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Abstract

The "*C Octanoic acid breath test (OABT) was used to measure the rate of gastric
emptying of whole goat’s milk (WG), whole cow’s milk (WC), goat’s milk infant
formula (GIF) and cow’s milk infant formula (CIF) in healthy, adult men.

Prior to the gastric emptying study, the integrity of the vacuum in two commonly used
gas collection tubes was tested. The experiment showed that the Exetainer® brand of
tube was more suitable for collecting expired air compared to the Vacutainer® brand
based on the fact that it had less residual dead-space which could dilute expired air

samples.

Fifteen healthy men were given one of the four test milks containing 100pg "*C
octanoic acid after an overnight fast. Breath samples were collected at regular intervals
for four hours. Following analysis by ratio isotope mass spectrometry, gastric emptying

parameters were calculated.

The gastric emptying half time (t;2) of CIF was significantly shorter (P<0.05) than that
of GIF (120 min vs. 159 min), but there were no differences in the rate of emptying
between WC (141 min) and WG (150 min). There were no significant differences

between either of the infant formulas and the whole milks.

Blood samples were taken concurrently with the expired air samples. The samples were
analysed to determine plasma glucose concentration. The results of showed that the
timing of the peaks of plasma glucose levels and subsequent drop to below baseline

concentration may be associated with the rate of gastric emptying.

The manner in which the four test milks coagulated was also tested. Milks were
incubated in vitro at 37.5°C after acidification with 1 molar HCI (to gastric pH 3) and
addition of the enzyme pepsin. Vastly different coagulation properties were observed.
The WC formed large curds with a clear separation between the whey-containing liquid
and the curd whereas the WG and GIF were more homogenous with finer curds and

considerably less clear fluid. The CIF exhibited very fine curds.

Difterences in composition between whole goat’s milk and whole cow’s milk did not
appear to be sufficient to elicit different rates of gastric emptying. Thus any nutritional

differences between milk from the two species may not be related to the rate at which

they are emptied from the stomach.
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Chapter 1

General Introduction

Eating is one of life’s great pleasures, yet it seems that we do not have enough time to
devote to it anymore. Convenience foods are becoming more and more popular and
people are eating more meals in front of the computer or in the car; taking the
opportunity to eat when it presents itself. In essence, not much has changed since the
earlier days of our existence in that eating also occurred n an opportunistic fashion
i.e., when food was available. ~We are therefore perfectly adapted to this
opportunistic/occasional way of eating. We have evolved with a stomach that can
store our meals, and then gradually progress them through our digestive system,

without us even being aware of the process.

The stomach is more than a simple storage reservoir. In addition to physically
grinding up ingested food into particles small enough to be broken down by chemical
means, the stomach carefully regulates the flow of food entering the small intestine.
The time that it takes for food to be digested and subsequently absorbed is much
greater than the time that it takes to ingest the meal. The rate at which nutrients can
be absorbed from the intestine 1s limited, and before absorption can take place,
polymeric food components such as proteins have to be enzymatically broken down to
their component monomers. The stomach thus accommodates the meal, and then
gradually allows the mgested food to pass distally to the small intestine. In light of
the physiological factors that are known to regulate gastric emptying, it is tempting to
assume that this occurs at a rate that is optimal for digestion of food and absorption of

nutrients.

A range of factors are known to influence the rate of gastric emptying, but essentially
the rate that food 1s passed into the small intestine is in part governed both by physical
factors relating to the meal and the nutrient content of the meal. The physical factors
include volume, temperature and size of the food particles. Large food particles such
as chewed fragments of meat must first be reduced in size before they can pass from
the stomach into the duodenum (which takes time), whilst smaller food particles such
as those found in fruit juice require little reduction in size and can pass directly
through. Receptors in the small intestine respond to the chemical composition of

food; information on the nutrient content of foods in the small intestine is fed back to



the stomach through neural or hormonal responses, which then increase or decrease

the rate at which nutrients are emptied into the small intestine (Buchan, 1999; Furness
et al. 1999).

Whilst much work has been done on the rate of gastric emptying of solid materials
and the gastric emptying of liquids has also been described, little work has been
conducted on the gastric emptying of emulsions such as milk. Cow’s milk comprises
about 14% solids suspended in an aqueous fluid (Jenness, 1988). Milk contains
proteins, carbohydrates and fats, which are all known to inhibit gastric emptying
through negative feedback mechanisms (Guyton & Hall, 2001; Westphal, 2004).
Further, when in the acidic environment of the stomach, certain milk proteins are
precipitated, thus altering the physical characteristics of the food and causing changes

in gastric emptying rate (Fox ez al., 2004; Hall et al.; 2003; Miller et al.1990).

Milk is designed to support life and sustain rapid growth of neonate mammals in the
early stages of life. The milk composition of each mammalian species is highly
variable and is assumed to best suit the needs of the particular neonate. Thus, the
composition of milk across different species contains different proportions of proteins,

carbohydrates and fats as shown in Table 1A.

Table 1A. Composition of the milk from different mammalian species (per 100g

liquid milk).

L . Proein{g) __ Fat(g)  Carbohydrate (g) Energy (keal)
Cow 3.2 3.7 4.6 66
Human 1.1 4.2 7 T2
Water Buffalo 4.1 9 4.8 118
Goat 2.9 3.8 4.7 67
Donkey 1.9 0.6 6.1 38
Elephant 4 S 53 85
Monkey, rhesus 1.6 4 0 73
Mouse 9 13.1 3 lirdl|
Whale 10.9 423 1.3 443
Seal 10.2 494 0.1 502

(Taken from: Webb et al., 1974)

Whales and seals live in extremely cold environments, and thus require a substantial
amount of insulation (in the form of blubber or fat). Accordingly, their milk has a
very high fat content in order to provide the whale calf or seal pup with the necessary

substrate for blubber formation (MarineBio.org, 2005). Fat is higher in energy



compared to protein and carbohydrate (Rolls, 2000; Southgate & Durinin, 1970) and a
single feeding of milk with more fat would therefore contain a higher energy content.
Therefore, a diet with a very high fat content, and thus, a very dense energy level, will
also support the seal pups while they are left alone on beaches or rocks for extended

periods of time while their mother go out hunting for fish.

