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Abstract

Glycemic carbohydrates in foods are one important macronutrient providing the biological fuel
of glucose for a variety of physiological processes. A classification of glycemic carbohydrates into
rapidly digestible carbohydrate (RDC) and slowly digestible carbohydrate (SDC) has been used to
specify their nutritional quality related to glucose homeostasis that is essential to a normal functioning of
the brain and critical to life. Although there have been many studies and reviews on slowly digestible
starch (SDS) and SDC, the mechanisms of its slow digestion and absorption were mostly investigated
from the material side without considering the physiological processes of its in vivo digestion,
absorption, and most importantly interactions with other food components and the gastrointestinal tract.
In this article, the physiological processes modulating the bioavailability of carbohydrate, specifically its
rate and extent of digestion and absorption as well as the related locations, in a whole food context will
be discussed by focusing on the activities of the gastrointestinal tract including glycolytic enzymes and
glucose release, sugar sensing, gut hormones, and neurohormonal negative feedback mechanisms. It is
hoped that a deep understanding of these physiological processes will facilitate the development of
innovative dietary approaches to achieve desired carbohydrate or glucose bioavailability for improved

health.

Key words: slowly digestible starch (SDS), slowly digestible carbohydrate (SDC), ileal brake, sugar

sensing, gastric emptying, gut hormones
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Introduction

Glucose, as the preferred energy source for the central nervous system  and the starting material
for a variety of synthetic reactions, is critical to life and the normal physiological functioning of the
body. Glucose also acts as a signal molecule participating in energy metabolism including insulin
secretion, glucose utilization, and gluconeogenesis. Accordingly, the concentration of plasma glucose, in
contrast to other macronutrients of fat and protein, is tightly regulated. Although glucose can be
synthesized through gluconeogenesis, dietary glycemic carbohydrate, as one important macronutrient in
foods providing glucose, is essential to the maintenance of glucose homeostasis. A highly sophisticated
and coordinated digestive system with various types of hydrolytic enzymes and neurohormonal feedback
machinery can efficiently maximize the assimilation of various nutrients from foods. Regarding
glycemic dietary carbohydrates, glucose release from their digestion in the gastrointestinal tract is not
only the starting point of the glucose homeostasis regulation cascade, but includes also the function of
glucose as a signal molecule to regulate its absorption, deposition and metabolism.

The rate and extent of dietary carbohydrate digestion have been shown to vary considerably,
which is the basis for the concept of glycemic index (GI) ? classifying foods according to their
postprandial glycemic response in human subjects. In the meantime, the main dietary carbohydrate of
starch has been categorized into rapidly digestible starch (RDS), slowly digestible starch (SDS) and
resistant starch (RS) that are expressed as the percentages of total starch amount *, and the content of
SDS is often negatively correlated to that of RDS in starch materials’. SDS, which has a slow digestion
property, is the material basis for most cereal-sourced low-GI foods since GI values are positively
correlated to the contents of RDS in foods’ , and high amount of SDS, thus, is necessary to reduce the GI
values of cereal-sourced foods. The concept of RDS and SDS can also be expanded to rapidly digestible

carbohydrate (RDC) and slowly digestible carbohydrate (SDC) by excluding the non-glycemic fructose
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that has opposed effect to glucose on carbohydrate metabolism®. Thus, SDC and low-GI carbohydrate,
based on our understanding, are interchangeable terms from the perspective of carbohydrate nutrition.
Carbohydrates of RDC including RDS and simple sugars of maltose and glucose, and maltodextrins,
which belong to the category of high-GI carbohydrate, are the most common glycemic carbohydrates in
foods. Their rapid digestion and absorption in the duodenum and upper jejunum of the small intestine
lead to a rapid elevation of blood glucose and often a subsequent episode of hypoglycemia due to a high
rate of insulin secretion stimulated by absorbed glucose. This large fluctuation of blood glucose is a
stress to the regulatory system of glucose homeostasis ’, which could lead to cell, tissue, and organ
damages in the long run ®. Such postprandial glycemic fluctuations can also generate a high level of
reactive oxygen species that are a causative factor for many chronic diseases ? and even a transient
hyperglycemia in human might produce longstanding deleterious effects of diabetic complications
through epigenetic mechanisms '’. Furthermore, a high level of plasma insulin induced by RDC
promotes cellular absorption of glucose and potentiates fat synthesis. For individuals with susceptible
genetic background, long-term consumption of refined foods with high amount of RDC, on the contrary
to the body-weight loss effect of ‘low-carbohydrate food’ by meta-analysis '/ or the short-term weight
loss effect from low-carbohydrate food from a recent meta-study’” , might be a risk factor of obesity
and insulin resistance, which is a common property of metabolic diseases of type 2 diabetes,
cardiovascular disease, and possibly cancer ’. Persistent high level of insulin is also related to reduced
life-span and unhealthy ageing '* from studies in Caenorhabditis elegans and Drosophila . Thus, long
term consumption of RDC is likely one important risk factor of metabolic diseases.

