoting nutrients in walnuts and other nuts are enclosed
within the food matrix by parenchymal cell walls (30). These cell walls limit the bioaccessibility
of nutrients to physical and chemical actions in the gastrointestinal tract (GIT)(30). Failure to
disrupt cell walls limits the release (bioaccessibiltiy) of intracellular nutrients to digestive
enzymes, leading to losses of health promoting compounds in the stool and also attenuated
postprandial lipedema(30, 31). However, mastication ruptures the cell walls making
encapsulated nutrients available for digestion and absorption. Thus, mastication efficiency has

the potential to influence the health benefits of nuts by altering the integrity of cell walls, which
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would affect the accessibility of health-promoting compounds. However, increasing the
accessibility of nutrients (e.g., fats) through mechanical disruption of cell walls could also
increase blood lipid levels and energy intake. Therefore, further elucidation of the role of

chewing on nut ingestion is needed.

2.4 Overview of chewing

As the first part of this dissertation research is related to chewing, a brief review of
mastication, assessment of mastication performance, and factors that influence mastication
performance and how it influences the microstructure of eating will be discussed here.

Chewing is the action of breaking down solid foods for swallowing and digestion. Food
entering the oral cavity is transported from the front of the mouth to the occlusal surfaces of the
post-canine teeth, followed by a serious of chewing cycles until a bolus suitable for swallowing
is formed(32-34). Additionally, saliva contributes to bolus formation by binding masticated food
particles into a coherent bolus that can be easily swallowed (35, 36).

Swallowing is a key step in the beginning of the digestion process. Swallowing transports
ingested, partially degraded food from the oral cavity to the stomach for further digestion(37).
Although the factors triggering a swallow are under debate, previous studies indicate that the
urge to swallow food could be initiated by a threshold level in the food particle size as well as by
the degree of lubrication of the food bolus(34). However, these levels depend on the consumer’s
dental state, the volume of the food ingested, as well as the mechanical properties of the food
since foods of low rigidity can be swallowed in larger sizes than harder foods(38). To date most
of the evidence suggests that swallowing is primarily determined by the rheological properties of

the bolus (e.g., cohesiveness) and these properties vary between individuals (39).

2.4.1 Measuring and monitoring chewing

Mastication performance can be evaluated through recordings of jaw movements and
measurements of the particle size of the chewed bolus. Multiple methods for recording jaw
movement have been used, such as electromyography (EMG) and video recordings. The EMG
method is most commonly used to assess the microstructure of chewing. Unlike video recordings,
which provide information about chewing duration, number of chews and chewing rate, EMG

methods provide information about bite forces and muscle activities (40).
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The bolus particle size can be used as an important indicator of mastication performance,
as it influences not only swallowing decisions, but also subsequent digestion processes, such as
nutrient extraction and gastric emptying(41). A wide variety of methods have been used to
quantify particle sizes, including sieving, colorimetric methods, and optical scanning of chewed
particles (40). However, in most studies, particle size is determined by sieving, probably
because it is the most feasible as the equipment required is simple and inexpensive compared
with other methods. However, variation it the recovered bolus is large because it is difficult to
collect every food particle from the oral cavity after expectoration. Therefore, particle size data is
typically expressed as the percentage of bolus weight for each particle size range. In some
studies the median particle size, which is the theoretical sieve through which 50% of the particle

weight can pass is used(42).

2.4.2 Factors influencing chewing performance
2.4.2.1 Intrinsic factors

Several factors can affect mastication performance. Intrinsic factors, such as age(43) and
gender(44), as well as dental status and salivary flow rate have a significant impact on
mastication performance(36). Several studies have described large intra-individual variation
(both within and between foods) in many mastication parameters(38, 42, 45-47), for example the
number of chews required for carrots ranged from 9 to 65 and it was 14 to 44 for Brazil nuts(38).

Furthermore, depending on the type of food, there is considerable inter-individual
variability in particle size. For example, for soft foods, such as rice, the particle size distribution
differs greatly between individuals and correlations between the particle size and type of rice
were noted (48). In contrast, for hard foods, such as nuts the inter-individual variability in
particle size distribution is smaller (37, 49). One study reported no significant inter-individual
variability and showed an obvious difference in the particle size between nuts (peanuts, almonds,
and pistachios) (47). Similarly, in another study, no significant inter-individual variability was
found in the particle size distribution for nuts (peanut, almond, and pistachios)(42). Therefore, in
the case of nuts, extrinsic factors (factors related to the characteristics of food) may contribute

more to the variation in mastication performance than inherent consumer traits.
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2.4.2.2 Extrinsic factors

Extrinsic factors, such as food structure(50), hardness(51-53), flavor (51, 52, 54-57), as
well as food-related lubrication(58-60) are known to influence chewing performance. Among
these factors, food hardness has been extensively studied. Harder nuts (e.g., almonds, pistachios,
peanuts) require a higher bite force and longer chewing time to form a bolus suitable for
swallowing than softer nuts (e.g., peanuts, pistachios, cashews, walnuts) (42, 51, 52). However,
in these studies, the particle size in the bolus before swallowing has not differed between hard
and soft nuts, despite the large variability in chewing parameters. It is possibly because intra- and
inter-individual differences in particle size thresholds for swallowing are fairly small in
comparison with the differences in mastication parameters (e.g. number of chews, total EMG
activity during a chewing sequence) (37). Thus, individuals with normal dentition may use their
masticatory apparatus in different ways to achieve a similar bolus (61).

Large variability in oral processing has been noted for different food types, with the
lubrication of a food being a key influential factor (38, 60, 62). Solid foods for example, require
extensive processing for safe swallowing(36). In contrast, liquids and semi-solid foods, being
already lubricated and without structure, can thus be cleared quickly from the oral cavity without
any mastication (36). For example, very moist foods, such as oysters have been shown to be
swallowed without any mastication or further lubrication (38). Moreover, previous studies have
found that liquid and semi-solid foods are ingested quicker and in larger bites than solid foods
(63).

Swallowing studies have shown that drinking while simultaneously eating a cookie or
corn beef hash triggers early swallowing of the food (64). Additionally, previous studies
demonstrated that adding water to solid foods (peanuts, cakes, toast) reduced jaw muscle activity
and the number of chews required until swallowing(60, 62). More recently, Hutchings et al.
investigated mastication parameters and the final particle size in the food bolus when peanuts
were embedded inside two-semi-solid matrices (gelatin gel and chocolate)(45). It was found that
the chocolate matrices, containing the peanuts were masticated for a shorter time compared to
the gelatin gel matrices. Due to the shorter chewing duration, nuts in the chocolate matrices
contained larger bolus particles than nuts in the gelatin matrices. Together, these findings suggest
that ingesting liquids with solid foods, including nuts may reduce the bolus preparation time and

total muscle activity expended to prepare nuts for swallowing. Given that the current food supply
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consists of many fluid foods(65) it is worthwhile to determine whether fluid intake with walnuts
significantly alters pre-swallowing particle size and if this has implications for the health benefits
of walnuts.

Moreover, palatability has been hypothesized to affect mastication performance.
Previously studies indicated that mastication performance may be reduced by increasing (66-68)
or decreasing (55) the sensory acceptability of a food. Using different flavored meals Bellisle et
al., revealed an inverse association between food palatability and both the number of chews and
chew time (per unit food)(66, 69). This study also compared the palatability effect between
single flavored meals and mixed meals and found that palatability was higher for mixed meals
than for any single flavored meal. In addition, the eating rate was increased as compared to
single meals (even the most palatable), due to a reduction of chewing activity (e.g., number of
chews and chew time). Similar results were reported in another study, which used a similar
intervention and found that chewing time was shorter and fewer chews were made when more
palatable foods were consumed(70). In contrast, other studies suggested palatability may not
influence mastication performance(51, 52). Using a variety of peanuts (raw, roasted salted,
roasted unsalted, honey roasted) McKiernan et al., reported that palatability does not influence
mastication parameters (e.g., number of chews, chewing rate/sec) or the particle size of the
swallowed bolus(52). The study by Frecka ez al., which used different types of almonds (raw,
salted, sliced, roasted, honey roasted) also found no relationship between palatability and
mastication measures. Several factors may account for these inconsistent results. First, the
definition of “chewing rate” was not consistent in these studies and not directly measured.
Second, the sample size in these studies was relatively small and characteristics of subjects (e.g.
gender, BMI) were different, which may have contributed to the inconsistent results. For
example, gender could have influenced the results; it was recently reported that females have
smaller bite sizes longer chewing duration and slower eating rates than do males (44). Forth, the
experimental procedures were not consistent. The study by Bellisle et al. controlled the chewing
rate and gave participants free access to drinking water (69), in contrast, the chewing rate used in
the latter studies was not controlled and water was not introduced during the testing session (51,
52). Since fluid ingestion may magnify the palatability of a given food and is inversely
associated with a meal duration(69), the effects of prandial fluid intake and palatability in

association with chewing walnuts will be investigated.
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An extrinsic factor that has gained little attention is flavor. A previous study found that
sour taste can shorten both the chewing time and increase the rate of ingestion, mainly through
effects on salivary flow (71). In addition, the sweetness of food has been shown to increase the
speed of eating and reduce the number of bites, which in turn could lead to a high energy intake
(56, 71, 72). Frecka et al., showed that honey roasted almonds had smaller particle sizes at
swallowing than raw almonds because of a faster chewing rate (51). In another study by
McKiernan et al. found that honey roasted peanuts had larger swallowing particle sizes than raw
peanuts, indicating a diminished efficiency in mastication, as reflected by the lower bite
forces(52). Due to the differences in particle size and the rate of ingestion, it could be
hypothesized that differences in nut flavor reduce subsequent health outcomes, and consequently
compromise energy balance. The current research will assess the effects of oral processing of

walnuts under conditions of manipulated sweetness.

2.5 Nuts and energy balance

The high energy density of nuts has generated concern that their consumption would
promote weight gain; however data collected from over 12,000 participants in the US
Department of Agriculture’s Continuing Survey of Food Intakes by Individuals revealed that
BMI was lower in nut consumers than in those who never ate nuts (23.8 0.1 kg/m2 versus 25.0
0.1 kg/m2 ) despite their higher energy intakes (2191 kcal/day versus 1997 kcal/day) (73).
Moreover, based on the available evidence from prospective studies and interventions, long-term
consumption of nuts is associated with lower overweight/obesity risks (2, 7, 74-79). The impact
of nuts on body weight has been repeatedly reviewed (2, 7, 8, 80-82) and these reviews support
the role of nuts in contributing to the maintenance of healthy body weight.

Furthermore, higher intakes of nuts, walnuts in particular, is associated with a significantly
lower risk of type 2 diabetes, and much of this inverse association appears to be mediated by
body weight (6, 77). While preliminary, this evidence suggests that walnuts may be
differentiated from other energy-dense nuts for their effects on body weight. Walnuts have a
unique blend of nutrients (ALA, polyphenols, antioxidants, dietary fiber) combined in a complex
food structure that may offer multiple means to affect energy balance, mainly with respect to

their impact on satiety and digestion (6).
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2.6 Plant cell wall structure and properties

Plant cell walls, composed of polysaccharide networks chiefly composed of cellulose,
hemicellulos and pectin constituents are of high importance in regards to extraction of nutrients
during digestion (49). These compounds resist degradation in the upper gut and their breakdown
within the colon by the gut microbiota is not well characterized (49). Cells that are left intact
during digestion act as a physical barrier, entrapping nutrients, and regulating the rate and extent
of their release in the gut. Several studies show that the relatively impermeable cell walls limit
the release of nutrients as well as the diffusion of enzymes into cells, restricting their
bioaccessibility(50, 83-85). This structural integrity and extent of cell wall permeability depends
on the inter-cellular adhesion strength and this seems to be of high importance regarding nutrient
bioaccessibilty and bioavailability. Mechanical disruption of plant foods through oral processing

may impact these properties and therefore alter nutrient release.

2.7 Impact of mastication on raw, whole nuts

Mastication starts the process of digestion (86). Its main role is to mechanically break
down solid foods, such as nuts, into smaller particles so that nutrients embedded within cellular
compartments of the food matrix can be released (bioaccessible) and potentially available for
absorption in the intestine (bioavailable) (49). At the cellular level, mastication results in cell
separation, cell rupture, or a combination depending on the structure and composition of the cell
wall (49, 87). Cell separation occurs when the forces holding the cells together are weaker than
the cell walls and is associated with limited release of intracellular nutrients. Cell rupture occurs
when the forces holding the cells together are stronger than the cell walls and their cellular
contents are released under pressure. Generally, the cells of soft plant tissues, such as cooked
legumes and ripe fruits separate whereas the cells of crisp/crunchy plant tissues, such as nuts,
tend to rupture. For the latter foods, the number of ruptured cells created during mechanical
processing affects digestion and absorption of intra-cellular lipids and potentially other nutrients
(29). However, even when mastication fails to fully rupture cell walls, fractures and fissures are
created that can provide digestive enzymes access to enter cells for digestion (29, 86, 88) and

facilitate the release of nutrients (49, 89).
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Inadequate mastication may lead to inefficient energy absorption (83). In the case of nuts,
lipid bioaccessibility depends on the proportion of ruptured to intact cells after mastication, and
this is generally inversely related to the size of particles in the swallowed food bolus (84, 89) as
illustrated in Figure 2-1. Whole raw almonds, for example, are chewed into relatively large
particles and their particles have a proportion of cells that are not disrupted, thus making them
more resistant to lipid release (84, 90). To date, few trials have investigated how chewing affects
particle size and lipid release from less firm whole nuts (e.g., walnuts, pine nuts, and cashews).
Presumably, the mastication of these nuts may result in smaller bolus particles. Cells may
separate rather than rupture and this would limit lipid release/digestion. To verify this hypothesis,

the current research will contrast the oral processing of walnut against almond and pistachios.

2.7.1 Impact of mastication on processed nuts

Extrinsic properties of nuts may be augmented by how they are processed which can alter
their digestibility. Roasting dehydrates nut tissues causing them to become more brittle. This
promotes their degradation during mastication and generally results in greater lipid
bioaccessibility and bioavailability (85). Additionally, roasting and nut form (e.g., whole, sliced,
butter, oil, and flour, among others) significantly modifies chewing behavior (e.g., bite force,
number of masticatory cycles required before swallowing, and final particle size) (52). The
implications of processing remain poorly characterized. In vitro digestion of almonds
demonstrates roasting results in smaller particles when masticated but negligible changes in lipid
release (84, 89). Randomized controlled trials (RCT) have yielded different results. In one trial,
roasted almonds yielded a greater number of particles with smaller sizes and greater available
energy compared to whole raw almonds (50). Conversely, another controlled trial reported
particle sizes were significantly larger (> 3.35 mm) after mastication of sliced and roasted
almonds compared to other almond varieties (51). The variability in an individual’s mastication
patterns may, in part, contribute to the discrepancies in lipid availability across studies (34).
More research is necessary to understand the significance (or insignificance) of nut processing

on nutrient bioavailability and energy extraction.
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2.7.2 Impact of mastication on different types of nuts

Overall, the available data demonstrate that insufficient mechanical disruption of nut
tissues results in incomplete nutrient release. Though most trials documenting this phenomenon
have been conducted with almonds, trials with other nuts have yielded similar findings (91-94).
However, energy yields do not conform to projections based on physical properties. Almonds
and walnuts differ in hardness yet yield comparable energy (90, 91). Walnuts and pistachios are
not markedly different in physical properties (91, 92), but yield discrepant amounts of energy. It
is presently not possible to predict energy yields across nut types, therefore, more information is
needed to elucidate their contribution to energy balance. Further, nuts are eaten in many ways
(e.g., boiled, steamed, or as ingredients) which can greatly affect the bioaccessibility of their
contents. Generally, a better understanding of the relationship between nutrient extraction and
the digestion of available energy in nuts should provide a basis for processing nuts to achieve
different purposes. For individuals in positive energy balance, whole nut consumption may be
recommended to lower energy bioaccessibility, whereas for individuals ingesting nuts with the
goal of increasing intake of macro- and micronutrients, nut forms with higher nutrient

bioavailability may be optimal (e.g., oil and butter).