In the wild, bovine calves suckle from the cow, and then lie in hiding while the cow
grazes for extended periods. The digestion of casein in cow’s milk by the calf is
linked to the action of the enzyme rennet, which promotes the formation of an
irreversible curd that 1s slow to breakdown. The whey portion of the cow’s milk
empties with the aqueous phase of the milk while the curd can more slowly be
released into the small bowel where it is rapidly digested (Miller et al, 1990).
Effectively, the components of the each milk feeding are passed on to the lower
regions of the digestive tract over an extended period of time, providing sustenance

for the calf in the time spent away from its mother.

The composition of human and primate milk is similar (Table 1A). Neonates of these
species are kept close to their mothers, and therefore feed more frequently than some
of the other mammals. It is therefore reasonable to expect their milks to have a
relatively faster rate of gastric emptying compared to the high fat milk consumed by

the seal pup or whale.

Humans are the only species in the animal kingdom to willingly and constantly drink
milk from other species. We have known for centuries that milk from other species
such as the cow, buffalo, goat and sheep is a nutritious and practical food, and today
dairy foods are advocated as an important part of a balanced diet. Whilst human
breast milk is best for the human infant, milk from other species is also a convenient
alternative to breast milk for mothers who cannot or choose not to breastfeed. Thus
an advanced industry has developed around the production of commercial infant

formulas that are based on milk from other species.

Cow’s milk is one of the most widely consumed milks in the world (Park & Haenlein,
2006). Goat’s milk 1s also used as an alternative to cow’s milk in infant formula.
There are differences between the composition of whole goats’ milk and whole cow’s
milk that could elicit different rates of gastric emptying and therefore impact on an

infant’s health and wellbeing.



This thesis describes a research programme specifically designed to compare the rates
of gastric emptying of whole goats” milk and whole cow’s milk as well as a goat’s

milk infant formula and a cow’s milk infant formula

References

Buchan, A. M. J. (1999). Nutrient tasting and signalling mechanisms in the gut III,
Endocrine cell recognition of luminal nutrients.  American Journal of

Physiology. 277(40): G1103-G1107.

Fox, M., Goergi, G., Boehm, G., Menne, D., Fried, M. & Thumshirn, M. (2004).
Dietary protein precipitation properties have effects on gastric emptying in

healthy volunteers. Clinical Nutrition. 23: 641-646

Furness, J. B., Kunze, W. A. A. & Clerc, N. (1999). Nutrient tasting and signalling
mechanisms in the gut II. The intestine as a sensory organ: neural, endocrine,

and immune responses. American Journal of Physiology. 277(40): G922-

(G928

Guyton, A. C. & Hall, J. E. (2001). Medical physiology (10th Ed. ). London: W.
B. Saunders Company. pp. 728-737

Hall, W.L., Millward, D.J., Long, S.J., & Morgan, L.M. (2003). Casein and whey
exert different effects on plasma amino acid profiles, gastrointestinal hormone

secretion and appetite. The British Journal of Nutrition. 89 (2): 239-248

Jenness, R. Composition of Milk. In: Wong P. (Editor). (1988) Fundamentals of
Dairy Chemistry 3™ Edition. Gaithersburg. Aspen Publishers, Inc. pp. 231

MarineBio.org. Orca (Killer Whale) — Orcinus orca. Retrieved Sunday, November 27,

2005 from: http://marinebio.org/species.asp?id=84

Miller, M.J., Witherly, S.A. & Clark, D.A. (1990). Casein: a milk protein with
diverse biologic consequences. Proceedings of the Society for Experimental

Biology and Medicine. 195: 143-159

Park, Y.W. & Haenlein, G.F.W. (2006). Handbook of Milk of Non-Bovine Mammals.
Ames: Blackwell Publishing. pp. 1

Rolls, B. (2000). The role of energy density in the over consumption of fat. Journal
of Nutrition. 130: 268S-271S



Southgate, D.A. & Dumin, J.V. (1970). Calorie conversion factors. An experimental
reassessment of the factors used m the calculation of the energy value of

human diets. British Jouwrnal of Nutrition. 24(2): 517-535.

Webb, B.H., A.H. Johnson and J.A. Alford. 1974. Fundamentals of Dairy Chemistry.
Second Ed. AVI Publishing Co., Westport, CT., Chap. 1. pp. 17

Westphal, S. . Kastner, S, | Taneva, E. . Leodolter. A. |, Dierkes. J. & Luley, C.
(2004). Postprandial lipid and carbohydrate responses after the ingestion of a
casein-enriched mixed meal.  dmcerican Journal of Clinical Nutrition.  8(0:

284-2940.



Chapter 2

Review of the literature relating to gastric
emptying

2.1 Introduction

Gastric emptying is an outcome of the interaction of a number of physiological
processes. Different foods engender significantly different rates of gastric emptying
according to their macronutrient composition. The stomach appears to allow meals to
pass into the small intestine at a rate that is optimum for absorption and digestion of
nutrients (Read & Houghton, 1989; Brooks, 1985; Minami & McCallum, 1984).
Gastric emptying also has an impact on the availability of nutrients for metabolism.
For example, different foods have different glycemic indices (Brand-Miller er al.,
2002) i.e. foods with the same load of available carbohydrate result in different
glycemic responses. There are a number of physiological systems that regulate gastric

emptying; these systems are designed to smooth the delivery of nutrients to the

duodenum.