In contrast to RDC or RDS, slowly digestible carbohydrate (SDC) or slowly digestible starch
(SDS) often produces a moderate or flat postprandial glycemic response that might be beneficial to

health ‘°. However, both the definitions of SDC or SDS and glycemic index are methodology-oriented
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terms, and no information about the structure of carbohydrate and the food property is provided, making
it difficult to fabricate carbohydrate materials with low-GI properties. Since carbohydrate assimilation
profile is influenced by both its intrinsic digestibility, which is determined by the structural properties of
carbohydrate materials, and neurohormonal feedback regulations in the gastrointestinal tract, it is
necessary to take both sides into consideration to develop dietary approaches for desired profiles of
glucose bioavailability, which is the rate and extent of glucose release (from carbohydrate digestion) and
absorption as well as the associated locations in the gastrointestinal tract. We have previously, in a
review paper, described the structure of starch molecules (the major glycemic carbohydrate) and food
matrix related to the slow digestion property of starch /’. In the current article, a slow glucose
bioavailability within a whole food context will be discussed from the viewpoint of digestion physiology
involving both the hydrolytic enzymes and activities of the gastrointestinal tract upon contact with
luminal nutrients. Due to the noted difficulty of producing SDC through food or carbohydrate structural
changes and a scarcity of SDC in common foods, it is expected the information provided in the current
article will facilitate the development of novel dietary strategies to achieve an optimum rate of in vivo
glucose release and absorption, and possibly an extended and location-specific glucose deposition for

improved health.
1. Coordination of Carbohydrate Property and Enzyme Activity

Dietary carbohydrate digestion in the gastrointestinal tract involves multiple hydrolytic enzymes.
The luminal salivary pancreatic a-amylases and the brush border glucogenic enzymes of maltase-
glucoamylase (MGAM)'® and sucrase-isomaltase (SI) (Figure 1) * are the major enzymes for glucose
liberation from glycemic carbohydrates. After starch or starch-derived product is released from the
stomach, large starch molecules are first hydrolyzed by a-amylase to generate glucose-containing

oligosaccharides or a-limit dextrins, which are then cleaved by the brush border enzymes into glucose
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for absorption (sucrose is hydrolyzed by sucrase to glucose and fructose) *’. a-Amylase is efficient in
hydrolyzing large molecules as observed from a decreased apparent Km (more affinity to substrate) with
increased glucose units in the substrates °/. Carbohydrate concentration also affects the molecular
structures of ai-amylase generated oligosaccharides or dextrins that are substrates for brush border
glucogenic enzymes, indicating a coordination between the activity of a-amylase and small intestine o-
glucosidases *. Increased starch digestion rate by MGAM and SI after a-amylase pretreatment” also
supports their coordination, and the important role played by a-amylase in carbohydrate digestion.
However, the brush border enzymes of MGAM and SI are the ultimate players to fulfill the task of
transforming glycemic carbohydrates into absorbable glucose, as well as fructose and galactose,
depending on the carbohydrate sources.

Brush border enzymes of MGAM and SI are complementary to each other ® during the digestion
of a-limit dextrins, oligoglucans, and sucrose with different glycosidic linkages and patterns (Table 1).
Both MGAM and SI display a-1,4 exo-glucosidic activity from the non-reducing ends of linear chains of
the a-amylase degradation products to release glucose. The hydrolytic action on branched a-1,6 linkages
shown by isomaltase activity of N-terminal SI (NtSI) is complementary to the hydrolytic activity on a-
1,4 linkages shown by both MGAM and SI with certain degree of substrate overlap, and the C-terminal
SI (CtSI) also displays specific activity on a-1,2 linkage for sucrose digestion. For N-terminal MGAM
(NtMGAM) and C-terminal MGAM (CtMGAM) with 40% sequence identity, their substrate
specificities are different due to the latter having both higher maltase and glucoamylase activities”.
Comparing the contribution of MGAM and SI to carbohydrate digestion, recent research shows that, at
low oligomer concentrations, MGAM is ten times more active than SI, but at high concentrations,
MGAM experiences substrate inhibition while SI is not affected 3, Maltotriose, maltotetrose, and