2.7.3 Fecal Fat Excretion

The accepted energy values of nuts as reported in the United States Department of
Agriculture (USDA) National Nutrient Database are based on Atwater factors, a system
commonly used to approximate the metabolizable energy (ME) of foods (95). Evidence of the
limited energy bioaccessibility from nuts is not reflected in these energy estimates. Recent
studies indicate almonds, walnuts, and pistachios provide approximately 24%, 21%, and 5% less
ME, respectively than predicted by Atwater factors (90-92). Studies of peanuts (96, 97) and
pecans (93) also reveal inefficient energy absorption based on increased fecal fat loss, but the
magnitude has not been quantified. Findings from these studies are summarized in Table 2-1.
Indeed, nut form also impacts bioaccessibility and bioavailability. Thus, fecal fat excretion
varies depending on the physical form of a consumed food. This effect has been documented in

trials with various peanut (94, 96) and almond products (e.g., whole, sliced, butter, and oil) (50).
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2.8 Impact of mastication on energy expenditure

Another complementary explanation for the inverse or null association between nut
consumption and body weight relates to enhanced energy expenditure with chronic nut
consumption. Total energy expenditure is primarily comprised of three components: resting
energy expenditure (REE) (the energy required to support the body at rest), thermogenic effect of
feeding (TEF) (the energy cost of digesting, absorbing and metabolizing food), and the energy
expended during physical activity (12). Several trials reveal an increase in thermogenesis with
peanut consumption (97-99). One study observed an increase in REE and TEF after providing
320 kcal of high oleic peanuts to men with overweight or obesity in an acute feeding trail.
Another trial found that REE was elevated 11% after frequent peanut consumption in healthy
adults for 19 weeks; no change in TEF was observed (97). Similarly, another trial noted a 5%
increase in REE in participants with overweight compared to normal weight participants
following peanut oil ingestion for 8 weeks, and an 11% increase in REE was reported in
overweight men only. No differences in TEF were reported in groups that were either lean or
overweight (99). Other trials have failed to observe differences in energy expenditure among
different types of nuts (e.g., walnuts (100), hazelnuts (101), or almonds (102, 103)). To date,
data do not indicate that nut consumption augments physical activity (97, 99, 101-103). Only one
study reported an increase in physical activity with regular nut consumption (104). However, the
study was not designed to assess changes in energy expenditure.

The mechanisms by which nut consumption may increase energy expenditure are not
clear but have been attributed to the combination of mono- and polyunsaturated fatty acids
(MUFA and PUFA) and the protein they provide. Protein is the most thermogenic macronutrient
(105) and unsaturated fatty acids are oxidized more rapidly than saturated fatty acids (SFA)
(106). This would be expected to result in increased TEF which has not been widely observed.
Chewing can elevate REE (107-109), but not to the magnitude reported for nut intake. Taken
together, a rise in energy expenditure associated with nut consumption has been reported but not
consistently. Verification or rejection of this proposed mechanism for energy dissipation would
be worthwhile.

Collectively, these data provide a plausible mechanism to explain findings of higher daily

energy intake coupled with neutral effects on body weight among nut consumers. Increased fecal
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energy loss and elevated energy expenditure would offset the greater energy consumption as

measured by bomb calorimetry or calculations based on proximate analyses of nuts.

2.9 Impact of mastication appetite and satiety

Besides having a major role in nut ingestion and digestion, the mastication of nuts has the
potential to influence satiety and satiation through several routes (110, 111). First, mastication
disrupts the cell walls of nuts, releasing the lipids and proteins from the cells (112), which, in
turn, prompt the release of gut-derived hormones such as cholecystokinin (CCK), glucagon-like
peptide-1 (GLP-1), gastric inhibitory polypeptide (GIP), peptide YY (PYY), and leptin that
reportedly enhance satiation and satiety. However, the evidence is mixed regarding whether
these hormones alter appetite or if they simply aid the digestive process of food components that
promote satiety (113, 114). Studies that measured endocrine responses from nuts have yielded
inconsistent results: one trial showed significantly increased PYY after peanut consumption
compared to no peanuts (115), whereas other trials reported no significant difference in PYY
concentration after consumption of walnuts (100), or pine nut oil (116) compared to no nuts.
Similar discrepant results were observed for GLP-1. A significant increase in GLP-1
concentration has been noted after consumption of pine nut oil compared to no nuts (116), while
others reported trends but no significant differences with nut consumption compared to no nuts
(115). Additional studies noted no significant difference in GLP-1 concentration after whole nut
consumption compared to no nuts (100, 117). Other measured hormones (e.g., CCK, ghrelin,
leptin, and GIP) also showed inconsistent findings after consumption of nuts compared to no
nuts (100, 115-117). Therefore, the role of gut hormone responses in nut-induced satiety are not
clear.

Second, the satiety effect of nuts may be partially attributed to their physical form and
increased need for mastication. Studies comparing nut forms have isolated the relative
importance of oral processing on appetite. One study reported when consumed as a preload, both
peanuts and peanut butter led to suppression in hunger ratings, but the decline was less in peanut
butter (118). In another study that compared whole almonds, almond butter, almond flour, and
almond oil, daylong fullness ratings were significantly higher after consuming whole almonds
compared to almond flour and almond oil, and higher fullness ratings were reported for almond

butter compared to almond flour (117). These results suggest that whole nuts have stronger
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satiation and hunger suppressing effects than forms that have been mechanically reduced. There
may be a higher expected satiation with whole nuts that becomes self-fulfilling (119). Thus, it
appears there is a stronger contribution of mechanical processing than nutrient signaling to
appetitive sensations(83), although a cognitive effect is also plausible (120). Nevertheless, few
studies have been performed focusing on the contribution of mastication to appetite and
satiety(83). Moreover, these studies have been limited to almonds. However, whole walnut seeds
are one of the most widely consumed nut in the United States (1) and have specific properties,
such as high alpha-linoleic acid (ALA) content which are potent stimulators of gut-derived
satiety peptides(121), such as GLP-1 and PYY as well as behavior outcomes (e.g.,. feelings of
fullness) (100). Because of this popularity and the fact that their physical and chemical
properties vary markedly from almonds, determining whether the findings with almonds

generalize to walnuts is warranted and one of the aims of this work.

2.9.1 Non-oral effects on appetite

Over the past two decades, nuts have become a model food for appetite control: they have
been shown to increase satiation (117) and satiety (100), and to decrease hunger (118, 122) and
desire to eat (122) ratings. The timing of nut consumption may alter their effects on appetite
(122). Several studies indicate a strong appetitive effect when nuts are consumed in the morning.
Consumption of whole almonds in cereal at breakfast significantly increased daylong fullness
ratings compared to cereal without almonds in adults who were overweight (117). Similarly,
walnut consumption as part of a shake at breakfast was associated with higher satiety and
fullness ratings before consumption of lunch compared to when an energy, carbohydrate, and fat-
matched placebo shake was consumed at breakfast (100). Reported satiety remained significantly
increased after 3 and 4 days of consuming the walnut shakes at breakfast (100). When almonds
were consumed with a meal at lunch, there was less hunger suppression than when almonds were
consumed at breakfast (122). Likewise, there were no significant differences in appetite ratings
when peanuts were consumed at lunch compared to an iso-energetic meal (123). This suggests
that if consumed with a meal, nuts paired with breakfast elicits optimal suppression of hunger
and increased satiety ratings throughout the morning and day, although additional verification is

required.
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Snack consumption promotes excess energy intake and has been implicated in the obesity
epidemic (124, 125). However, nuts consumed as a snack can exert marked suppressive effects
on hunger and desire to eat ratings (122). A 4-week randomized controlled, parallel-arm study
with participants at risk for type 2 diabetes contrasted almond consumption at breakfast, lunch,
or as a morning or afternoon snack compared to no almond consumption. Participants who
consumed almonds reported lower hunger and desire to eat ratings before the following meals.
However, participants that consumed almonds alone as a morning or afternoon snack reported
significantly lower levels of hunger and desire to eat ratings 60 minutes post snack, compared to
when almonds were consumed with meals. In that trial, there were no significant differences in
fullness ratings (122). In another study, normal weight women reported dose-dependent greater
fullness and lower hunger after consumption of 0, 28, or 42 g of raw almonds as a mid-morning
snack. Energy intake at lunch was also lower in a step-wise pattern. However, the appetite
ratings were not suppressed throughout the day, as no significant group differences in appetitive
ratings between lunch and dinner were observed (126). Conversely, another study examining the
effects of peanuts consumed with a meal or as an afternoon snack in healthy participants
observed average hunger and fullness ratings did not differ between snack groups with and
without peanuts or with timing of consumption. However, there was greater energy
compensation after consuming the peanut-only load and the snack mix with the peanut load
compared to the energy matched control snack (123).

Though not fully consistent, the preponderance of evidence indicates nuts consumed as a
snack suppress hunger, augment fullness, and promote energy compensation at a subsequent
eating event. If verified through further work, this would support a role for nuts in individuals

who choose to snack while attempting to maintain or lose body weight.

2.9.2 Properties of nuts that affect appetite

While no single property of nuts has been shown to account for noted appetitive effects,
there are multiple reasons for the decreased ratings in hunger, desire to eat, and increased ratings
of fullness and satiety reported across studies. First, nuts provide 0.9-3.5 g of dietary fiber per
one-ounce portion (127). Fiber contributes to gastric distension and slows gastric emptying,
transit time, and absorption of nutrients from the GI tract. These actions possibly increase

feelings of fullness, but do not explain the entire phenomenon. Secondly, nuts provide
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unsaturated fatty acids, including 2.5-16.7 g MUFA and 0.4-13.4 g MUFA per one ounce serving
(127). Unsaturated fatty acids are more readily oxidized than SFA (128). It has been
hypothesized that fatty acid oxidation maintains satiety between meals and delays the onset of
feelings of hunger in mice (128). Therefore, the high unsaturated fatty acid content of nuts could
contribute to satiety and longer intervals between eating events (128). However, several trials
have failed to report differential appetitive effects following nut loads varying in fatty acid
composition (129, 130). Nuts are also rich in protein, with a content ranging from 2.2-6.0 g per
one ounce (127). Protein is reportedly the most satiating macronutrient (131) and consumption is
associated with decreased energy intake (8, 132, 133). Protein consumption leads to the secretion
of satiety hormones such as GIP, GLP-1, CCK, PYY, and inhibition of ghrelin, all of which may
promote satiety. Although, as noted above, nut consumption does not have a robust effect on gut
peptide secretion. Nevertheless, the composition of nuts (e.g., fiber, unsaturated fat, and protein)
likely contributes to their effects on appetite.
In addition to their chemical composition, there are physical attributes of nuts that could
aid in controlling appetite. For example, consuming in-shell nuts may lower energy intake. A
randomized, cross-over, controlled-feeding trial in university students, revealed consumption of
in-shell pistachios led to lower energy intake than shelled pistachio kernels (134). It was
hypothesized that not only does consumer manual shelling slow consumption time, but the empty
shells provide a visual clue as to how many nuts were eaten, which may affect appetite (135).
However, no significant differences in fullness or satisfaction ratings were reported in this study
(134).
Overall, nuts have been shown to increase satiation and satiety and to decrease hunger and
desire to eat ratings, especially when eaten at breakfast or as snacks. Multiple nutrient, cognitive,
and physical properties of nuts likely act synergistically to impart these sensations and isolation

of these components does not yield the same effects.

2.10 Conclusion

Although all nuts are energy dense and nutrient rich, they vary on multiple dimensions
such as macro- and micro-nutrient content, phytochemical content, structural and sensory
properties, consumption practices, and food forms. Evidence to date indicates no nut yields

100% of its calculated energy content, though there is some variability between nut types and
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forms (90-92). Despite these differences, all nuts have the same effect on energy balance. Since
nuts are grouped into one category in most epidemiological trials, the ability to determine
whether there are differences between nuts is limited. Epidemiological studies investigating the
difference between peanuts and tree nuts on obesity reported greater weight maintenance benefits
with tree nut consumption than peanut consumption (136, 137). However, this has not been
evaluated in a RCT and remains uncertain (137). Nuts are rarely compared between each other in
RCTs. If multiple nuts are consumed, they are typically delivered as a mixture of nuts rather than
separately to different groups. Overall, there is currently not enough evidence to determine if the
various nuts have different effects on appetite or lipid metabolism. The prevailing view is that

nuts are more similar than different in their effect on body weight (113).
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Figure 2-1: Structural changes in the microstructure of masticated nut particles of increasing size

Particle
size < ,
(nm) ; [ :

Decreasing cell rupture

Note: cell wall structure is shown in black and intracellular lipids is in grey. (A) Shows cells
within smaller bolus particles are ruptured and most of the cellular lipid has been extracted; (B,

C) illustrates limited cell wall rupturing within particles of larger sizes and cells largely still
filled with lipid.



Table 2-1: Human Feeding Studies with Nuts Reporting Data on Fecal and Energy Loss

Note: CHO, carbohydrate; EI, energy intake; HF, high fiber; LF, low fiber; nm, not measured; P, whole peanuts; PB,

peanut butter; PF, peanut flour; PO, peanut oil; R, raw; RO, roasted
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CHAPTER 3. MASTICATION OF NUTS UNDER REALISTIC
EATING CONDITIONS

Breanna M. McArthur! Robert V. Considine’ and Richard D. Mattes® Mastication of nuts under
realistic eating conditions: implications for energy balance. Nutrients (accepted on May 30 2018)
The manuscript has been accepted by Nutrients and has been formatted according to the journals

requirements

3.1 Abstract

The low digestibility and high satiety effects of nuts have been partly attributed to
mastication. This work examines chewing forces and the bolus particle size of nuts (walnuts,
almonds, pistachios) varying in physical properties under different conditions (with and without
water, juice, sweetened yogurt and plain yogurt) along with satiety sensations and gut hormone
concentrations following walnut consumption (whole or butter). In a randomized, cross-over
design with 50 adults (25 males, 25 females; Body Mass Index (BMI) 24.7 & 3.4 kg/m2; age: 18—
52 years old (y/o), the chewing forces and particle size distribution of chewed nuts were
measured under different chewing conditions. Appetite sensations were measured at regular
intervals for 3 h after nut intake, and plasma samples were collected for the measurement of
glucose, insulin and Glucagon-like peptide-1 (GLP-1). The three nuts displayed different particle
sizes at swallowing though no differences in chewing forces were observed. Walnuts with yogurt
yielded larger particle sizes than the other treatments. Particle size was not correlated with either
food palatability or flavor. Fullness sensations were higher after whole nut than nut butter
consumption though there were no significant changes in glucose, insulin, or GLP-1
concentrations under any condition. Changing the conditions at swallowing might influence the

release of energy from nuts.