Ingested food moves promptly through the oesophagus to the stomach but exits from
there less promptly. The stomach thus functions as a holding reservoir for food before
it transits to the small intestine for digestion and subsequent absorption of the
digestive products. The stomach increases in volume to accommodate the ingested

food (gastric accommodation).

The stomach also acts as a processor of food, breaking the food bolus down into
particles small enough to pass through the pylorus to the small intestine at the
proximal end of the stomach. This is achieved through physical action of the
muscular walls as well as by chemical degradation from the action of hydrochloric
acid and various gastric enzymes. The small intestine is the main site of enzymatic
digestion and absorption in most vertebrates. The absorptive efficiency of the small
intestine (made up of the duodenum, jejunum and ileum) depends on the appropriate
rate of delivery of nutrients by the stomach. The functions of the compartments of the
digestive system are therefore highly connected through negative feedback
mechanisms to regulate rate of passage of foods from the stomach to the duodenum

(the proximal end of the small intestine) (Guyton & Hall, 2001).



The rate of appearance of absorbed nutrients in the blood is thus related to the rate of
gastric emptying. This link has important implications for human health. [n diabetes
mellitus the rate of disappearance of glucose from the blood following ingestion of a
glucose load 1s central to diagnosis of the disease. The appearance rate of certain
metabolites in the blood following the ingestion of a meal 1s also related to the speed
of onset of saticty. This, in turn, has implications for the control of body weight in

adults.

This review of literature will cover the physiology of gastric emptying so as to ¢ive an
understanding of the many factors that may influence the speed of gastric emptying
tollowmg a meal. The gastric emptying of a number of different foods will then be
described. As with most aspects of nutritional physiology, the measurement of gastric
emptying is a challenge as the stomach 1s an organ that is cnclosed within the
abdomen and thus not casily accessible. A number of techniques that have been used
10 assess gastric emptying over the years will be reviewed as well as the more recent
technique wsed i this study. Finally, the compositional difterences between the two
tvpes of milk, cow’s and goats™ nulk, will be discussed with the aim of gaining an
appreciation of the impact these two milks may have on the rate of gastric emptying in

consumers. ¢.g. mfants.



2.2 Anatomy and Histology of the stomach

In man, the stomach is a sac-like and somewhat beanshaped organ that can be
divided into three main functional units, the proximal stomach, the distal stomach, and
the pylorus (West, 1990). Anatomically, the proximal stomach comprises the fundus,
and a portion of the corpus (or body) (Figure 2A). The distal stomach comprises the
distal half of the corpus and the antrum (Figure 2A). The pyloric sphincter comprising
a distinct thickening of the circular layer of muscle is the “gatekeeper” of the stomach
through which gastric chyme (semi fluid mixture of food with gastric secretion)

passes to the small intestine (West, 1990).

Food enters the stomach from the esophagus through the esophageal sphincter at the
proximal end of corpus in the erect position. The fundus is situated with its upper
limit lying above and to left of the esophageal sphincter. Its circumferential
contractions act to propel the fluid phase distally. The main storage region is the
corpus. which leads to the more distal antrum that is responsible for most of the
grinding or trituration. After trituration, the gastric chyme passes distally from the

antrum through the pyloric sphincter into the duodenum.

Fundus

Corpus/Body Proximal

Stomach
Antrum

Distal Stomach

I
I
I
1
Ll

Figure 2A. Functional and anatomical regions of the stomach.



The stomach is lined with mucosal folds called rugae. The stomach wall comprises
four tissue layers, as docs the remainder of the gastro-intestmal tract. From outer
most to inner most these layers are: the serosa, the muscular layer, the submucosa, and
the mucosa (Guyton & Hall, 2001). The gastric mucosa comprises a layer of simple
columnar cpithclium that has two types of tubular glands: oxyntic {or gastric) glands
and pyloric glands. The oxyntic glands secrcte hydrochloric acid, pepsinogen,
intrinsic factor. and mucus. The pyloric glands scercte mainly mucus for protection of

the pyloric mucosa but also gastrin and some pepsinogen (Guyton & Hall, 2001).



2.3 Gastric Emptying

The emptying of meals from the stomach involves interplay between the three main
functional units of the stomach; the proximal stomach, the distal stomach and the
pylorus. The proximal and distal stomach force food towards the pylorus through
increased muscular tone or contraction and the pylorus is regulated so as to resist the

through flow of digesta to a certain degree.

When a meal is ingested, the tone of the muscular walls of the proximal stomach is
reduced allowing the stomach to accommodate greater volumes of food (Guyton &
Hall, 2001; West, 1990). This process is called gastric accommodation, and will be
discussed in a later section. Following the cessation of eating, muscular tone is

gradually restored, forcing food into the distal stomach (West, 1990).

The muscle of the distal stomach exhibits rhythmic peristalsis; ring contractions of the
circular layer of muscle develop near the middle of the gastric body and sweep toward
the pylorus (West, 1990). The contractions move with increasing force and

acceleration, propelling the gastric contents toward the pylorus.

The outflow of gastric chyme from the stomach is tightly regulated. Chyme flows out
of the distal opening of the stomach, the muscular pylorus (pyloric sphincter), which
is linked to the peristaltic motions of the distal stomach (West, 1990). The operation
of the pylorus in cooperation with antral peristalsis is thus the mechanism through
which most regulation of gastric emptying occurs. As peristaltic contractions move
towards the pylorus, t contracts and seems to remain slightly tonically contracted
until the next wave begins (West, 1990), allowing only water and other fluids to
empty from the stomach with ease. This contraction prevents passage of larger food

particles until they have been reduced in size sufficiently to be suspended in the

chyme.