3.2  Keywords

nuts; physical properties; mastication; bolus formation; swallowing; satiety
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3.3 Introduction

Nuts are high-fat, energy-dense foods that, historically, have been associated with
adiposity. However, mounting evidence suggests that in the context of a healthy diet, the
inclusion of nuts does not promote weight gain (6, 77, 78, 97, 102, 136, 139-142). This has been
attributed to their potential to increase energy expenditure (97-99), high satiety value (83, 100,
143-148), and limited energy bioaccessibility (release) (93, 94, 96, 138). Mastication contributes
to each of these mechanisms, but in different ways. A better understanding of oral processing
may therefore yield insights for manipulating nut consumption to manage energy balance.

Several studies on gum-chewing have documented that mastication elevates energy
expenditure (EE) due to the muscular activity involved in chewing (107, 109, 149). Chewing
reportedly increases energy expenditure by 11 kcal/h (149), although more recent studies reveal a
smaller increment in thermogenesis (107, 108). Other work noted a significantly larger increase
in diet-induced thermogenesis (DIT) after consumption of a solid meal compared to the same
meal in puree form (108). Although mastication was not measured, multiple studies document
acute effects of peanut consumption on energy expenditure (97-99). Supportive findings in trials
with other nuts are not robust. One study reported a 14% increment in EE after almond
consumption (150), although in another report, no thermogenic response was noted (102).
Studies with walnuts (100) and hazelnuts (151) have also revealed no variation in thermogenesis.
Consequently, the evidence to date is not conclusive on this mechanism. If the act of chewing
does influence thermogenesis, the effect is likely small in magnitude (108).

Investigations on solid and liquid versions of high-carbohydrate, high-protein, and high-fat
foods indicate that ratings of hunger and total energy intake are higher following consumption of
the liquid versions of each of these foods, regardless of the energy source tested (17-24). These
findings suggest that oral processing effort/time may contribute to satiety. However, it is unclear
whether this effect is direct or indirect. Some work indicates the act of chewing can enhance
satiety by neural and/or endocrine mechanisms. Animal studies show that chewing directly
activates satiety centers in the hypothalamus and suppresses food intake (152, 153). Additionally,
oral stimulation prompts cephalic phase responses that, in turn, influence the secretion of
hormones (e.g., CCK, PYY, GLP-1, insulin) that purportedly mediate appetite and metabolism
(154, 155). Alternatively, food components (e.g., protein, fat, fiber) rendered bioavailable

through mastication have been correlated with increases in satiety and reductions in energy
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intake. Recently, the satiating properties of walnuts have been ascribed to their fatty acid profile,
which is especially rich in polyunsaturated fatty acids (e.g., alpha-linolenic acid) (121). However,
very few study designs isolate the independent effect of mastication on appetitive responses, so
clear conclusions cannot be drawn. One aim of this study was to explore the role of mastication
of walnuts on appetitive sensations and selected “satiety hormone” concentrations.

Chewing has a major role in food digestion and nutrient bioaccessibility. Chewing
mechanically ruptures the cell walls of plant foods thereby freeing nutrients that may not have
been accessible to the body. Randomized controlled trials exploring the relationship between
mastication and energy bioaccessiblity from nuts reveal increased energy losses in the stools of
subjects on diets rich in walnuts (91), pecans (93), pistachios (92), almonds (90), or peanuts
[3,24]. This low bioacessibility is attributed to the resistance of nut parenchymal cell walls to
degradation in the gut and inadequate mastication (30). However, one study observed greater
lipid absorption (e.g., less fecal fat excretion) after almonds were chewed 40 times versus 10
times (83), calling into question the role of increased chewing as a strategy for weight
loss/maintenance. Whereas prolonged oral stimulation may enhance the signals generated for
appetite control (156-158), the greater nutrient availability derived through chewing could
increase energy absorption. Thus, from this perspective, questions remain as to whether chewing
is an aid or hindrance to energy balance.

While there are similarities in nutrient composition and energy density between nuts that
support viewing all types of nuts similarly, there are structural and compositional differences that
challenge this view. First, nuts differ in their physical properties (e.g., hardness). Almonds for
example, require a higher breaking force than peanuts (51, 52). Dissimilarities in hardness
between nuts can modify masticatory behavior such as chewing duration and/or bite strength,
which determine particle size, and energy bioaccessibility. Second, the context in which nuts are
consumed can vary (e.g., nuts alone or in combination with foods and beverages) (159) which
can impact their oral processing and availability of nutrients (160). For example, fluid (e.g.,
water, clear beverages) and semi-solid (e.g., gels, yogurt) foods ingested with nuts shorten the
rate/duration of chewing and trigger early swallowing of the mixture (38, 45, 60). Furthermore,
prandial fluid intake has been suggested to increase the palatability of a meal which can also lead
to fewer chews, larger bite sizes, and an accelerated eating rate (66, 68, 161, 162), notably when

the fluid is sweetened. Thus, taking nuts with fluid products, especially sweet ones, may increase
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particle sizes within the ingested bolus, affecting the ultimate release of energy from the nuts.
However, data concerning this topic are scarce (38, 45), thus this issue was examined in this trial.

Recent evidence indicates 21% of the energy in walnuts is not bioaccessible, which is
similar to the energy value for almonds (20% lower than predicted based on Atwater values or
bomb calorimetry) though they have dissimilar physical properties (90, 91). Moreover, walnuts
reportedly have energy yields that are lower than pistachios (5% less than predicted) with close
physical properties (92). Although the mechanisms are unclear, it may be hypothesized that nuts
evoke different amounts of fragmentation and cellular disruption in the oral cavity due to
differences in their physical properties (163, 164), a postulate that was also examined in this
study.

Overall, the goals of this study were two-fold: First, it was of particular interest to contrast
the masticatory efficiency of nuts (walnuts, almonds pistachios) varying in physical properties as
this may result in changes in pre-swallowing particle size and, consequently, their digestion.
Additionally, we investigated the influence of adding high water foods and beverages of varied
flavors (sweet vs. plain) to walnuts on masticatory performance and pre-swallowing particle size.
We hypothesized that coupling walnuts with a sweet flavor would increase palatability and
reduce masticatory efficiency, resulting in larger particle sizes in the swallowed bolus.
Additionally, mixing walnuts with fluid foods (liquids and semi-solids) was expected to facilitate
swallowing of larger particles. Secondly, we investigated the effects of walnut consumption as
whole nuts or butter on appetitive sensations and gut hormone secretion. We hypothesized that
the whole nuts would elicit a higher satiety value compared to the nut butter. Differences from
other tree nuts in chemical (e.g., fatty acid and antioxidant profile) and physical characteristics
make walnuts an intriguing target for the study of the contribution of oral processing to their
satiety and low energy yield. Moreover, given that walnuts uniquely provide nutrients associated
with various health benefits (165), evaluating how these nuts are orally processed alone and
under realistic eating conditions is worthwhile, especially since their health impact may be

altered by the efficiency of mastication.
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3.4 Materials and Methods
3.4.1.1 Participants

Fifty healthy adults (25 M, 25 F; BMI 24.7 + 3.4 kg/m2 (range: 19.7-33.7 kg/m2); 25 £ 8 y/o
(range: 18-52 years) were recruited through public advertisements. Eligibility criteria included
healthy dentition and no nut allergies. All participants were non-smokers and were not taking
medications known to affect the study outcomes. Each participant signed an informed consent
form approved by the Purdue University Institutional Review Board and received monetary

compensation for participation.

3.4.2 Experimental Design

The study followed a within-subject experimental design. Two experiments were carried
out in three separate testing sessions. In experiment 1, each participant participated in one
session of masticatory performance (Figure 1). Participants reported to the laboratory after
having refrained from eating and using oral care products for at least 2 h. Participants were
presented 5 g portions of nuts (walnuts, almonds, pistachios) with and without water, apple juice,
plain yogurt or sweet yogurt in a randomized order. They were instructed to chew each sample,
one at a time, at a constant rate (timed to a metronome at a rate of 1 chew/s for 15 s. Each sample
was then expectorated into a pre-weighed plastic container and rated for palatability on a scale of
1 to 9 with 1 = “dislike extremely” and 9 = “like extremely (166).” A separate chewing condition
was applied where participants were instructed to chew the walnuts for a predetermined number
of chewing cycles (15 s) or until ready to swallow followed by expectoration into pre-weighed
containers. For all treatments, electromyography (EMGQG) activity was recorded throughout the
chewing sequences and particle size was determined by wet sieving.

Experiment 2 was divided into two sessions separated by approximately 1 week (Figure
1). Participants reported to the laboratory in the morning after an 8 h fast. They rated their
appetitive sensations upon arrival using a visual analogue scale (VAS) presented on a personal
digital tablet. Standard appetite questions were used as described previously by Hill et al. (167).
After completing the VAS, a catheter was inserted in a vein in the antecubital space of the arm.
Following a 10 min acclimatization period, a second appetite questionnaire was completed and a
baseline blood sample (time point = 0) was drawn. Participants were then presented with 28 g of

whole walnuts (raw) or walnut butter (whole raw walnuts ground to smooth butter consistency
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by a standard food processor) in a counterbalanced order. Immediately following walnut
consumption, blood samples were drawn at 15, 30, 45, 60, 120, and 180 min. Blood samples
were collected in EDTA-coated tubes containing DPP-IV inhibitor on ice, and centrifuged to
separate the plasma. Plasma was aliquoted and initially frozen at —20°C prior to storage at
—80 °C Plasma GLP-lactive was measured in duplicate using a commercially available ELISA
kit (Millipore). All samples for an individual were run on the same ELISA plate. Glucose and

insulin concentrations were determined using a Roche Cobas Integra Analyzer.

's N
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performance N J
( ~
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(fixed vs. free chewing)
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(sessions 2 and 3) 4 )
walnut butter
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L A

Figure 3-1 Study flow diagram
3.4.3 Test Foods

Three whole nuts were evaluated: Walnuts (raw unsalted, Sacramento, CA, USA),
almonds (roasted salted, Sacramento, CA, USA), and pistachios (dry roasted, Kraft Heinz Foods
Company, Chicago, IL, USA). Each type of nut was drawn from a single batch and was stored in
sealed containers in a refrigerator at 4°C until the day of testing. Each nut sample weighed ~5.0 g.
Five eating conditions were assessed: Nuts alone, nuts with water (deionized), nuts with apple
juice (Mott’s 100% Apple Juice, Mott’s LLP, Plano, TX, USA), nuts with sweet yogurt (Greek
Gods Greek Yogurt Honey Vanilla, Hain Celestial Group, Inc. Lake Success, NY, USA) and
nuts with plain yogurt (Greek Gods Greek Yogurt Traditional Plain, Hain Celestial Group, Inc.
Lake Success, NY, USA).
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3.4.4 Breaking Force

Texture analyses for each of the three whole nuts was conducted using a TA XT2 Texture
Analyzer (Stable Micro Systems, Godalming, UK) fitted with a knife probe and set to penetrate
the samples to a depth of 4 mm (almonds, pistachios) and 8 mm (walnuts) at a speed of 1 mm/s.
Two different penetration depths were applied since samples differed in shape and dimension
(e.g., thickness). Twenty replicates were performed for each nut type and a mean value was

calculated.

3.4.5 Masticatory Performance

The microstructure of chewing was characterized by electromyographic (EMG) recording
(BioPac Systems, Inc., Goleta, CA, USA). The temporalis and masseter muscles on the dominant
chewing side of each participant were identified by palpation and bipolar surface electrodes were
placed approximately 3 cm apart along each muscle. A ground electrode was placed on the inside
of the participants’ opposite wrist. Four parameters were quantified: Maximum bite force (volts);
mean bite force (volts); total muscle work (area of the EMG signal); and total number of chews.

The raw EMG output was rectified due to the bipolar nature of the signal.

3.4.6 Proportional Particle Size Distribution

A total of 800 boluses were collected (50 subjects x 16 samples) and particle size was
determined by sieving the expectorated boluses through a stack of pre-weighted sieves. The
mesh sizes were: >3.35 mm, 3.35-2.0 mm, 2.0-1.0 mm, 1-0.50 mm, 0.50-0.25 mm, 0.25-0.125
mm and <0.125 mm (WS Tyler, Mentor, OH, USA). The sieves were arranged in descending
order of mesh size. Because wet bolus particles tended to stick together, a 0.1% sodium chloride
solution was poured over the expectorated samples and allowed to drain completely through the
stack of sieves. The sieves and expectorated samples were then dried for 17 h at 74 °C in an air-
dry oven to eliminate all the water. This time/temperature was selected using previously

described methods (45, 168), with the noted modifications.

3.5 Statistical Analysis

Statistical analyses were performed using SPSS version 22.0 (IBM Corp., Armonk, NY)

The Kolmogorov-Smirnov test was used to verify data distribution normality. Non-parametric
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tests were used when the assumptions of parametric tests were not met. A non-parametric
Wilcoxon signed-rank test was applied to compare the parameters describing mastication.
Repeated measures analysis of variance (ANOVA), with nut type and condition as within subject
factors, were applied to test if significant differences exist between nuts and between conditions
on palatability ratings, masticatory performance, and proportional particle sizes. Repeated
measures mixed models were used to test the overall condition effect (i.e., liquids vs. solid vs.
semi-solids, sweet vs. plain) on the particle size distribution. When significant interactions were
observed, main effects were tested using paired #-tests. Spearman’s correlation analysis was
performed to examine the relationship between masticatory performance, particle size, and
palatability. Repeated measures ANOVA and mixed models were also used to test the effects of
nut form (whole vs. nut butter) on appetite and post-prandial responses. When appropriate, post
hoc comparisons were made with Bonferroni adjustments. Statistical tests were performed at a

significance level of p < 0.05.

3.6 Results
3.6.1 Nut Breaking Force

The instrumental breaking force was the lowest for walnuts (1088 £ 177 g), followed by
pistachios (1833 &+ 169 g) and almonds (3395 + 149 g)

3.6.2 Mastication Parameters

There were no significant differences in chewing outcomes: Mean force, maximum force,
and total muscle work (AREA) between eating conditions and nut types (Figure 3-2A-C).
Similarly, for walnuts in the free and fixed chewing conditions, the total muscle work (z =
—1.371, p = 0.170), mean (z = —0.475, p = 0.635) and maximum bite force (z = —0.005, p =
0.996) were comparable (data not shown). The Wilcoxon signed-rank test revealed that chewing
time (second) increased when walnuts were chewed and expectorated at the time participants felt
the need to swallow (20 s) compared to when walnuts were chewed for a fixed time (15 s), (z =

~4.583, p < 0.0005).
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Figure 3-2: Meant+ S.E.M (A) total muscle work (AREA), (B) mean bite force, and (C) maximum
bite force obtained from EMG recordings.
Conditions with the same lower case letters (a) represent no significant difference between
conditions (P>0.05)
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3.6.3 Particle Size

There was a moderate, but significant effect of nut (F (2, 80) = 16.096, p < 0.0001) and
condition (F (3, 139) = 6.906, p < 0.0001) on the recovered food mass collected after mastication.
The percent recovery was slightly, but significantly lower for the walnuts (88.4 + 1.1%)
compared to the almonds (91.0 £ 0.94%) and pistachios (92.8 £ 0.87%) (p < 0.01). The
proportion of particles larger than 3.35 mm were significantly greater in almond boluses
compared with walnuts and pistachio boluses (p < 0.01). The share of particles larger than 3.35
mm was comparable between the pistachios and the walnuts (p > 0.01). In contrast, pistachios
had a higher proportion of particles less than 0.125 mm compared with the other nuts (p < 0.01)
(Figure 3-3A). The proportion of particles less than 0.125 mm was significantly larger for
walnuts chewed until the point of swallowing than the walnuts chewed for a fixed time (p =

0.003) (Figure 3-3B).
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Figure 3-3: (A) Mean + S.E.M particle size distribution of nuts chewed in isolation.