Thus, the rate of gastric emptying depends on the rate that proximal stomach tone is
restored, the contractions of the muscle of the distal stomach, and the degree of

functioning of the pyloric sphincter.

There are essentially two main controls for the rate of gastric emptying, neural and
hormonal (Figure 2B). The pylorus is under neural and humoral control from both the

stomach and duodenum.

10



Vagal primary
afferent neuron

Spinal primary Spinal cord
-~ afferent neuron

\

Immune and tissue
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neuron

local and systematic

Endocrine hormones:

local and circulating

Intrinsic primary
afferent neurons

Luminal stimulants:
Bulk, antigens,
nutrients, irritants,

enteric secretions

Figure 2B. Ncural and hormonal signalling from the gut. Hormones are released from cells in the

mucosal epithelium. They can enter the circulation and thus act at remote sites (e.g. stomach) but can

also act locally (e.g. nerve endings). The neural sensations are conveyed by extrinsic and intrinsic

primary afferent neurons, which connect the gut to the higher centres of control such as the brain and

spinal cord (taken from Furness er al., 1999).
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2.3.1 Neural Regulation of Gastric Emptying

Gastric emptying is negatively regulated by neural feedback mechanisms that sense
changes in the stomach and duodenal digestive environment and adjust the rate of
gastric emptying accordingly. Figure 2C illustrates the four hierarchical systems of

control that interact to provide this regulation.

Higher Brain Centres Control level 4

Parasympathetic Sympathetic
system system Control level 3
Prevertebral
. Control level 2
Ganglia
Enteric Nervous System Control level 1
Muscle/Mucosal/Vasculature Effector level

Figure 2C. The four neural control levels of the gut. The first level is the enteric nervous system,
which behaves like a local minibrain. The second level is in the prevertebral sympathetic ganglia. The
third and forth levels are within the central nervous system (CNS). Sympathetic and parasympathetic
signals to the GI tract originate at level three and represent the final common pathways for outflow of

information from the CNS to the gut. The forth level includes higher brain centres that provide input

for integrative functions at level three (adapted from Wood et al., 1999).

The stomach has a system that allows it to accommodate sudden increases in volume,
as 1s the case when a meal i1s ingested. Mechanical stimulation of the throat or
distension of the oesophagus induces receptive relaxation through vagally mediated
reflexes, thereby reducing intragastric pressure (Jansson, 1969). Food entering the
stomach induces gastric accommodation, which is mediated by a series of tension
receptors in the body of the stomach. The tension receptors detect changes in volume

and signal via afferent vagal fibres. These signals subsequently induce inhibition of

12



efferent discharge to the proximal stomach, resulting in an increase in gastric volume

by inducing rclaxation of the smooth muscle (Grundy & Scratcherd, 1982},

Upon reception of ingesta, the proximal stomach changes from penodic to relatively
regular phasic contractions, which propagate towards the pylorus (Wingate er ol
1994). Distenston of the stomach is a natural stimulus that increases gastric emptying
by stimulating peristalsis through the myenteric plexus and the vago-vagal reflex

{Grundy & Scratcherd, 1952).

The motor activity of the stomach is also influenced by a series of reflexes initiated n
the duodenum.  Thus the chymce passing mto the duodenum stimulates receptor
mechamisms that trigger atferent discharges (Stanghellint er af.. 1994). These reflexes
travel via three routes: 1) from the duoedenum to the stomach via the enteric nervous
system 1n the gut wall, 2) via afferent extrinsic nerves that travel to the prevertebral
sympathetic ganglia and return via efferent inhibitory sympathetic nerve fibres to the
stomach, and 3) via the vagus nerves to the bran stem. where they inhibit the normal
excitatory signals transmitted to the stomach through the vagl (Hall of «f, 2003;
Sarna., 1985} A number ot norrnutricnt stimuli may gencrate these reflexes {Guyton

and Mall. 2001). such as:
= Distension of the deodenum
= Jrritation of the duodenal mucosa
*  Acidity of the duodenal chyme
= High osmolality of the chyme

In addition, the presence of certain absorbable nutnients in the chyme, including
breakdown products of proteins and complex carbohydrates, and perhaps to a lesser

cxtent fats may also inhtbit nervous reflex (Guyton & Hall, 2001).

2.3.2 Hormonal Regulation of Gastric Emptying

Hormones are released into the vascular portal system in response to the presence of
chyme in the stomach or duodenum. These hormones then mhibit gastric eoyptying.
The hormonal control of gastric emptymg has been described in detatl (Lal er «f.,
2004; Moran, 2004; Tschop er «f., 2001; McLaughhn ef af, 1999; White er of., 1999
Read. 1994; Raybould e «f., 1994; Stanghellimi e¢r o/, 1994).  One of the main

theones concerming  their mechantsm of action 1s that the duodenum contains



“receptors” that detect specific macronutrients, causing a release of hormones into the
blood. The hormones are then transported via the blood to the stomach where they

inhibit activity of the pylorus.

Five main hormones have been described that regulate motility of the gastrointestinal
tract: cholecystokinin (CCK), glucagon-like peptide 1, motilin, peptide YY (PYY)

and more recently, ghrelin (Moran, 2004; Schneeman, 2002).

Cholecystokinin

One of the most influential groups of hormones that controls gastric emptying are the
CCK’s. Specialized mucosal endocrine cells found mainly in the proximal small
intestine release CCK in response to stimulation. It is thought that CCK stimulates
gallbladder emptying, pancreatic enzyme secretion, gastric emptying and that it

inhibits food mtake, i.e. increases satiety (McLaughlin ez al., 1999).