Comparisons are based on two-way repeated measures ANOVA with post hoc Bonferroni multiple comparison test.
Different lower case letters denote significant differences between nuts (p < 0.05); (B) Mean = S.E.M particle size
distribution by size of walnuts chewed for a fixed time and to the point of swallowing. Letters that are different
denote significant differences between mastication protocols (p < 0.05).

In an analysis that examined the main effect of condition type (e.g., nut alone, water,
juice, sweet yogurt, plain yogurt) at each sieve size level, particles were larger (>3.35 mm) with
sweet and plain yogurt compared with the nut alone (p <0.01).

The ANOVA revealed a main effect of condition on particle size (¥ (3140) = 8.358, p <
0.0001). A larger proportion of particles less than 0.125 mm were detected in boluses with water
than corresponding boluses without water (p < 0.01). Boluses with juice contained more particles
less than 0.125 mm than boluses with plain yogurt (p < 0.01). In a second analysis that examined
the overall condition effect (e.g., solid nuts alone vs. with liquid beverages vs. with semi-solid
yogurts) on particle size, a high proportion of bolus particles greater than 3.35 mm was found
with the yogurts and the beverages than with the nuts alone (p <0.01).

Significant condition-by-sieve (F (10, 444) = 18.039, p < 0.0001) and nut-by-sieve (F
(4202) = 104, p < 0.0001) interactions were noted (p < 0.01). Post hoc analyses indicated that
walnut particles were significantly larger (> 3.35 mm) with the sweet and plain yogurt compared
to the walnuts alone (p = 0.005 and p = 0.002, respectively) (Figure 3-4A). Similarly, there was a
significantly greater proportion of pistachio particles > 3.35 mm with plain yogurt and water
compared to alone (p = 0.009 and p < 0.001, respectively) (Figure 3-4C). Significantly more

pistachio particles were < 0.125 mm with juice compared with sweet or plain yogurt (both p <
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0.01). Almonds with both sweet and plain yogurt resulted in a higher proportion of particles
0.25-0.50 mm compared to all other almond treatments (p < 0.01) (Figure 3-4B).
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Figure 3-4: Mean £ S.E.M particle size distribution by condition for nuts: (A) walnuts, (B) almonds, and (C)
pistachios.
Comparisons are based on two-way repeated measures ANOV A with post hoc Bonferroni multiple comparison
test. Different lower case letters denote significant differences between conditions (p < 0.05).
Across all nuts, overall sweetness had no effect on large particle sizes (p > 0.01). There
was a significant effect of sweet flavor on particles less than 0.50 mm (p < 0.01). The
proportions of particles in the three smallest sieves were higher in the sweet compared to the

plain conditions (p < 0.001). This effect was independent of the fluid form (e.g., liquid beverage

or semisolid yogurt).

3.6.4 Palatability Ratings

Mean preference scores were 6 = 0.31, 6 £ 0.30, 6 £ 0.44, 7 + 0.31, 5 = 0.39 for nuts
alone, nuts with water, nuts with juice, nuts with sweet yogurt, and nut with plain yogurt,
respectively. There was no main effect of nut type on preference scores, although there was a
significant condition effect (F (3, 149) = 13.5, p < 0.0005). Nuts ingested with sweet yogurt were
rated as more palatable than nuts with plain yogurt, water, and juice (p < 0.0005). Palatability

ratings did not correlate with masticatory performance or particle size.
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3.6.5 Effect of Walnut Consumption on Metabolic Measure

Baseline glucose and insulin concentrations were not different between sessions. There
were no significant effects of nut form or time on plasma glucose or insulin concentrations

following ingestion (p > 0.05) (Figure 3-5)
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Figure 3-5: Mean = S.E.M changes in (A) insulin and (B) glucose concentration subsequent walnut consumption.
3.6.5.1 Appetitive Sensations

Appetitive sensations at baseline did not differ between testing sessions. There were
significant differences in fullness and hunger ratings between time points and treatment groups.
Mean fullness was higher and hunger was lower with the whole walnut treatment compared to
walnut butter (p < 0.05). Ratings of fullness were higher than baseline after 15 and 30 min (p =
0.014 and p = 0.019, respectfully) and hunger ratings were suppressed below baseline 15 min
after whole walnut intake (»p = 0.011). Additionally, preoccupation with food and thirst was
significantly lower with the whole walnuts than with the walnut butter (p = 0.006). Desire for
something sweet was lower with the walnut butter than the whole walnuts (p < 0.0005) (Figure

3-6).
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Figure 3-6: Mean + S.E.M appetite indices subsequent walnut consumption.
Letters that are different denote significant differences between nut form (p < 0.05).
3.6.5.2 Gut Hormones
aseline GLP-1 concentrations were not different between sessions. There were no

significant treatment effects on GLP-1 concentrations (Figure 3-7).
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Figure 3-7: Mean + S.E.M changes in GLP-1 concentrations after walnut consumption.
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3.7 Discussion

The primary purpose of mastication is to ensure solid food particles are reduced to a size
that can be effectively incorporated into a bolus and safely swallowed. Secondarily, there is
evidence that particle size is a determinant of energy and nutrient bioacessibility (84, 85). The
optimal size is a function of an individual’s anatomy, the nature of the food, and the conditions
under which it is ingested (36, 37). Though nuts are viewed as a single class of foods with
physical properties that are more similar than dissimilar, the clinical evidence suggests they are
not processed equivalently under a given set of conditions or across varying conditions. This is
substantiated by the present findings.

The first part of this work aimed to study the efficiency of mastication during the
chewing of different types of nuts. Variations in muscle activity have been reported for different
types of nuts (51, 52), and other foods such as meat (53), and rice (169). Those observations
generally indicate that harder samples require greater initial and mean bite forces. Additionally,
hard foods tend to elicit a higher number of chewing cycles relative to soft foods (36, 170).
Mastication indices were measured here to explain possible contributions to changes in particle
size across three types of nuts. Based on physical properties determined instrumentally, we
predicted a rank ordering of almonds > pistachios > walnuts (largest to smallest particle size).
However, in the fixed chewing condition, the observed ordering was almonds > walnuts =
pistachios. Our observation is not necessarily an outlier as other work has revealed an inverse
association between food hardness and mean bolus particle size (42). Additional food properties,
such as food/particle shape (e.g., elongated vs. spherical particles), structure, cohesiveness, and
elasticity also have an influence on mastication (58). It is likely these additional properties
attenuated the effects of nut hardness on particle size. Thus, in this study, measured masticatory
intensity (initial and mean bite force) was not predictably related to the hardness of the nuts or
ultimate particle size.

This study also assessed whether dietary context influences the oral processing of nuts,
since nuts are commonly consumed in conjunction with other foods and beverages. A liquid and
semi-solid were chosen as test vehicles mainly because they have been shown to decrease
chewing and accelerate swallowing (38, 47, 60, 171, 172). For this reason, it was anticipated that
adding a fluid or semi-solid to nuts would result in reduced muscle activity, leading to reduced

chewing efficiency and larger particle sizes at swallowing. However, there were no differences
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in measured chewing indices between any of the conditions tested. This finding differs from
some earlier studies (45, 62, 173), but it agrees with studies by Derks et al. (2015), who did not
find differences in chewing behavior between different types of liquid and semi-solid stimuli
(174). Other studies have shown that the addition of fluids lowers the chewing forces applied to
solid foods, however the decrease in muscle activity was accentuated for soft solids (cakes and
toast) rather than hard solids (peanuts) (62). With hard solids, the fluid stimuli had a larger
influence on the number of chewing cycles than on muscle activity (62). Additionally, the
findings might be explained by the different ratios of nut to semi-solid/liquid used in the
different studies. In a chewing study where brazil nuts were suspended in yogurt in varying
concentrations, both the number of chews made before swallowing and the time needed to
swallow increased significantly with concentration (38).

In terms of particle size, analyses showed significant effects of the addition of liquid and semi-
solid vehicles. This is consistent with a number of previous studies (45, 62, 173). With liquid
water, bolus particles were smallest (<0.125 mm) compared to all other conditions, possibly due
to its low viscosity, which increases sensations of roughness by moistening and separating
particles (175). Another possible explanation for this may be that chewing in the presence of
water elevates suprahyoid muscle activity, which coordinates tongue movements, including
compression between the tongue-palate (174) . Boluses contained a higher proportion of large
particles (>3.35 mm) with the semi-solid yogurts compared to masticating the nuts alone. The
lubricating effects of yogurt may have masked the perceived size and roughness of the larger
particles thereby lowering masticatory efficiency (63). Additionally, embedded in a semi-solid
matrix, soft- and round-shaped particles are perceived to be smaller in the mouth than harder
particles of the same size range (176), possibly resulting in less chewing. As expected, the
walnuts with yogurt gave rise to larger particle sizes than chewing the nuts separately. Similarly,
pistachios with yogurt resulted in large particle size, whereas the almonds with yogurt yielded
particles of smaller sizes. These results could be explained by the oral viscosity and flow
properties of yogurt (177), which may preferentially select larger particles for chewing (oral
selection) during the early stage of mastication, thus increasing their chance for fragmentation
and hindering their swallowing (59). Additionally, the lubricating properties of a semi-solid
reportedly deteriorate with inclusion of hard particles, leading to increased mastication. This

could explain the smaller observed particle sizes in the almond-yogurt mixture. Therefore, the
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present study confirms that properties of liquids and semi-solids influence swallowing decisions
between nuts.

Sweet flavor is an important oral sensory property proposed to decrease oral residence
time, and accelerate swallowing (39, 161). Therefore, the sweet foods were expected to decrease
the chewing efficiency of walnuts, resulting in larger particle sizes in the swallowed bolus. While
no differences were observed on the proportion of large particle sizes between the sweet and
plain complementary foods, there was a greater proportion of small particles (less than 1 mm)
with sweet vehicles than plain vehicles. Because oral movements increase in response to a sweet
flavor (178), this may have led to an improved efficiency in the breakdown of the particles. This
finding does not support our initial hypothesis on sweet flavor and it is different from previous
studies (68, 179). There are multiple possible explanations for this. First, part of the effect noted
here may stem from the fact that the sweet stimuli were fluids and semi-solids and the latter
property may have dominated. Fluids increase the intensity of shear/squeezing between oral
contact surfaces, (e.g., teeth-teeth, teeth-tongue, and tongue-palate) leading to more food
fracturing (71). Second, the sweet as well as acid content (citric acid) in juice may have
enhanced salivary flow rates, more than yogurt, which may have resulted in an improved
masticatory efficiency (e.g., smaller particle sizes compared with yogurt) (33). Thus, the present
findings provide suggestive evidence that sweetness results in a bolus with smaller, rather than
larger particles.

Previously it was reported that changing the palatability of a meal has marked effects on
masticatory function (e.g., chewing rhythm, eating rate, overall intake) (66-68), therefore we
considered the effect of palatability on the mastication of walnuts. The prediction was that
enhancing the palatability of nuts would result in a reduction in chewing behavior, leading to
larger particle sizes at swallowing. However, we did not observe an independent effect of
palatability on chewing indices or particle size, possibly because the observed differences in
palatability between conditions was limited and all were rated positively. Similar findings have
been reported in studies with peanuts (52) and almonds (51). Earlier studies on the
microstructure of eating, documented an effect of palatability on masticatory behavior (66-68),
but the effects appeared to be food-specific and the stages/duration of mastication were not

examined. So the independent effect of palatability on oral processing remains uncertain.
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The second part of this work was aimed at studying the role of mastication on the high
satiety capacity of walnuts. Regular intake of walnuts generally (100), but not uniformly (180,
181), promotes strong fullness sensations. The reason for the discrepancy in published findings is
not apparent, but may relate to methodological variations. For example, the study reporting high
fullness assessed sensations after three days of chopped walnut intake relative to no nut intake in
a controlled environment with participants that had metabolic syndrome. Whereas the studies
failing to observe strong fullness ratings assessed satiety in people with overweight and obesity
following a reduced-energy diet with whole walnuts and a reduced-energy diet without walnuts
over 6 months in a free-living environment. In the present study, intake of whole walnuts elicited
greater fullness compared to the butter form among individuals who are lean. This would suggest
that chewing has an influence on appetite, possibly dependent on weight status (182).

The change in appetite with walnut consumption could not be ascribed to the release of
GLP-1 or insulin, two reported satiety hormones. No correlation was observed between
masticatory indices and concentrations of these hormones in the present study. The lack of effect
of endocrine signals on appetite has been reported previously in other nut studies (100, 121, 183).
Walnuts and other nuts, generally, have not been effective stimuli for gut peptide secretion(83,
100, 146, 147, 181)], but impart strong satiation/satiety effects. The present study supports the
hypothesis that the observed differences in appetite may be attributable to mastication, which
may exert its effect directly through neural rather than endocrine mechanisms (120).

A strength of the current study is the cross-over design. Other work has documented
marked inter-individual variability in mastication and this hampers identification of treatment
effects. Another strength is that the results facilitate understanding of the oral processing of
walnuts and other nuts under ecologically valid conditions. In line with previous results (45), we
found that changing the eating conditions of nuts, including walnuts, affected pre-swallowing
particle size. One limitation of this trial is that we standardized the number of chews for each
treatment during the assessment of masticatory performance mainly because of the subject-to-
subject variation in habitual chewing rates and times(184). By controlling the chew time/rate the
bolus may not faithfully reflect its state at the point of swallowing under natural conditions.
Evaluating the oral processing of all treatments under a fixed and experimental controlled
condition would have been useful. Another limitation is that we only measured short-term satiety,

which may not be predictive of long-term ingestive behavior. A previous study observed
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increased fullness following a walnut breakfast only after the third and fourth day of the
intervention (100). The authors concluded that the mechanisms responsible for the satiety effects

of walnuts may not manifest over a short time period.

3.8 Conclusions

In summary, the breakdown pattern for nuts differed and was not explained by a sole
physical property (hardness). Breakdown is likely determined by multiple food properties
(elasticity, plasticity, shape, etc.), consumer variations (e.g., dentition, swallowing threshold) and
the conditions under which the nuts are consumed (e.g., complementary food viscosity, taste
quality). In contrast to some prior findings with other foods [61], sweet flavor was associated
with a greater preponderance of small particle sizes. Further study will be required to determine
if this is a specific effect with nuts.

Fullness increased after the mastication of whole walnuts compared to walnut butter,
though gut peptide concentrations remained unchanged. The present findings raise the question
of whether the differences in oral processing translate into altered digestive processes (185).
Additional studies are warranted to fully understand the significance of these results on both the

bioaccessibility and bioavailability of energy from walnuts.
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CHAPTER 4. ENERGY EXTRACTION FROM WALNUTS

McArthur, B.!, Mattes R.D.? Energy Extraction from Walnuts. The manuscript was submitted to

British Journal of Nutrition and has been formatted according to the journal requirements.