It has been suggested (McLaughlin er al., 1999) that the proximal gut possesses a
recognition system that 1s able to differentiate between particulate fatty acid
molecules that differ by a single carbon atom in the length of their acyl chain
(McLaughlin er al., 1999). Thus differing chain lengths of ingested fat could generate
entirely different patterns of endocrine cell and target organ response. There also
appears to be a threshold chain length necessary to induce a CCK response; all fatty
acids over 12 carbon atoms long were equipotent for CCK secretion (McLaughlin ez
al., 1999). This has a bearing on any potential differences between milks from
various species of mammal. For example goats’ milk has a larger proportion of C8:0
and C:10 fatty acids than cow’s milk, and this could elicit a different gastric emptying

response.

Glucagon-like peptide 1

Glucagon-like-peptide-1 (GLP-1) has multiple actions throughout the body and has,
as a result of this, been seen as a possible therapeutic agent (Meier & Nauck, 2005).
A glucose-dependent insulinotropic effect has been reported for this hormone, and as
such it has been postulated to act primarily as an incretin, i.e. to augment insulin
secretion following food ingestion (Meier & Nauck, 2005). It thus plays an important
role in glucose homeostasis, and has an additional influence over glucose levels
through its action in decreasing the rate of gastric emptying through inhibition of

vagal activity (Meier & Nauck, 2005). Additionally, GLP-1 is known to increase
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satiety (Meier & Nauck, 2005; Hellstrom & Naslund, 2001) and has received attention
for this property in the last few years owing to the rising obesity rates in the western

world.

Motilin

Motilin, a polypeptide, stimulates the contraction of the smooth muscles of the
gastrointestinal tract under physiological conditions Thus it accelerates gastric
emptying and also increases lower oesophageal sphincter pressure (Netzer et al.,
2002). Rat studies (Martin et al., 2005) suggest that melatonin, which is released in
response to ileal lipids, exerts a modulatory influence that decreases the inhibitory
effects of the ileal brake on gastric emptying of nutrients. The ileal break i1s a
mechanism initiated by the presence of lipids in the ileum that regulates the gastric

emptying of chyme (Martin et al., 2005).

Peptide YY.

Peptide YY (PYY) is expressed mainly in the endocrine cells in the lower bowel
(Sheikh, 1991) in response to the ingestion of a meal (Taylor, 1993). It is a powerful
modulator of gastrointestinal function that slows gastric emptying and transit of
digesta through the small intestine (Taylor, 1993; Savage et al., 1987). It also has a
role in blood flow, being a potent vasoconstrictor in many vascular beds (Sheikh,
1991). Taylor (1993) maintained that the net effect of PYY secretion was increased

efficiency of digestion and absorption of nutrients.

The mechanism whereby PYY inhibits gastric emptying is thought to be related to the
“ileal brake”, which is where a nutrient (such as fat) induces a response that

suppresses the digestive activities of the upper digestive tract (Moran et al., 2005, Lin
et al., 2003).

Ghrelin

Ghrelin has been termed "a missing link between enteric nutrition and central
regulation of energy balance and growth" (Inui ez al., 2004). It is said to function as
an orexigenic (appetite-stimulating) signal from the stomach to the hypothalamus
when an increase in metabolic efficiency is necessary (Inui et al., 2004; Asakawa et
al., 2001). Ghrelin has been reported to stimulate food intake and induce weight gain

following peripheral or central administration (Tschop ez al., 2001; Wren et al., 2000).
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Although ghrelin’s release is modulated by direct nutrient contact, itS major action
seems to be in meal initiation rather than affecting how much is eaten (Moran, 2004),

which would appear to be contradictory.

Ghrelin stimulates gastric emptying (Inui ¢f af., 2004), similar to motilin {(Asakawa ef
al, 2001). Tschop er af. (2001} found a corrclation between gastric emptying half
time and fasting plasma ghrehn levels, and concluded that ghrelin appeared to provide
feedback signalling between nutrient intake, gastric motor tunction and the central

nervous sysiem.

Tack er «f. (2003) reporied that ghrelin induces a premature gastric phase 11l of the
migrating myoclectric complex (MM}, The MMUC 15 a series of contractions, wihich
effectively evacuates the intestine (West, 1990) making way for more contents to be
emptied from the stomach. In addition, animal studies have shown that ghrelin
stunuelates upper gastromtestinal motihty through the vagus and through the enteric

nervous systern (Tack ez of ., 2005).



2.4 Gastric Emptying of the Different Phases of a Meal

Meals usually comprise a mixture of ingredients in different physical states i.e. solids
or liquids. The different components empty from the stomach at differing rates. For
example, solids take longer to empty from the stomach than liquids with the same
nutrition content due to the presence of a “lag phase” prior to the commencement of
gastric emptying (Fox et al., 2004). The gastric emptying of oils has also been
included in this section given that oils have been shown to empty differently to the

aqueous phase of a meal yet they cannot be classified as solids either.

2.4.1 Solids

The gastric sinus (greater curvature of the stomach) forms a trap for particulate
contents following the ingestion of a mixture of solids and liquids (Brown er d.,
1993). The gastric emptying of solids is significantly slower than that of liquids as
solid food particles must be ‘triturated’, i.e. ground up into smaller particles, before
they are able to pass through the pyloric sphincter. The period of time that solids
spend in the stomach prior to transit through the pylorus is known as the lag phase,
during which food is processed to particles small enough to be suspended in liquid
(Christian, 1991; Siegel er al., 1988). The muscular walls of the stomach grind the
food particles up by retropulsion through a narrow segment of the antrum. The
stomach contents are first driven towards the pylorus by the deeply segmented
contractions that travel distally along the stomach walls (Schiller, 1983). The
muscular pylorus contracts so that it is only partially open, thus antral contents on the
perimeter of the lumen are carried forward and food matter (solid particles) that lies at
the core is forced back towards the proximal end of the stomach (West, 1990). The
solid masses are retropelled before the antral peristaltic contraction reaches the
terminal antrum (West, 1990) and repetition of this cycle results in the solid particles

being ground up until they are small enough to pass through the pylorus.