4.1 Abstract

The bioaccessibility of fat has implications for satiety and postprandial lipidemia. The
prevailing view holds that the integrity of plant cell wall structure is the primary determinant of
energy and nutrient extraction from plant cells as they pass through the GI tract. However,
comparisons across nuts (walnuts, almonds, pistachios) with varying physical properties do not
support his view. In this study, masticated samples of three nuts from healthy adults were
exposed to a static model of gastric digestion followed by simulated intestinal digestion. Primary
outcomes were particle size and lipid release at each phase of digestion. Walnuts produced a
significantly larger particle size post-mastication compared to almonds. Under gastric and
intestinal conditions, the particle size was larger for walnuts compared to pistachios and almonds
(P<0.05). However, the masticated and digesta particle sizes were not related to the integrity of
cell walls nor lipid release. The total lipid release was comparable between nuts after the in vitro
intestinal phase (P>0.05). Microstructural examination showed ruptured and fissured cell walls
that would allow digestion of cellular contents and this may be governed by internal cellular
properties such as lipid droplet state. Contrary to our hypothesis, the cell walls of walnuts tend
to rupture rather separate and as walnut tissue passes through the GI track, lipids tend to coalesce

reducing digestion efficiency.

4.2 Key words

Walnuts; Nuts; Mastication; Digestion; Energy extraction; Lipid bioaccessibility

4.3 Introduction

Walnuts have high satiety value, evoke a low postprandial lipemic response and protect

against metabolic disorders such as CVD and type II diabetes (1-7). Additionally, the energy
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they contain is not efficiently absorbed, accounting for the limited impact they have on energy
balance. The low bioaccessibilty of lipid from walnuts, and other nuts, has been attributed
primarily to the presence of intact cell walls that hinder access/binding of lipases to oil bodies
enclosed within the cells (8). Where cell structures remain intact, nutrients (e.g., lipids, protein,
vitamin E) are lost via fecal excretion (9-11). However, mechanical (e.g., chewing, chopping,
grinding) or thermal degradation of cellular structures promotes the ingress of digestive enzymes
and liberation of intracellular nutrients that are then digested (12-14). When access is not limited,
for example as in isolated oil bodies or finely ground nuts, structural features of lipid control the
extent of lipolysis (15).

Consistent with these physical properties, randomized controlled trials have shown
decreases in postprandial triacylglycerol responses in humans fed muffins with whole nuts
compared to milled nuts(6, 16) as well as improved accessibility of nutrients with decreased size
of masticated almond particles(12). However, these investigations have mostly concentrated on
the effects of altering the form (e.g., whole, milled, homogenized, roasted) more than the type of
nut. Indeed, human studies have reported that there are appreciable differences in the digestion
and release of lipid from different nut types: pistachios > almonds = walnuts (17-19). These
findings do not coincide with predictions based on the physical properties (e.g., hardness) of
these nuts. Likely, the effect of nut type on lipid digestibility relates to the way that nuts are
degraded during transit through the GI tract, but direct evidence is not available.

Mastication is a primary determinant of the bioaccessibilty of lipid (and other nutrients)
and the subsequent postprandial responses. It therefore warrants consideration for its potential
role in walnut lipid bioaccessiblity. Previous in vivo studies report that boluses formed from hard,
brittle foods, such as almonds, consist of large particles that contain mostly intact cells with low
lipid bioaccesssibility (8, 12). These and other studies showed that during mastication, some cell
walls rupture and their contents become exposed to digestive fluids. No studies have examined
whether chewing has equivalent effects on less brittle nuts, such as walnuts. Plant foods with a
soft texture, generally separate rather than fracture under pressure, resulting in small intact
particles during mastication . The maintenance of intact cell walls may reduce the release of
nutrients in the digestive tract, as has been shown for fruits and vegetables (20, 21). Whether this
finding holds for walnuts has not been studied and warrants investigation. Additionally, intensive

thermal or mechanical processing conditions result in loss of structural integrity which leads to
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more fractured cells during mastication and a higher accessibility/absorption of nutrients as
shown for roasted compared with raw nuts (22, 23) . Walnuts are most frequently consumed raw
so should be less susceptible to this effect.

The aim of this study was to provide insight into the structural and biochemical
degradation of walnuts during mastication as well as simulated gastrointestinal (gastric and
intestinal) digestion and its effects on lipid release. Interest in this question was driven by reports
that extraction of energy from almonds, walnuts and pistachios is approximately 20%, 21% and
5%, respectively (17-19). These values do not coincide with structural properties. We
hypothesized that walnuts would be chewed into smaller particle sizes, but their cells would
separate under applied force and therefore elicit a low bioaccessibility value comparable to
almonds. Pistachios were predicted to be more structurally degraded during digestive transit and

therefore exhibit greater nutrient losses than walnuts and almonds.

4.4  Materials and Methods
4.4.1 Materials

Whole nuts were used in this study. The walnuts were unsalted and provided by the
California Walnut Commission (Sacramento, CA, USA). The almonds were roasted and salted
and were provided by the Almond Board of California (Sacramento, CA, USA). Pistachios were
dry roasted (Kraft Heinz Foods Company, Chicago, IL) and were purchased from a local retailer
in West Lafayette, IN, USA. These forms were selected as they are the most commonly
consumed forms. The nuts were stored in sealed containers at 4°C until the day of testing.
Digestive enzymes, porcine pepsin (no. P-7125; <400 unit per mg powder), porcine pancreatin
(no. P-1750; 4 x USP-US Pharmacopeia specification,), lipase from porcine pancreas type II (no.
L3126; 100-400 units per mg powder), and bile extract porcine (EC 232-369-0) were purchased
from Sigma-Aldrich (St. Louis, MO USA). The same material lots were used for all digestion

experiments. All other chemicals and solvents in this study were of analytical grade.

4.4.2 In vivo mastication

Mastication of nuts for the in vitro experiments was conducted by seven healthy

volunteers (age: 28 + 4; BMI: 25 + 1.19; gender: 3 males, 4 females) according to the procedure
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of Grundy et al. (12), with modifications in relation to the starting material . On the day of
testing, volunteers were presented 5g of each nut in a random order. Volunteers were asked to
chew each nut until they felt the urge to swallow, at which time they expectorated the sample
into individual pre-weighted plastic (50 mL) centrifuge tubes. They then rinsed their mouth with
20 mL of water and emptied the rinse into the same tube to create a final volume of 30 mL. All
expectorated boluses were used in the static in vitro digestion model, simulating gastric and
intestinal digestion. Individual samples (1 mL) were taken immediately after the oral phase, at
the end of the in vitro gastric digestion phase and at the end of the in vitro intestinal digestion
phase and were stored at 4°C before particle size determination on the same day and for
microscopy analysis. The present study was conducted according to the guidelines laid down in
the Declaration of Helsinki, and the Purdue University Institute Review Board, USA, approved
all procedures involving human subjects. Written informed consent was obtained from all

subjects.

4.4.3 Invitro GI digestion

In vitro digestions simulating gastric and intestinal digestion were performed as described
by Lipkie et al. (24) . Gastric digestion was carried out immediately after the oral phase on the
chewed nut samples. Samples (30 mL) were vortexed and acidified with 1.0 N HCI until it
reached pH 3.5 + 0.1. Then, gastric digestion was performed with the addition of 2 mL of pepsin
solution (10 mg/mL) and the pH of the mixture was adjusted once more to 2.5 + 0.1 with 1.0 N
HCL. The final volume was adjusted to 40 mL with saline (0.9% NaCl), capped with nitrogen to
minimize contact with oxygen, and then incubated at 37 °C in a shaking water bath for 60 min.
Thereafter, the pH of the digesta was adjusted to 5.0 = 0.1 with 1 N NaHCO3. The intestinal
digestion was performed with the addition of 2 mL of pancreatin (20 mg/mL)-lipase (10 mg/mL)
solution and 3 mL of bile (30 mg/ mL). Further, the pH was adjusted to 6.5 +£ 0.1 with 1 N
NaHCO3 and the final volume was brought to 50 mL with saline, after which the headspace of
the tube was flushed again with nitrogen and incubated in a shaking water bath at 37°C for 120
min. Following the intestinal digestion, the digesta was subjected to 60 min of 10,000 g
centrifugation (Allegra X-22 R, Beckman Coulters, USA) to remove the aqueous fraction and

isolate the suspended particles. The recovered particles were washed with water and stored at
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4°C for further experiments. All in vitro digestions were performed in quadruplicate. Samples

and replicates were run in randomized order.

4.4.4 Particle size

The protocol used for the particle size measurements was adapted from previous work
(12, 25). Equal samples collected after mastication and simulated gastric and intestinal digestion
(walnuts, n=4, almonds, n=4, pistachios n=4) were poured onto a 2000 pm aperture sieve (WS
Tyler, Mentor, OH) placed on top of a sieve base (36 pm mesh size) and then washed with 20
mL of deionized (DI) water. Once the water passed through the mesh, retained particles were
transferred into a 1000 mL beaker. Particle sizes > 2000 um and < 36 pm were removed to
prevented obstruction in the instrument and interference with the measurements, respectively.
Small particles have been reported to correspond only to cell wall fragments and intracellular
contents (12). Suspended particles were loaded into a light scattering apparatus (Malvern
Mastersizer HU 2000, Malvern Instruments Ltd., Worcestershire, UK). The refractive index of
the walnuts, almonds, pistachios and water is 1.47(26), 1.46(27), and 1.46(25) and 1.33,
respectively. The speeds of the stirrer and the pump were 700 and 1175 rpm, respectively. Ten
consecutive 10- second measurements were taken for each sample, to give the average particle
size distribution of the digested nuts. The mean volume diameter (d [4,3]) of the particle was
calculated from the intensity profile of the scattered light with the Mie theory by use of the

instrument’s software.

4.4.5 Total lipid extraction

Pre-digested nuts and digested residues, recovered at the end of the intestinal phase, were
analyzed for total lipid using a Soxhlet extraction method (28), with Petroleum Ether as the
solvent. The digested residues were centrifuged (2500 x g, 10 min) prior to analyses to remove
the residual liquid phase. The residues were then dried and analyzed. The results of lipid content
analysis are expressed as a percentage of fresh weight. The relative bioaccessibility of lipid in the
nuts was calculated as follows: [the lipid present in the original non-digested sample-the lipid
retained in the digested material (non-bioaccessibile fraction)] * 100/ [the lipid present in the

original non-digested sample] *100.
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4.4.6 Microscopy analysis

Microstructural analysis of pre- and post-digested nut cotyledon tissue was performed
using light microscopy (LM) and transmission electron microscopy (TEM). Nut tissues were
fixed with 2.25% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) and then post-
fixed with a buffered 1% osmium tetroxide solution containing 0.8% potassium ferricyanid, (pH
7.4) and left overnight. The specimens were then dehydrated in ethanol serial dilutions: 50%,
70%, 95%, (v/v) ethanol in distilled water for 10 min intervals and then finally for three 10 min
intervals in 100% (v/v) ethanol. For LM and TEM, specimens were embedded in Embed 812
resin and placed in molds and polymerized at 70°C. Semi-thick sections (0.5 um) for LM were
cut on a Reichert-Jung Ultracut E ultramicrotome (Leica Microsystem Ltd, UK), mounted on a
glass slide and then stained with 1% (v/w) toluidine blue. Specimens were examined on a Leica
microscope (W.Nuhsbaum, Inc., McHenry, IL) with LAS V4.3 software. Thin sections (80 nm)
for TEM were cut on the same microtome and stained in 2% uranyl acetate (w/v) and lead
citrate. Specimens examined by TEM were viewed on a FEI Tecnai G2T12 transmission electron
microscope (FEI Europe) equipped with a tungsten source and operating at 80 kV.

The quantitative measurements of parenchymal cells were made using the images acquired
from LM and TEM. Changes in the integrity of cells following mastication and in vitro digestion
were estimated using the LM micrographs. Three hundred cells (100 cells/nut; 3 nuts) from the
cotyledon tissues in each nut were examined to estimate the proportion of ruptured cells, relative
to those that were intact. This number of cells was selected based on a previous microscopy
study with nuts (29). Light micrographs were captured (40 X) from randomly selected areas
within the cotyledon tissue of each specimen. The number of ruptured cells in the whole area of
the micrograph was manually counted; results were expressed as a percentage of the total
number of cells. Image analysis (ImageJ software) of TEM micrographs was used to quantify

the diameter of cells and oil bodies.

4.5 Statistical analysis

Data were analyzed using SPSS version 22.0 (IBM Corp.) Statistical significance was set
at a probability level of 0.05 (P<0.05). All data were normally distributed (analyzed by using the

Shapiro-Wilk test). Linear mixed models with repeated measures were used to test for
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differences in particle size, lipid release, integrity of cell walls, dimensions of cells and oil
droplets. Nut type and digestion phase were treated as fixed effects. Post hoc analysis using
Bonferroni adjustments was applied to examine pairwise differences. Results are expressed as

means + standard error.

4.6 Results
4.6.1 In vivo mastication

The number of chews was statistically different between nuts (P<0.05). More chewing
cycles were necessary to reach swallowing for the almonds than the walnuts and pistachios
(P=0.01), but no differences were observed between the walnuts and pistachios (P>0.05). The
average number of chews per nut was: 35 + 4 for the almonds (mean values ranged from 20-60),

30 £ 4 for the walnuts (16-53), and 30 + 4 for the pistachios (14-55).

4.6.2 Particle size distribution

Figure 4-1A presents the mean particle size (d 431) of the different nuts after the three
phases of digestion. The phase of digestion had a significant effect on the particle size of the
walnuts and pistachios (both P<0.005), but the particle size did not differ significantly across
phases for the almonds. Walnuts produced particles that were significantly larger post intestinal
digestion (395.56 = 9.7 um) than oral (338.08 + 9.7 um) and gastric digestion (339.97+ 10.18
um). Similarly, pistachio particles were larger after the intestinal phase (347.142 + 9.5 pum)
compared to the oral (317.06+ 9.6 um) (P=0.004) and gastric phases (289.99 + 9.6 um) (P<.005).
Moreover, there is an effect of nut type on the mean particle size following digestion (Figure 4-
1B). The mean particle size was significantly larger for the walnuts than the almonds following
oral digestion (P=0.010), but not different than the pistachios (P=0.084). No significant
differences between the pistachios and almonds were observed post oral digestion. The average
particle size was significantly larger for the walnuts after gastric digestion (339.58+10.16)
compared with the almonds (291.65+9.77) and pistachios (290.47+£9.77) (both P<0.005).
Following intestinal digestion the mean particle size was larger for the walnuts (396.43+9.8 um)
than the almonds (301.31£9.7 um) and pistachios (347.14£9.7 um) (both P<0.005). Almonds
yielded the smallest particle size after intestinal digestion (P<.0005).
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4.6.3 Proportion of ruptured cells

There was no main effect of nut type or digestion phase on cell wall rupturing (P>0.05)
(Figure 4-2). However, there was a significant interaction (P=0.007). Pairwise comparisons
showed that significantly more walnut cells were ruptured after the intestinal phase compared

with pistachio cells (P=0.005).

4.6.4 Lipid bioaccessibility

The mean total lipid content present in the native walnuts, almonds, and pistachios was
66, 50, and 46 % w/w, respectively. These values are similar to those found in the literature.
Approximately 77, 76, and 78% of the original lipid in the walnuts, almonds, and pistachios,
respectively was released following the intestinal phase of digestion, with no significant

differences between these nuts (P>0.05).

4.6.5 Microstructure

The internal structure of cotyledons (e.g., lipid-bearing tissue) was observed in pre- and
post-digested nuts using light as well as transmission electron microscopy. Pre-digested (native)
cotyledon consist of compactly packed isodiametric parenchymal cells, with an intact middle
lamella (the zone defining the boundary between walls form adjacent cells), and intact
(undamaged) cell walls. The raw walnuts had thin cell walls compared to the roasted almonds
and pistachios (Table 4-1). Within native nuts, nutrients remained encapsulated within the cell
(Figure 4-4). As noted in prior reports (30-33), intracellular oil bodies were the most
representative storage components. These lipids are protein stabilized oil bodies as their entire
surface is covered by protein bodies or oleosins (32, 33). TEM micrographs showed variation in
the organization of lipid between nuts. In the raw walnut and roasted almond (Figure 4-4 A1l and
B1, respectively), lipid consisted of a single and dense agglomerate, whereas in the roasted
pistachio, lipid was organized into smaller dispersed droplets (Figure 4-4 C1). Furthermore,
light imaging (40x objective) showed that parenchymal cells from raw walnuts and roasted
almonds exhibited tightly packed cells (Figure 4-4 A1l and B1, respectively), whereas from
roasted pistachios, cells were more loosely packed; this difference is probably caused by

roasting, as reported by other investigators (32). (Figure 4-4 C1).
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Figure 4-5 - 4-7 compares the micrographs of walnuts, almonds, and pistachios after
mastication and in vitro digestion. Following mastication, the cell walls for each nut appeared
fissured. For walnuts, cell distortion and rupturing rather than separation was observed mainly in
peripheral cells located beneath the fractured surface, increasing intracellular nutrient
accessibility to digestive enzymes (Figure 4-5 A1). Moreover, portions of the lipid droplets were
clearly organized into smaller spherical structures when compared against the native nut (Figure
4-5 Al). For almonds, the first layer of cells was largely ruptured, as in the walnuts, and released
cellular contents (Figure 4-5 B1). A higher level of cellular integrity was observed in the
underlying cells, which is consistent with previous microstructural studies with almonds (8, 12).
Extensive cell wall degradation was observed in the pistachios compared to the almonds and
walnuts (Figure 4-5 C1).

After gastric digestion, most protein bodies in walnuts were aggregated and disassociated
from the surface of the lipid droplet, resulting in their coalescence (Figure 4-6 D1). In almonds,
protein bodies remained attached to the oil droplet surfaces (Figure 4-6 E1), while in pistachios,
proteins were mostly disrupted and in some cases, remnants of the protein bodies adhering to the
lipid granules could be found (Figure 4-6 F1). Post digested pistachios exhibited smaller oil
bodies compared to the walnuts and almonds (Table 4-1). Moreover, for pistachios a thickened
middle lamella was noted, indicating some cell wall swelling may have occurred under gastric
conditions (Figure 4-6 F1). Further erosion was identifiable in the roasted almonds and the
intracellular compounds are clearly accessible (Figure 4-6 E1). Some cell separate was seen in
the walnuts probably due to the acidic hydrolysis of middle lamella reducing cell-cell adhesion
(13, 20) (Figure 4-6 D2). Progressive degradation of lipid and intracellular contents was
observed when tissues collected after chewing (Figure 4-5 A1-C1, A2-C2 ) were compared with
tissues after gastric (Figure 4-6 D1-F1, D2-F2) and intestinal digestion (Figure 4-7 G1-11, G2-
12). Further, undigested lipid and protein bodies were clearly visible following the intestinal
phase in all nut samples. No statistically significant main effect of digestion phase (oral, gastric,
intestine) was detected on the morphology of cell and oil bodies, although both variables

increased during digestive transit (Figure 4-8).
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4.7 Discussion

Clinical trials document limited efficiency of energy extraction from almonds (19), pecans
(34), peanuts (9) , pistachios (17) and walnuts (18). The most widely proposed mechanism for
this effect highlights the structural integrity of cell walls and their encasement of energy-yielding
nutrients (especially fat in the case of nuts). However, this mechanism does not account for the
published energy losses from walnuts, almonds and pistachios. The former two reportedly yield
about 80% of their predicted energy (based on Atwater factors) while the measured yield from
the latter was reported as approximately 95%. The physical properties of these three nuts would
predict a rank ordering of: almonds > pistachios> walnuts. This suggests additional factors may
be involved in the response to digestive processes for these nuts. The present trial explored this
hypothesis. In contrast to some previous studies concerning lipid bioaccessibilty of nut tissues
(11), the present design ensured that the role of oral processing was included in the analysis.
Samples tested in in vitro gastric and intestinal models were chewed by humans under
naturalistic conditions and drawn from the participants at the point they chose to swallow.

Not surprisingly, fewer chewing cycles were required to reach the swallowing threshold
for walnuts and pistachios compared to almonds. The observed difference in chewing cycles may
partially relate to their physical characteristics (e.g., hardness, brittleness). Increased food
hardness is associated with a greater number of chews before swallowing (35). Roasting nuts
also results in smaller particles after mastication than oral processing of raw nuts (25). The more
malleable structure of walnut tissue could facilitate swallowing larger particles (36).
Additionally, the thinner cell walls (Table 4-1) and more disrupted parenchyma (Figure 4-5) in
the walnuts and pistachios, respectively, may have resulted in structures that were more easily
fractured and hydrated by saliva during mastication. However, weak structure is not a likely
explanation here as we previously demonstrated that under fixed chewing conditions, walnuts do
not degrade to a greater degree than almonds or pistachios. Since there were differences in
chewing between the almonds (roasted) and the pistachios (dry-roasted) compared to the walnuts,
there may also be an effect of roasting on masticatory behavior. Such an effect has been reported
(37). Moreover, different ways of roasting (e.g., hot air vs. oil roasting, variation in heating
temperatures and times) lead to alterations in the number of chews mainly by changing the

parenchyma structure and properties (20).
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The larger particle size (volume mean diameter ([d43]) in the walnuts after simulated
gastrointestinal digestion are in line with previous reports (26), indicating that GI conditions
destabilize some of the walnut protein bodies (oleosins) that may have led to oil-body (OB)
aggregation/coalescence. This aggregation/coalescence can exert pressure on the cell walls and
thus the volume of the recovered particles. Walnut proteins are primarily glutelin, which are
readily denatured by low pH, as would occur in the stomach (26) . In contrast, almonds showed
a continuous decrease in mean particle size during 60 min of gastric and 120 min of intestinal
digestion. This can be attributed to their resistant interfacial proteins (amandin and other almond
proteins) to hydrolysis by pepsin. This results in higher OB stability and less aggregated bodies
(38). Thus, there is greater surface area for digestive enzymes and bile to access. The change in
particle size of almonds, is in agreement with that reported for raw, sliced almonds and roasted
hazelnut OB preparations (15, 38). For pistachios, the small d43 values after gastric digestion
might reflect an enhanced stability against OB aggregation. Hydrophilic components of its
protein bodies are hydrolyzed during roasting rendering them more lipophilic and better suited to
stabilize the OBs (15). Conversely, roasting of pistachios could have accelerated the
disintegration of particles during in vitro gastric digestion, as has been demonstrated with
almonds and peanuts (22, 23). However, oil bodies in roasted nut cells tend to coalesce during
digestion (12), likely due to the development of more porous or fractured cell walls from the
heating process. This allows cellular infiltration of the digestive juices and consequent
destabilization of the oil bodies. This could explain the higher d43 values of the pistachios after
intestinal digestion. This is in agreement with a previous study for almond extract (free oil
bodies), where the natural layer surrounding the almond oil bodies induced a stronger decrease in
triglyceride absorption and appearance in the blood postprandially compared with almond oil
emulsions (oil emulsified with milk protein) (39).

It has been shown that trituration of almonds by oral or mechanical processing, increases
the release of lipid from the cells on the periphery of particles as a result of cell rupture (8).
Because of the different physical properties (i.e., soft texture) of walnut seeds, we predicted that
chewing would result in cell separation rather than fracture with reduced release of lipid from
walnut tissue. Contrary to this expectation, walnut cells ruptured, rather than separated which is
probably due to their strong cell-cell adhesion (Figure 4-4 A2). In nuts and seeds, cell separation

is caused mainly by weakening the cell-cell adhesions during gastric digestion, as can be seen in
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the native walnuts (Figure 4-5 D1). However, we observed that nut cells have the potential to
separate as a result of thermal processing, which can be seen in the micrograph of the native
pistachios (Figure 4-4 A3). No studies performed so far have shown any evidence of cell
separation occurring in raw or even thermally processed nuts that have been chopped, or chewed,
except in ingested nuts after gastric digestion in vitro or microbial fermentation in vivo (8, 13).
Our findings indicate that tissue fracturing rather than cell separation may be the main mode of
tissue failure in walnuts.

Grundy et al (2015) recently reported a negative linear relationship (R?=0.65) between
particle size and free fatty acid release for both raw and roasted almonds (12). Based on these
data, it was expected that the extent of lipolysis would be greatest for the particles with smallest
size. This corresponded to the sample with the largest proportion of ruptured cells on the
surfaces of the particles. The lipid released from these fractured cells would be more accessible
to intestinal lipase. However, our results show that the amount of lipid released is not a function
of the number of ruptured cells on the fractured surface of walnut tissue. These observations are
consistent with previous studies that also demonstrated non-linear or non-existent relationships
between particle size and nutrient bioaccessiiltity (29, 40). For example, a study with raw and
cooked carrots (gently and intensely cooked) showed that the dependency of b-carotene
bioaccessibilty on particle size became more pronounced as the thermal process became less
intense (41). Previous studies from our group also showed that increasing the intensity of
mastication resulted in a higher lipid release from almond tissues, but no specific dependency of
the lipid bioaccessibility on particle size was observed (40).

The loss of lipid from particle surface cells suggests that the cell wall becomes a less
efficient barrier to digestion with time (42). There is now convincing evidence that the internal
structure of nuts (oil droplets, protein bodies) can be retained to a greater or lesser extent during
digestion and can variably hinder or augment digestion and absorption. As a result, we suggest
that the structural integrity (intact cells) may not be the primary factor in influencing lipid
bioaccessibility in walnuts and that the internal structure of the nut content has the potential to
greatly influence postprandial lipid metabolism. Digestion of oil bodies has been studied in
almonds, walnuts and hazelnuts (15, 26, 38). These studies show that gastric digestion of
oleosins allows more rapid access of the lipase to the oil-water interface for efficient lipolysis of

the lipid droplet. Interestingly, in vitro intestinal digestion of a walnut oil bodies showed the
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spontaneous formation of a multiple emulsion. This was likely driven by the interaction of
PUFA as free FFA and 2-MAG, walnut peptides from proteolysis by digestive enzymes, and
negatively charged bile salts (26). The oil and water droplets were stabilized by crystals of
lipolytic products and/or bile salts and these structures are predicted to play a major role in how
lipids are digested and absorbed from walnuts. These results confirm that in addition to intact
cells, there are other physiochemical factors, such as the nature of the interfacial layer, that
influence the extraction of energy from walnuts.

An additional factor influencing lipid bioaccessibility may be the increase in porosity of
the cell wall during digestion as a result of swelling of the cell walls during digestion. This
would increase the influx of lipase and subsequent leakage of hydrolyzed lipids. Some evidence
of cell wall swelling has been reported for raw and roasted nuts (22, 23). In the present trial, an
increase in porosity may have occurred especially for walnuts (Table 4-1) and pistachios (Figure
4-5 F1). However, the swelling of cell walls has been previously shown to occur slowly and over
much longer times (i.e., 3- 24 hours) (11, 22, 23).

In our in vitro digestion experiment, the quantity of non-digestible lipid was higher (~22%)
for pistachios than has been previously reported in human studies (~5%)(17). This may reflect
differences in roasting conditions (e.g., temperature, time). Roasting induces microstructural and
chemical changes (e.g., partial cell wall rupture, cell wall swelling, protein denaturation) that
facilitate lipolysis (43).

The fraction of bound lipid was comparable for walnuts and almonds (i.e., 24%) after the
intestinal phase of digestion. These values are markedly lower that those reported previously
which indicated as much as 47% of the lipid still remained in the cellular structure of almond
tissue at this stage of digestion. Given findings of lipid malabsorption (excretion) in the range of
(21% and 24% for walnuts and almonds, respectively from in vivo studies (18, 19), the previous
data require that a high proportion of lipid is extracted in the colon. The effects of lipid reaching
the colon either undigested or in digested form and its interactions with the gut microbiota are
unclear. Emerging research indicates that both the type and form of nuts may differentially alter
microbial metabolism in the colon (6, 44). The present values are in line with little lipid loss in
the colon. Future studies in this area are required to determine the role of the gut microbiota in
lipid metabolism. It is also possible that the discrepancy in the previous and present studies in

lipid bioaccessibility estimates only reflects methodological approaches. Different amounts of
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shaking to mimic the mixing/force in the gastric phase of digestion, types/concentrations of
enzymes introduced, different digestion conditions/times) and/or a difference in the amount of

material digested could potentially explain the observed difference (25, 45, 46).

4.8 Conclusion

Nut structure and internal constituent properties may decrease lipid bioaccessibilty during
digestion. Understanding the mechanisms that allow nuts to be a highly energy dense food
without promoting positive energy balance is of particular intest since nuts are an increasingly
consumed food with postive health benefits and new strategies could be developed to optimize
nut-based functional ingredients. Our results show that chewing causes a rupture of cell walls but
the amount of lipid released does not corespond with the number of ruptured cells on the fracture
surface of nut tissue. Moreover, the ratio of ruptured cells to intact cells was not related to
particle size. In this work, evidence of additional mechanisms by which the structural features of
nuts can reduced lipid bioaccessibility was provided. Examination of nut microstructure
indicates that the fissures of cell walls as well as lipid storage properties are also important for
energy extraction. These findings indicate walnuts, almonds and pistachios yield similar, but
limited amounts of energy (~80%) during digestion, likely through varied mechanisms. For
walnuts, the limited bioaccessibility may stem from the ready hydrolysis of their oliosins at low

pH allowing for lipid droplet coalescense and resistance to lipolysis.
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Table 4-1: Mean diameter of cell oil bodies and walls for pre-digested (native) and post-digested nuts (#=20).
Values are means + S.E.M. Values in a column with the same letter are not significantly different (P<0.05)

Oil body diameter per cell (um) Cell walls diameter per cell (um)
Pre-digested Post-digested Pre-digested Post-digested
Walnuts 28.53+£2.532 14.77+2.92% 0.862+0.092 1.39+0.142
Almonds 34.11£2.532 21.07+2.93% 1.58+0.09° 1.48 £0.14°
Pistachios 3.63+2.53 8.80+2.937 1.39+0.09° 1.38+0.142
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Figure 4-1: (A) Mean particle size comparisons between digestion phases for each nut. (B) Mean particle sizes of
nuts after each phase of digestion.
Values are mean + SEM (n=7). Bar values with different superscript are significantly different (P<0.05)
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Figure 4-2: Mean proportion of ruptured cells for different nuts after each phase of digestion.
Bars sharing the same superscript are not significantly different (P>0.05)
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Figure 4-3: Relative lipid biaoccessibility as a percentage of the total lipid.
Values are mean + SEM. Bars with the same superscripts are not significantly different (P>0.05)

Figure 4-4: TEM (A1-C1) and LM (A2-C2) of pre-digested walnuts (A1, A2), almonds (B1, B2), and pistachios (Cl,
C2).
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The figure shows intact cells and their contents. Cw, cell wall; M1, middle lamella; Pb, protein body (black); Ob, oil
body (grey); TEM, transmission election microscopy; LM, light microscopy (arrows point to loosely packed
parenchyma cells). Scale bars = 20 pm

Figure 4-5: TEM (A1-C1) and LM (A2-C2) micrographs of sections of nut tissues from walnuts (A1, A2), almonds
(B1, B2), and pistachios (C1, C2) recovered after mastication.