2.4.2 Liquids

The major difference between the gastric emptying of liquids and solids is the lack of
a lag or delay phase in liquid gastric emptying 1.e. liquids do not need to undergo any
processing before exiting the stomach (Gonzalez er al. 2000; Coulie, 1997; Braden et

al., 1995; Maes et al., 1994). In the process of retropulsion previously described, as
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solids are retropelled back into the antrum, it is mainly liquids that are carried forward

to the pylorus by the terminal antral contraction (West, 1990).

When a mixed meal of solids and liquids is consumed, the solid particles (that have a
higher specific gravity) settle in the gastric sinus, allowing the liquid phase of the
meal to wash over them and in a way be “decanted” over the “brim” of the pylorus as

the gastric ring contractions move chyme towards the pylorus (Brown ez al., 1993).

Liquids have a characteristic gastric emptying pattern as follows: once a quantity of
liquid has entered the stomach, there is an initial rapid exponential emptying phase
followed by a slower linear phase of emptying that delivers calories to the duodenum
at a constant rate over a range of caloric concentrations up to a maximum limit
(Moran et al.,, 1999a; Hunt et al., 1979; McHugh & Moran, 1979). The rapid
emptying in the initial phase depends mainly on the high volume of liquid but
duodenal feedback related to the nutrient concentration of the chyme also has a role
(Moran et al., 1999a, 1999b; Lin et al., 1992; McCann & Stricker, 1986; McHugh et
al., 1982; Moberg & Carlberger, 1974). In contrast to this, the major regulator of the
slower linear phase is intestinal feedback based on nutrient concentration and type,
and gastric volume has less influence over this phase (Moran ef al., 1999a.,b; Maerz et

al., 1994; Lin et al., 1992; McCann & Stricker, 1986; McHugh & Moran, 1979).

2.4.3 Oils and Fats

For the purposes of this discussion, oils and fats have been separated from solids and
liquids, as they seem to have a pattern of gastric emptying that is unique. It is,
however, important to note that the emptying pattern of different fats varies
substantially making this area somewhat more difficult to define compared to that for
solids and liquids (Meyer, 1987). For example, triglyceride has a similar emptying
pattern to solid foods (an initial lag phase followed by a linear phase) whereas
indigestible lipid empties more like a liquid (without a lag phase) (Meyer, 1987). In
addition, Maes et al. (1998a) found that the chemical structure of the oil phase had an
influence over gastric emptying when an equicaloric amount of olive oil containing
more unsaturated fatty acids was more effective at slowing gastric emptying than a

margarine containing more saturated fatty acids.

It is generally accepted that fats empty more slowly than nutrient aqueous liquids of a

meal (Jian er al., 1982, Chang et al, 1968) but there is disagreement about the
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mechanisms responsible for this (Edelbroek er al, 1992). Some theorize that the
slower emptying of fat is due to a "layering" effect that takes place in the stomach
whereby the oil "floats" on top of the aqueous phase like cream on top of milk or
because of the time that it takes to form a stable fat-water emulsion (Edelbroek er al.,
1992; Meyer, 1987). Maes et al. (1998a) found that the liquid phase of a meal emptied
in the same manner in the presence of a solid phase as in the presence of an oil phase,

whereas the oil phase emptied more slowly with liquids than with solids.

Research suggests that lipid is sensed in the wall of the intestine triggering the release
of cholecystokinin, which inhibits gastric emptying via activation of extrinsic vagal
afferent nerve terminals (Raybould, 1999; Raybould ef a/.,1994). It is postulated that
when fat comes into contact with “receptors” in the small intestine, it triggers a
reduction in antral contractions, and the induction of pyloric pressure waves and
duodenal contractions, all of which contribute to control of the gastric emptying of fat

(Raybould, 1999, 1994; Maes et al., 1998; Heddle ez al., 1988).

2.4.4 Conclusion

When we ingest a meal, the food ingested can be in various physical forms, i.e. liquid
or solid. The physical form of food determines how it will pass (or flow) through the
rest of the intestine, which 1s basically a hollow tube. Liquids can flow through the
intestine easily, but solids need to first be broken down and mixed with gastric juices
in the stomach so that they too can pass through the intestine without complication.
Thus, the stomach acts as a sieve, retaining the solids for trituration to a smaller
particle size, and allowing liquids to flow through at a much faster rate. This seems to

be linked to how fast the small intestine can cope with the digestive process.

The mechanisms responsible for the slower gastric emptying of fat compared to
nutrient aqueous liquid meals are poorly understood and controversial; it could be to
do with oi1l’s lower density and higher viscosity than water, or because of oil’s
physical composition (Edelbroek ez al., 1992). Perhaps, the slower emptying of oils
and fats i1s an evolutionary adaptation that enables the small intestine to more

efficiently process the high-energy content associated with dietary fat intake.
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2.5 Other Factors That Influence the Rate of Gastric
Emptying

A number of food properties may influence how fast a particular food is emptied from
the stomach. Chemical components of a food act at a molecular level to directly elicit
hormonal or neuronal responses in the gut. In addition, there are factors relating to
the individual that also lave an influence over gastric emptying. Age, sex, health
status, whether or not the person is a smoker and medication use can all influence the

rate of gastric emptying.