The figure shows the fractured layer of parenchyma tissue; note coalesced lipid (oil bodies) from fractured cells and
free lipid on the peripheral edge of the tissue. F, fissures; M1, middle lamella; Ob, oil body; Cl; coalesced lipid; Fl;
free lipid; TEM, transmission election microscopy; LM, light microscopy (arrows point to intact cells underneath the
fractured layer of parenchyma tissue; note coalesced lipid (oil bodies) from fractured cells and free lipid on the
peripheral edge of the tissue) Scale bar A1-C2 =20 pm; A2-C2 =50 um.
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Figure 4-6: TEM (G1-I1) and LM (G2-12) micrographs of sections of nut tissues from walnuts (G1, G2), almonds
(H1, H2), and pistachios (I1, I2) recovered after 120 min of the intestinal phase.
10 2 T G / <3 &

CI; coalesced lipid; Ob; oil bodies; Pb; protein body; (arrows show depleted intact cells) Scale bar G1-12 = 20 pm;
G2-12 =50 pm.
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CHAPTERS. SUMMARY AND FUTURE RESEARCH
DIRECTIONS

5.1 Summary

Nut intake can aid energy balance due to their strong satiating effects, the inefficiency of
absorption of their energy, and possibly augmentation of thermogenesis (Chapter 2). Oral
processing effects the bioaccessibilty and satiety properties of nuts, but additional data are
needed to draw definitive conclusions regarding the role of mastication in their thermogenic
effects (Chapter 2). Additionally, the way that nuts are ingested can affect the oral processing
applied to them, with implications for digestive and absorptive efficiency (Chapter 2).

This work focused on walnut ingestion with four overall primary aims. The first was to
investigate the microstructure of chewing raw, natural walnuts in isolation and under realistic
eating conditions as well as under experimentally controlled-chewing and free-chewing
conditions. The second aim was to determine the role of oral processing in the high satiety
properties of walnuts. The third aim was to investigate the mechanisms responsible for the low
bioaccessibilty of energy from walnuts. The fourth aim was to examine how structural
differences of whole nuts (walnuts, almonds, and pistachios) affect in vivo chewing and in vitro
lipid digestion. This work also contributes to the research methods for assessing masticatory
efficiency by using a free and experimentally controlled chewing protocol to characterize the

particle size distribution of walnuts at the point of swallowing.

5.2 Major findings

This work provides new information concerning the oral processing of nuts in the context
of the diet. Additionally, new insight are provided into the mechanism contributing to the low
digestion efficiency and high satiation potential of walnuts. The major findings are presented

below.

5.2.1 The effects of food structure, food properties and food flavor on mastication efficiency of
whole nuts

e Mastication of whole nuts (walnuts, almonds, pistachios) resulted in:
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o Nut-dependent size distribution of the bolus particles, however, food hardness

was not the dominant factor in the variation of the particle size distribution

o Larger particle sizes at swallowing for almonds followed by walnuts and then

o No significant difference in mastication parameters between nuts
e Mastication of nuts with different types of beverages and semi-solid yogurts resulted in;

o Larger particle sizes at swallowing with sweet and plain yogurts

o Smaller particle sizes at swallowing with water and juice

o No significant differences in mastication parameters between fluid forms or types
e Mastication of nuts alone compared to nuts with fluid products resulted in:

o Larger particle sizes at swallowing for walnuts ingested with yogurts compared to

the nut alone

o Palatability had no significant effect on the particle size nor mastication

parameters

o Sweet flavor had no significant effect on the proportion of large sizes nor

mastication parameters

5.2.2 The effects of mastication on the satiety properties of walnuts

e Higher fullness after whole nut intake than nut butter intake; however, there were no

changes in GLP-1, glucose, or insulin concentrations
e There was no relationship between the change in fullness and bolus particle size

5.2.3 The effects of mastication and digestion on the extraction of energy from walnuts

e Chewing ruptured rather than separated cotyledon cells

e Walnuts gave larger particles after the intestinal phase compared to the oral and gastric

phases
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Approximately 23% of the energy provided by walnuts remained encapsulated in the

cells after in vitro digestion

Larger particle sizes for walnuts after the oral, gastric and intestinal phase of digestion
compared with almonds and pistachios

Smaller particle sizes for the pistachios after gastric digestion than after the oral and
intestinal phase

The ratio of intact cells to ruptured cells did not change significantly between nuts nor
between digestion phases

There was no difference in lipid release between nuts

There was no specific relationship between lipid biaaccessibility and particle size
Progressive depletion of intracellular nutrients from intact cells was observed in all nut
samples collected after the gastric and duodenal phase

The loss of nutrients from intact cells may be at least in part attributed to fissures created
during the oral phase

Walnut oil bodies with their unique microstructure may also modify lipid digestion

5.3 Future research directions and recommendation

Could environmental factors influence oral processing and chewing efficiency?

o Oral processing and chewing efficiency are modulated by several factors, such a
drinking, food palatability, and environmental aspects (Chapter 2 and 3(161, 179,
186, 187)). Among these factors, environmental aspects, such as TV watching,
music, or use of electronic devices, have not been extensively investigated.
Although, these factors, may play an important role in chewing efficiency.
Recently, it has been suggested that eating while watching TV or using electronic
devices may lead to distracted chewing, which presumably cause a decreased in
the number of chewing cycles and increased particle size at swallowing(187). If
true, this could increase energy intake. Given the current high level of snacking
(188), particularly with nuts, it would be interesting to study whether
environmental factors have potential to modify pre-swallowing particle size and if

this has implications for energy balance.
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e How does the oral processing of walnuts affect appetitive sensations?

o We demonstrated that the oral processing of walnuts leads to higher fullness than

walnut butter. What is not clear from the appetite effects of mastication is the
mechanisms of action. Animal studies suggest mastication can activate satiety
centers though histamine neurons (152, 153). With the development of functional
neuro-imaging techniques(120, 189), it is now possible to conduct studies to
elucidate the neurological mechanism how mastication directly contributes to
satiety and satiation. The current literatures provide few published studies on this
issue(120, 189), hence it is crucial to design such studies to providing convincing

evidence in explain the direct effect of chewing on appetite.

o Would adding walnuts to yogurts or beverages influence nutrient bioaccessibility and

hormonal signals?

o Although the chewing study presented in Chapter 4 highlighted intra-individual

differences in chewing efficiency and particle sizes in response to changing the
oral processing conditions of nuts, the real question is whether these differences
result in variability in subsequent digestive processes, such as nutrient
bioaccessibilty, gastric emptying, and gut-derived satiety signals. Can difference
in the particle size in response to the different oral processing conditions
influence appetite, short and long-term satiety, or lipid metabolism? If the degree
of intra-individual variability in particle size was large enough it could have
potential implications for in vivo blood lipids responses and body weight to
walnut consumption, potentially through alterations in the availability of lipids
and other nutrients. Although this research sets the base for future research, firm

conclusions can only be reached upon the completion in vitro and in vivo studies.

o  Could sweet yogurt increase the ‘desire to consume’ nuts long-term?

a.

The present study noted that raw nuts, which are neutral in flavor, resulted in the
moderately high liking scores. Similarly, the addition of water, juice, or plain
yogurt to nuts did not appear to influence liking. Whereas for nuts with sweet

yogurt, liking scores were statically significantly higher than both beverages and
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plain yogurt. Given that the acceptance of all nuts with sweet yogurt was high,
future studies are needed to determine whether this may enhance compliance with

the recommendations to consume nuts daily as a part of heart healthy diet(190).

o  What physical properties of nuts influence their breakdown behavior during
mastication?

o Physical properties of nuts, particularly hardness, influence the entire
digestion process, starting with mastication (49, 52, 86, 191). However, the
present findings did not confirm a dominating influence of the nuts’ hardness
on the particles size at swallowing (Chapter 3). As nuts probably inherently
possess and exhibit other physical characteristics, such as brittleness,
chewiness, and elasticity it is hypothesized that these properties have a role in
the fracture events occurring during chewing. Currently, the exact food
properties affecting mastication are unknown and warrant additional
investigation. Texture profile analysis (TPA) may highlight the dominate
properties (e.g. mechanical, structural, textural) of nuts that influence the
particle size distribution of the food bolus as well provide the potential to
link the breakdown pathways during mastication to the physical properties of

nuts(192).

o What approaches may be implemented for to the assessment of mastication
performance?

o Electromyography (EMG) signals were measured as an indicator of the
masticatory performance (Chapter 4). While EMG signals are commonly used
to study oral physiology parameters during solid food comminution, these
data may not reliably indicate absolute forces either generated within muscles
or created by muscles elsewhere in the body (193, 194). The use of
kinesthesiological methods, which characterize mandibular movements, in
combination with EMG methods may result in a better recording of muscle
activity. Based on the data presented in Chapter 4 there was indication that the

chewing time altered the chewing efficiency of walnuts. While the time spent
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chewing in the “fixed time” condition was slightly lower than the time spent
chewing in the” free time” condition, there were significant intra-individual
differences in particle size of the chewed food between the fixed and free
chewing conditions. Based on the intra-individual differences noted in the
chewing study in response to walnuts we recommended using a fixed and free
chewing protocol to assess mastication efficiency. This will ensure that the
studied bolus reflects its natural state at the point of swallowing. Moreover,
following the work on particle sizing we recommend using for masticated or
digested nuts a laser diffraction technique combined with mechanical sieving
if the size range is not covered by the laser instrument. It is important to note
that a direct comparison of the two techniques is not easy to achieve as they
give particles sizes in two different units (e.g., volume vs weight) (Chapter 3
and Chapter 4). Obtaining a shape factor that allows the two types of data to
coincide has been suggested, but this is probably difficult as particle shape has
to be constant over the size ranges(195). The process was also compromised
by the multimodal pattern of the particle size distribution. Using the latest
particle sizer from Malvern (Malvern Mastersizer 3000 ) could overcome
these issues as the instrument has the capacity to measure particles, wet and

dry, with sizes ranging from 0.01 to 3500 pm.

o What is the effect of intact cells within the colon?

o This work studied the behavior of walnut after simulated gastric and intestinal
digestion (Chapter 4). However, subjecting the digested walnuts to the in vitro
colonic phase could provide information about their behavior and structure in this
compartment, especially the degree of degradation of walnut materials (e.g.,
particles, oleosins). As there is growing interesting in how plant food material
properties could influence the rate of lipid digestion and hence the bioavailability

of lipids, more research is required in this area.

Do intracellular compounds have potential to hinder lipolysis in walnuts?
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o The present study provides further evidence that intact cell walls act as a barrier
that limited the digestibility of lipid from walnuts. However, we observed that
intact cells only account for part of the low lipid bioaccessibilty of walnuts.
Recent evidence suggests that that structure of walnut oil bodies may reduce even
further the digestibility of lipid contained in the cell mainly due to their interfacial
layer (e, g. proteins (oleosin), phospholipids, MAG, various kinds of fatty acid
esters). Therefore, it would be worthwhile to investigate the potential role of
walnut oil bodies on energy extraction. There are a number of questions within
this area that needed to investigated such as, how the action of lipase is modified
by the structure and composition of the adsorbed layers on the droplets surface.
Furthermore, the mechanisms controlling lipase through the cell walls may be
different than those governing the binding to the droplet surface(196, 197). CLSM
combined with fluorescent techniques instead of LM could provide a more
detailed image of the structure and properties of OBs, better insight on enzyme
interactions with walnut materials, and useful information about the effects

intracellular compounds on nutrient extraction(88, 198).
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APPENDIX

Appendix A Institutional Review Board Documents

Revised 10/10 Ref. #

APPLICATION TO USE HUMAN RESEARCH SUBJECTS
Purdue University

Institutional Review Board

1. Project Title: The effects of mastication and digestion on the bio accessibility of energy

from walnuts

2. Full Review [X]  Expedited Review [ ]

3. Anticipated Funding Source: California Walnut Commission

4. Principal Investigator [ See Policy on Eligibility to serve as a Principal Investigator for

Research Involving Human Subjects]:

Name and Title Department, Building, Phone, FAX, E-mail address
Richard D Mattes Nutrition Science, Stone Hall, Ph: 765-494-0062
(Distinguished Professor) Fax: 765-494-0674, mattes(@purdue.edu.

5. Co-investigators and key personnel [See Education Policy for Conducting Human
Subjects Research]:

Name and Title Department, Building, Phone, FAX, E-mail address
6. Consultants [See Education Policy for Conducting Human Subjects Research]:

Name and Title Department, Building, Phone, FAX, E-mail address

Judy George, Lab Manager Nutrition Science, Stone Hall, Ph: 765-494-6192
Fax:765-494-494-0606, georgej@purdue.edu
Robin Rhine, Lab Technician  Nutrition Science, Stone Hall, Ph: 765-494-6192
Fax:765-494-494-0606, rrhine(@purdue.edu
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7. The principal investigator agrees to carry out the proposed project as stated in the
application and to promptly report to the Institutional Review Board any proposed changes

and/or unanticipated problems involving risks to subjects or others participating in the approved

project in accordance with the HRPP Guideline 207 Researcher Responsibilities, Purdue

Research Foundation-Purdue University Statement of Principles and the Confidentiality

Statement. The principal investigator has received a copy of the Federal-Wide Assurance

(FWA) and has access to copies of 45 CFR 46 and the Belmont Report. The principal

investigator agrees to inform the Institutional Review Board and complete all necessary reports

should the principal investigator terminate University association.

Principal Investigator Signature Date

8. The Department Head (or authorized agent) has read and approved the application. S/he
affirms that the use of human subjects in this project is relevant to answer the research question
being asked and has scientific or scholarly merit. Additionally s/he agrees to maintain research
records in accordance with the IRB’s research records retention requirement should the principal

investigator terminate association with the University.

Department Head (printed) Department Name

Department Head Signature Date

APPLICATION TO USE HUMAN RESEARCH SUBJECTS

0. This project will be conducted at the following location(s): (please indicate city & state)
X  Purdue West Lafayette Campus
] Purdue Regional Campus (Specify)
[]  Other (Specify):
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10. If this project will involve potentially vulnerable subject populations, please check all
that apply.

Minors under age 18

Pregnant Women

Fetus/fetal tissue

Prisoners Or Incarcerated Individuals

University Students (PSYC Dept. subject pool )
Elderly Persons

Economically/Educationally Disadvantaged Persons
Mentally/Emotionally/Developmentally Disabled Persons
Minority Groups and/or Non-English Speakers

Doododoogn

Intervention(s) that include medical or psychological treatment

11.  Indicate the anticipated maximum number of subjects to be enrolled in this protocol as

justified by the hypothesis and study procedures: 75

12. This project involves the use of an Investigational New Drug (IND) or an Approved
Drug For An Unapproved Use.
[] YES X NO

Drug name, IND number and company:

13. This project involves the use of an Investigational Medical Device or an Approved
Medical Device For An Unapproved Use.
[] YES X NO

Device name, IDE number and company:

14. The project involves the use of Radiation or Radioisotopes:

[] YES <] NO

15. Does this project call for: (check-mark all that apply to this study)
[] Use of Voice, Video, Digital, or Image Recordings?
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X Subject Compensation? Please indicate the maximum payment amount to
subjects. $100.00

Purdue’s Human Subjects Payment Policy Participant Payment Disclosure Form
VO2 Max Exercise?
More Than Minimal Risk?

Waiver of Informed Consent?

Extra Costs To Subjects?

The Use of Blood?  Total Amount of Blood 180ml
Over Time Period (days) 2

The Use of rDNA or Biohazardous materials?

The Use of Human Tissue or Cell Lines?