2.5.1 Nutrient Factors

The energy density of a meal has a major influence on the rate of gastric emptying;
the greater the energy density, the slower the rate of gastric emptying (Peracchi et al.,
2000; Calbet and Maclean, 1997; Hunt er al., 1985). Calbet and Maclean (1997)
demonstrated a linear relationship between gastric emptying rate and the caloric
density of an ingested meal. Moreover, they concluded that the source of calories

only played a minor role in determining the rate of gastric emptying in humans.

In contrast, Moukarzel and Sabri (1996) maintained that the type of nutrient does have
a major effect on how quickly food exits the stomach, with foods rich in
carbohydrates exiting the stomach more slowly than protein-rich foods, and lipid-
containing foods emptying most slowly. These workers also showed that the gastric
emptying rate of carbohydrate beverages was primarily determined by the volume,
caloric content, and osmolality of the fluid ingested. Additionally, they found that
isocaloric beverages containing different types of carbohydrates had different

emptying rates (e.g. gastric emptying was faster for fructose than it was for glucose).

The type of dietary protein also influences the rate of gastric emptying. Whey
proteins empty faster than caseins for example (Hall ez al., 2003), but it is difficult to
determine whether this results from differences in the physical properties (e.g.
coagulation) of the principal proteins or from feedback mechanisms stimulated by
ingestion of the dietary proteins. Fox ez al. (2004) thought that dephosphorylated
casein would empty from the stomach quicker than unmodified casein on the grounds
that smaller aggregates of protein would form in the stomach and thus empty quicker.
However, gastric emptying of unmodified casein turned out to be faster than that of

dephosphorylated casein (Fox ez al., 2004). Thus, they concluded that factors other
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than the size of the protein aggregates determine the rate of gastric emptying of milk-

based formula.

Not only type of food, but also the manner in which the particular food is prepared
can influence the rate of gastric emptying. One study determined the effect of heat-
treated fats on gastric emptying by measuring the rate of gastric emptying following
the ingestion of two meals identical in contents but cooked differently (fats fried or
not). These researchers found that total gastric emptying was significantly delayed

after the fried meal (Benini er al., 1994).

2.5.2 Volume of food ingested

The quantity of food ingested also influences how quickly the meal exits from the
stomach as previously discussed. Gastric emptying of a liquid nutrient volume is
characterised by an initial rapid exponential phase followed by a slower linear phase
of emptying that delivers calories to the duodenum at a constant rate (Moran et al.,
1999; Hunt er al., 1985, 1979; McHugh & Moran, 1985). The rate of emptying in the
quicker initial phase depends primarily on the volume of fluid so that the higher the
volume the faster the rate of gastric emptying (Moran ef al., 1999a.b; Lin et al., 1992;
McCann & Stricker, 1986; McHugh er al., 1982; Moberg & Carlberger, 1974). The
slower phase which follows the initial faster phase is more dependent on the nutrient

character and concentration than on volume (Maerz et al., 1994; Meyer et al., 1988;

Brener et al., 1983; Hunt ef al., 1979; McHugh & Moran, 1979).

The volume of digesta that flows out of the distal end of the stomach is influenced by
feedback cycles initiated in the duodenum and taking effect on mechanisms
controlling the rate of gastric emptying in the stomach. Moran ez al. (1999a) found
that the rate of gastric emptying of liquid nutrients represents an interaction between
gastric volume and nutrient-induced duodenal feedback. For optimum delivery rates
of energy to be achieved, there first needs to be sufficient emptying of nutrients into
the duodenum resulting in an increase in the magnitude of duodenal feedback and an
concomitant inhibition of gastric emptying (Moran ez al., 1999b). Moran et al
(1999b) also showed that the same controls (gastric volume and duodenal negative
feedback) contribute to gastric emptying while the stomach is filling up (Moran ez al.,

1999b).
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Doran et al. (1998) showed that volume of an ingested meal also influences the gastric
emptying rate of a solid meal. These workers found that a threefold increase in the
volume of a solid meal was associated with a reduction in the duration of the lag

phase and acceleration of the post lag emptying rate.

2.5.3. Viscosity

The gut is basically a hollow tube through which food, chyme and digesta flow.
Thus, it is logical to think that viscosity of the gut contents will have a profound
influence on the velocity at which this material is able to flow through the gut. A
highly viscous meal would be expected to reduce flow out of the stomach givena
constant force (Marciani ef al., 2000). However, results of experiments on the effects

of viscosity on gastric emptying reported in the literature vary.

Several studies have shown that the addition of viscous soluble fibres to test meals as
well as fibre naturally present in food reduces gastric emptying rate (Darwhich et al.,
2003; Marciani et al., 2001; Benini ef al., 1995; Leclere et al., 1994, Schwartz et al.,
1988; Blackburn er al., 1984; Ray et al., 1983).

In contrast to those results reporting delayed gastric emptying with increased
viscosity, there are studies that have found no differences in gastric emptying with

meals of different viscosity (Vivatvakin & Buachum, 2003; Vesa et al., 1997).

Marciani et al. (2000) suggest that the stomach responds to the ingestion of a highly
viscous meal by rapid intragastric dilution with gastric juices, which rapidly reduces
the viscosity of the ingested meal. Thus large differences in the viscosity of ingested
meals result in proportionately smaller differences in gastric emptying rates.
Although it is logical to assume high viscosity will slow down gastric emptying rate,
from the literature it appears that the stomach is able to adjust to viscosity to a certain

extent.

2.5.4. Consistency of a Meal

The physical state of a meal i.e. whether it is given as a blend or as separate whole
foods also affects the rate of gastric emptying. Santangelo e al. (2004) compared
gastric emptying after a meal that was made up of solids and liquids with the same

one that had been homogenised. The meal ncluded vegetables, cheese, croutons,
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olive oil and water. The rate of gastric emptying of the homogenised meal was slower

than that of the ‘intact meal’.

Essentially, the homogenization of the meal would have resulted in two influencing
factors of gastric emptying being changed. Firstly, the particle size of the food would
have been decreased, resulting in an increased surface area on which gastric enzymes
could operate. This would have resulted in increased liberation of effector nutrients
such as sugars and fats, which would have decreased the rate of gastric emptying
through nutrient signalling (Furness et al.,, 1999). Secondly, the decreased particle
size would have resulted in a change in flow characteristics of the chyme. There
would have been more, smaller particles resulting in it being more difficult for the
fluid phase to pass through the solid phase (Santangelo et a/., 2004). When there are
fewer, larger particles, it is easier for the fluid phase to pass through the solid phase.
However more trituration is required for the larger solid particles. It is uncertain in
the study of Santangelo ez al. (2004) which of these two effects was most likely to be

responsible for the results.

2.5.5. Disease

Gastric emptying has been shown to be abnormal in several diseased states including
diabetes mellitus. Studies (Samsom er al., 2003; De Block er al., 2002; Horowitz et
al., 2002) have shown that 30 — 50 % of people with long-standing Type 1 or Type 2
diabetes have abnormally slow gastric emptying of solid, or nutrient liquid meals i.e.
gastroparesis (this is due to sympatheic neuropathy i.e. impairment of the regulation
of gastric emptying by the sympathetic nervous system). The abnormal gastric
emptying may also be related in part to high blood glucose levels as Horowitz et al.
(2002) found that gastric emptying was slower during periods of hyperglycemia than
during periods of euglycemia, and was accelerated during periods of hypoglycaemia
in diabetics (Horowitz et al., 2002). There is, therefore, an application for therapies
that use gastric emptying rate to improve postprandial glycemic control by modulating
the rate of delivery of nutrients to the small intestine as maintained by Horowitz et al.
(2002). In addition to therapies, there is potential for food manufacturers to produce
products that cater for individuals with certain conditions. For example, Liljeberg &
Bjorck (1996) showed that blood glucose and insulin responses after bread mgestion
could be lowered if lactic acid or sodium propionate were added to the bread. They

reported that the reason for the lowered metabolic responses was probably a lowered
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gasiric emptying rate. A bread of this nature would enable diabetics to have more

control over blood glucose levels.

2.5.6 Gender

Scveral studies have shown that gastric motihty varies with gender {(Gandhi er /.,
2004: Sadik et af., 2003; Hutson er «f., 1989; Datz ¢r af.. 1987). Females gencraily
have a slower gastric emptying time than males for both solids and liquids. These
differences may be related to the effects of female sex hormones. primartly
proge sterone and estradiol, on the gastrointestinal tract. However, the mechanism by
which gastric emptying is slowed m femalces is not known (Datz er ., 1987). Also,
women generally have smaller stomachs than men and thus proportionately smaller

pyloric sphincters through which food must pass.

2.5.7 Conclusion

In summary. numerous factors have an influence on the speed gasiric emptying of
foods, and it is likely that a numher have not yet been fully clucidated.  All of these
factors must conjomtly mtluence gastric cmptving and little work has been done
subscquently on the potency of the different influences. It is important to bear this in

mund when studving the gastric emptying of a feod.
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2.6 The Gastric Emptying of Milk.

The gastric emptying of milk is a complex process that is dictated in part by the
milk’s composition. Milk contains lipids in emulsified globules coated with a
membrane, proteins in colloidal dispersion as micelles, minerals mostly in solution,

and lactose, all of which are in true solution (Jensen ez al., 1991).

The milk proteins can broadly be categorized as being either caseins or whey proteins
(Lonnerdal & Atkinson, 1995). Each type of protein also has a number of subclasses.
Upon coming into contact with the acidic environment of the stomach, caseins
precipitate out of solution within a few minutes resulting in delayed gastric emptying
as a solid phase; whereas whey proteins remain soluble, emptying more quickly with
the liquid phase (Gaudichon et al., 1994; Mahe et al., 1994). Thus milk with a lower
ratio of casein to whey protein should empty at a faster rate due to the higher

proportion of non-clotting water soluble whey components.

Boirie et al. (1997) introduced the concept of “slow” and “fast” dietary proteins
referring to the time of appearance of metabolites in the blood following the ingestion
of different proteins. These workers maintained that the speed of absorption of
dietary amino acids by the gut varies with the type of dietary protein that is ingested.
Amino acids appeared in the blood sooner after the ingestion of whey than after
ingestion of casein. They postulated that one of the reasons for the differences in rate
of appearance in the blood was the rate of gastric emptying of the two different

proteins. Hall ez a/. (2003) have subsequently published results that support this.

Although cow’s milk is produced for the nourishment of the calf, many humans
consume cow’s milk throughout their lives. However, the digestive system of a calf
has features that allow for optimum digestion of cow’s milk whereas the digestive
system of humans does not have these features. The digestion of casein in calves is
linked to the action of the enzyme rennet, which acts on the a and ? casein fractions of
cows milk in the acidic environment of the abomasum (Miller et al., 1990). Upon
coming into contact with rennet, casein in cow’s milk forms a firm, irreversible curd.
The curd can then be slowly released into the small bowel where it is rapidly digested.
Human milk does not contain a casein and the human stomach is not known to
secrete rennet (Miller ez al., 1990). Thus, when cow’s milk is acidified in the stomach

of the human, precipitation of the casein micelles occurs, but this process is reversible
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upon alkalinization, 1.e. a true curd is not formed (Miller er af., 1990). Miller er «f.
{1990) pointed out that there 1s a possibility that casein from cow’s nulk may be
delivered to the small mtestine ot human infants in particular, in quantities that may
exceed the capabilities ot a digestive process that s designed for human milk. ie.
casein from cow’s milk 1s 