The Use of Other Fluids that Could Mask the Presence of Blood (Including Urine

o XDOodoo

and Feces)?

[] The Use of Protected Health Information (Obtained from Healthcare Practitioners
or Institutions)?

[] The Use of academic records?

16. Does investigator or key personnel have a potential financial or other conflict of interest

in this study?
[] YES XI NO

APPLICATION NARRATIVE

A. PROPOSED RESEARCH RATIONALE

Background

In light of the high prevalence of overweight and obesity in the nation, health benefits of
nuts will be evaluated in large measure by their effect on energy intake and body weight.
Despite evidence to the contrary (Tan, et al., 2014), one of the biggest obstacles to
increased walnut consumption is concern about their contribution to energy intake and
potential to promote weight gain. Thus, it is critical to characterize their role in energy
balance and to document the mechanisms by which they may be consumed as part of a

healthful diet without posing a risk for overweight/obesity.
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The proposed study will focus on oral processing as recent findings document that the
efficiency of energy extraction from nuts is less than predicted and this may be
attributable to the efficiency of mastication. Recent evidence indicates up to 20% of the
energy from walnuts is not absorbed. This low bio accessibility is comparable to
almonds with markedly different physical properties and much higher than for pistachios
with similar physical characteristics. These counter-intuitive findings require mechanistic
explanations so they may be accepted and used to formulate policy and clinical
recommendations. It is proposed that the differences in the structure of nuts accounts for
the energy yield results. For example, almonds are predicted to fracture while walnuts
are predicted to separate under the applied pressure of chewing. The dissimilarity of
walnuts and pistachios in terms of energy yield suggests differences in post-swallowing
digestion. The whole nut yields superior effects on fullness and this leads to focus on
oral processing. It may be that the mechanical act of chewing generates satiety
sensations or it may be that the mechanical disruption of the parenchymal call walls
releases lipid and protein and their higher concentrations activate the release of gut

peptides associated with satiety.

SPECIFIC PROCEDURES TO BE FOLLOWED

Screening Procedures

Potential participants meeting preset criteria will be scheduled for a visit at the laboratory
having refrained from eating, drinking, chewing gum or using oral care products for at
least two hours prior to their visit. Participant’s height will be measured with participants
in bare feet with a Holtain stadiometer (essentially a ruler on a wall). Participants will be
asked to wear light clothing to facilitate the measurement of body weight and
composition. Body composition will be assessed via bioelectrical impedance (Body Fat
Analyzer Scale, Model TBF 410, Tanita Corporation of America, Inc., Arlington Heights,
IL). This just entails standing on a scale like a bathroom scale. Participants will sample
all foods and rate them for palatability. Those meeting the eligibility criteria will be
asked to read and sign an informed consent document. Electrodes will be placed for

electromygraphic recording. Participants will then be presented with each stimulus in a
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random order and asked to chew the stimulus 15 times per mouthful at the rate of one
chew per second, they then will expectorate the bolus into a set of graded, stacked sieves.
They will rinse three times to cleanse the palate of residual material expectorating after
each rinse into the same set of sieves. Participants will then be asked to chew the nuts
alone (all three types separately) to the point where they would swallow and then spit the
bolus into a beaker.

Stimuli

The nuts will include walnuts, almonds and pistachios. The chewing conditions will
include: 1) 5g nuts alone, 2) 5g nuts with Sml water, 3) 5g nuts with Sml apple juice, 4)
S5g nuts with 5g plain yogurt, 5) 5g nuts with Sgsweet yogurt.

Walnuts Almonds Pistachios

Nut alone

Nut with water

Nut with apple Juice

Nut with sweet yogurt

Nut with plain yogurt

Test Days 1 and 2

Participants will report to the Laboratory of Sensory and Ingestive Studies after an
overnight fast and having refrained from using oral care products for at least two hours
prior to their visit. Upon arrival, their blood glucose concentration will be measured by a
glucometer (One Touch® Glucometer, LifeScan, Inc.) to confirm that participants are in
a fasted state. Participants are then asked to answer a validated appetite questionnaire on
a palm pilot (199-201) (in Section L). The appetite questionnaire assesses hunger,
fullness, desire to eat, future consumption, preoccupation with food, thirst, and desire to
eat something salty, fatty or sweet. Stylus placement on the response line directly

translates to percent score.

The test session will continue only if plasma glucose is <110mg/dl and self-reported

hunger is rated greater than “strong” on the gLMS scale. If these conditions are not met,



106

the trial will be rescheduled. If all conditions are met, electrodes will be placed for
electromygraphic recording. The participant will then be placed in a semi-supine
position and a catheter will be placed in a vein in the antecubital space of one arm. A 9ml
baseline blood sample will be collected. Participants will complete a validated appetite
questionnaire on a palm pilot right after the baseline blood draw. Participants will then
be presented with either 5g walnuts or 5g walnut butter and asked to chew the stimulus
15 times per mouthful at the rate of one chew per second; they then will expectorate the
bolus into a beaker. Participants will then be presented with either 5g walnuts or 5g
walnut butter and asked to chew until the point where they would normally swallow and
then spit the bolus into a beaker. The participants will then consume 28g of walnuts or
28g walnut butter given in random order. Additional blood samples and appetite
questionnaire will be taken at 15, 30, 45, 60,120, and 180 minutes. The blood will be
stored in a minus 80 freezer to be analyzed at a later date for insulin, glucose, GLP-1,

Ghrelin, and PYY.

SUBJECTS TO BE INCLUDED

Describe:

50 individuals (male and female) ages 18-60 years with a BMI between 18-35 kg/m2

from any ethnic/racial background will be recruited. Additional eligible criteria include:
o Natural dentition and no oral pathology

o Rate hedonic value of all study foods between 3 and 7 on a 9-point category scale.

RECRUITMENT OF SUBJECTS AND OBTAINING INFORMED CONSENT
Participants will be recruited through public advertisements on the Laboratory for

Sensory and Ingestive Studies website:  www.cfs.purdue.edu/lsis (IRB approval

#504002017 and posted flyers (see attached). Advertisement is electronic and paper
media may also be used (see attached). Those meeting the preset criteria described above
will be contacted via their indicated preferred method (i.e., phone or e-mail) to schedule a

screening visit.
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PROCEDURES FOR PAYMENT OF SUBJECTS
Participants will receive a payment of $125.00 as compensation for any inconvenience
caused by participating in this study. A partial payment of $25.00 will be made to

participants should they withdraw or be withdrawn from the study for sessions completed.

CONFIDENTIALITY

The record of participant progress in the study will be kept in a confidential file in a
locked filing cabinet. The confidentiality of any computer record will also be carefully
guarded by never including the participant’s name on any data file. The information will
be stored electronically in a password-protected file. A copy of the written consent form
will be retained for three years after termination of the study at which time it will be
destroyed. No information by which participants can be identified will be released or
published. However, participants will be informed that to process their payments, it will
be necessary to provide their name, social security number, and address to the university
business office. In addition, participants will be notified that their research records may
be reviewed by the National Institutes of Health and by Departments at Purdue

University responsible for regulatory and research oversight.

POTENTIAL RISKS TO SUBJECTS

The food that participants receive are made of commercially available products and pose
no foreseeable risk. All blood will be collected by an experienced technician using sterile
techniques, but the procedure may result in a bruise, soreness and infection at the site of
collection. The total amount of blood collected over all test sessions will be less than the

amount normally given at a blood donation.

BENEFITS TO BE GAINED BY THE INDIVIDUAL AND/OR SOCIETY

There are no foreseeable direct benefits to participants. The knowledge gained from this
study may provide new insights for the management of obesity, cardiovascular disease,
and diabetes — some of the nation’s most pressing public health problems.

INVESTIGATOR’S EVALUATION OF THE RISK-BENEFIT RATIO
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Aside from routine blood draws, participants will be faced with no greater risk than
normally encountered on a daily basis. The findings may yield insights for obesity,
cardiovascular disease, and diabetes. Thus, the potential benefits outweigh the possible

risks.

J. WRITTEN INFORMED CONSENT FORM (to be attached to the Application
Narrative)

See attached consent form

K. WAIVER OF INFORMED CONSENT OR SIGNED CONSENT
Not applicable

L. INTERNATIONAL RESEARCH
Not applicable

M. SUPPORTING DOCUMENTS (70 be attached to the Application Narrative)
Recruitment Flyer

Multi-media advertisement
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Walnut Study

Pl: [, Richard Mattes

Participants needed to

study the satiation
properties of walnuts

Earn $125.00

Eligibility
Age 18— 60
Mo nut allergies
Willingness to eat walnuts

Contact: Breanna Mchrthur &t bmcarth@purdue.edu
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TV Advertisement and Classified Advertisement
Healthy adults are needed for a study relating to the effects of chewing and digestion on the

energy from walnuts that is being conducted by the Purdue University Department of Nutrition

Science. Earn $125.00 participating in this study. Contact Robin at rrhine@purdue.edu or Judy at

georgej@purdue.edu or visit the Laboratory for Sensory and Ingestive Studies web site at

http://www.cfs.purdue.edu/lsis/. (Principal Investigator—Dr. Richard Mattes, Department of

Foods and Nutrtition Science/Purdue University)
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RESEARCH PARTICIPANT CONSENT FORM

The effects of mastication and digestion on the bio accessibility of energy from walnuts
Principal Investigator: Richard D Mattes MPH, PhD, RD

Purdue University, Department of Nutrition Science

Stone Hall, W. Lafayette, IN 47907

(765) 494-0662

What is the purpose of this study?

This study aims to characterize the mechanisms that account for the low yield of energy during

digestion of walnuts.

What will I do if I choose to be in this study?

To confirm your eligibility for participation in this study, we ask that you first read this consent
form and ask any questions you may have about your participation. If you choose to sign this
form, we will then proceed with additional screening and testing measures.
Screening
e Upon arrival, we will take measurements of your height, weight and body composition
(percent of muscle, bone and fat in your body). Your height will be measured in bare feet
by asking you to stand near a wall with a ruler attached. Your weight and body
composition will be measured in bare feet and light clothing on an electronic scale much

like a bathroom scale.

e Surface electrodes will be placed 3 cm apart on your jaw and temple on one side of your

head. And another will be placed over the opposite wrist.

e You will be given 15 food samples (in random order) and each will be chewed 15 times
at the rate of one chew per second (timed to a metronome). The samples will be
expectorated into a series of sieves and you will rinse your mouth with 20ml aliquots of

mild salt water, expectorating after each rinse into the same set of sieves.

e You will be asked to rate the palatability of each sample.
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You will then be asked to chew the three nuts alone to the point of swallowing. The
samples will be expectorated into a beaker and you will rinse your mouth with three 20ml

aliquots of mild salt water, expectorating after each rinse into the same beaker.

Test Visits

Upon arrival, having refrained from eating or using oral care products for at least 2 hours,

you will answer an appetite questionnaire on a palm pilot.

Surface electrodes will be placed 3 cm apart on your jaw and temple on one side of your

head. And another will be placed over the opposite wrist.
You will then be seated on a reclining chair.

A trained phlebotomist will then place a catheter (flexible needle) in your arm for blood
draws. Prior to each draw, a small amount (1-2 ml) of sterile saline (salt solution) will be

washed through the catheter to ensure it is clear.

You will be given either 5g walnuts or 5g walnut butter asked to chew 25 times at the rate
of one chew per second (timed to a metronome). The samples will be expectorated into a
beaker and you will rinse your mouth with three 20ml aliquots of mild salt water,

expectorating after each rinse into the same beaker.

You will be given either 5g walnuts or 5g walnut butter asked to chew to the point of
swallowing. The samples will be expectorated into a beaker and you will rinse your
mouth with three 20ml aliquots of mild salt water, expectorating after each rinse into the

same beaker.
Next, you will consume 28g (about 1 ounce) of walnuts or 28g walnut butter.

Blood draws will take place once the catheter is set and then at each of the following time

points thereafter: 15, 30, 45,60, 120 and 180 minutes.

Each time your blood is drawn, you will be asked to fill out an appetite questionnaire.
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How long will I be in the study?

This study requires a total of 3 visits (1 screening visit and 2 test visits) at Stone Hall room 226
and room 155. The screening visit will take approximately 1 hour and each of the test visits will
take approximately 3 hours and 15 minutes. There will be a minimum of 24 hours between each

Visit.

What are the possible risks or discomforts?

The blood collections may result in pain, bruising and/or infection at the site of collection. Some
people become lightheaded during blood collections and may faint. Appropriate techniques and
trained personnel will be used to minimize these risks. You will be asked to consume nuts. If
you even suspect that you have an allergy or sensitivity to any type of nut, you should not

participate in this research study.

Are there any potential benefits?

There are no foreseeable benefits to you from your participation in this study. However, the

knowledge gained from this work may provide new insights to manage body weight and obesity.

Will I receive pavment or other incentive?

You will receive a payment of $125 as compensation for any inconvenience caused by your
participation. A payment of $25/session will be made should you withdraw or be withdrawn
from the study for sessions completed and these data will be included in the data analyses at the

end of the study unless you indicate you would prefer to have it destroyed before that time.

What happens if I become injured or ill because I took part in this study?

If you feel you have been injured due to participation in this study, please contact the principal

investigator, Dr. Richard Mattes, at (765) 494-0662 or mattes@purdue.edu. Purdue University

will not provide medical treatment or financial compensation if you are injured or become ill as a
result of participating in this research project. This does not waive any of your legal rights nor
release any claim you might have based on negligence.

Conflict of Interest Disclosure




114

The following disclosure(s) is(are) made to give you an opportunity to decide if this(these)

relationship(s) will affect your willingness to participate in the research study.

Will information about me and my participation be kept confidential?

All information collected in this study will be stored in a locked filing cabinet in a secure
location in close proximity to the principal investigator. A copy of this consent form will be
retained for three years after termination of the study at which time it will be destroyed. If any
publication results from this research, you will not be identified by name. Your identity will not
be released to any party outside the research team with the exception that your name, address,
and social security number will be provided to the business office to enable processing of your
financial compensation. In addition, the project’s research records may be reviewed by the
National Institutes of Health, and by Departments at Purdue University responsible for

regulatory and research oversight.

What are my rights if I take part in this study?

Your participation in this study is voluntary. You may choose not to participate or, if you agree
to participate, you can withdraw your participation at any time without penalty or loss of benefits

to which you are otherwise entitled.

Who can I contact if I have questions about the study?

If you have questions, comments or concerns about this research project, you can talk to one of
the researchers. Please contact the principal investigator, Dr. Richard Mattes, at (765) 494-0662

or mattes@purdue.edu.

If you have questions about your rights while taking part in the study or have concerns about the
treatment of research participants, please call the Human Research Protection Program at (765)

494-5942, email (irb@purdue.edu)or write to:

Human Research Protection Program - Purdue University
Ernest C. Young Hall, Room 1032

155 S. Grant St.,

West Lafayette, IN 47907-2114
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Documentation of Informed Consent

I have had the opportunity to read this consent form and have the research study explained. I
have had the opportunity to ask questions about the research study, and my questions have been
answered. I am prepared to participate in the research study described above. I will be offered a

copy of this consent form after I sign it.

Participant’s Signature Date

Participant’s Name

Researcher’s Signature Date

e The participant must sign and date the consent form. The only exception is if the study is

granted a waiver of signed consent.

e The researcher’s signature, above, refers to the research team member who has obtained
the participant’s consent. The researcher’s signature indicates s/he has explained the
research to the participant (or the legally authorized representative when IRB approved)

and has answered any of the participant’s questions.
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