maltopentose all display a fairly strong substrate “‘brake”” effect on MGAM activity % through the
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CtMGAM’s “glucoamylase” subunit *’. This substrate ‘brake’ effect suggests that total digestion rate of
carbohydrate by MGAM can be regulated, and carbohydrate with certain molecular structures might be
used to modulate carbohydrate digestion to achieve desired rate of glucose release. The same group also
showed that MGAM is crucial for carbohydrate digestion and postprandial glucose homeostasis in mice
%% The importance of MGAM and SI to carbohydrate digestion is further manifested by the disease of
congenital sucrase-isomaltase deficiency ** in which only the MGAM is present as the o-glucosidase.
With the finding of the dominant role played by SI in mucosal maltase activity and early rate of starch
digestion®’, the loss of debranching activity of isomaltase of SI makes it difficult to produce linear
maltooligosaccharides that can be rapidly digested by MGAM. The SI deficiency also causes the
malabsorption of sucrose. Thus, the complementary roles played by SI and MGAM are essential to the

complete conversion of carbohydrate to absorbable monosaccharides.

The brush border enzyme activity was also affected by the structure and property of the
carbohydrate or oligomer substrate. An in vivo study (unpublished results) in our laboratory using a
fabricated SDS sample of alginate-based starch-entrapped microsphere * in an animal model of mice
showed that, compared to the control of a rapidly digestible starch (RDS) sample, the glucose release
and absorption from the SDS were suppressed and the activities of jejunal ST and MGAM were also
decreased. Consistent to this, resistant starch (RS) feeding to rats decreased the expression of MGAM at
the transcription level through an epigenetically reduced acetylation of histone H3 and H4 on the
MGAM gene 2, Similarly, a study using a mouse model showed that Miglitol, an inhibitor of a-
glucosidase, reduced the enzyme activity of SI and MGAM (maltase) in the upper jejunum, but
increased their activities in the lower jejunum and ileum *. On the contrary, when feeding a high
RDS/low fat diet, MGAM activity was significantly increased due to its high expression at the mRNA

level with observed histone acetylation and binding of transcription factors of CREBP, CDX2 and
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HNF1 in the promoter/enhancer regions of the MGAM gene **. In our laboratory, maltose promoted the
post-translational glycosylation of SI of Caco-2 cells while isomaltose, sucrose and monosaccharide had
no effect on SI maturation *°. These studies indicate a regulatory role of carbohydrate substrate on gene

expression and activities of MGAM and SI, and suggest the existence of a sugar sensing mechanism.

2.  Glucose Release and Absorption

Glucose release from carbohydrate digestion and its absorption are important steps for the
assimilation of carbohydrate. Although the activity of brush border enzymes and substrate property are
coordinated to maximize glucogenesis, the absorption of glucose is an important step that affects
glucose bioavailability. The liberated glucose is largely absorbed by a Na'-K" co-transporter (also
called type 1 sodium-glucose-linked transporter (SGLT)) in the small intestine and then is diffused out
from the basolateral side of the enterocyte through glucose transporter 2 (GLUT2). Glucose release and
absorption are coordinated processes as evidenced by the co-activation of SI*® and SGLT-1 *"in mice
fed a high carbohydrate diet, as well as shifted peak of gene expression of SGLT-1 from the jejunum to
ileum when a RS-containing diet was fed **. Similarly, fructose absorption (expression of glucose
transporter 5 (GLUTS)) and ST activity (gene transcription) in the jejunum of the rat small intestine were
significantly and positively correlated, which also supports a coordination between carbohydrate
digestion and absorption .

Glucose absorption is intimately associated with the activity and abundance of SGLT-1, which is
another control point for glucose bioavailability modulation. SGLT-1 is known to be affected by several
hormones. Peptide Y (PYY) increased the absorption of glucose in a mouse study *’, while leptin
significantly decreased the abundance of SGLT-1 leading to a slow absorption of glucose in an ex vivo
study using rat jejunal mucosa *'. Pyroglutaminated apelin-13 isoform, a peptide secreted from the

proximal region of the small intestine upon stimulation by glucose, also promotes the absorption of
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glucose in mice by increasing the GLUT2/SGLT-1 protein ratio in the brush border membrane 2
Patients after Roux-en-Y gastric bypass (RYGB) surgery, which causes a exaggerated release of

incretin hormone of GLP-1%

, also showed increased expression of SGLT-1 and increased glucose
absorption **. In a whole food matrix, other food components also affect the glucose absorption. Tea
catechin, a bioactive phytochemical, reduced the rate of glucose absorption due to competitive inhibition
of the activity of SGLT-1 in the brush border membrane vesicles observed from an animal model of
rabbit *’. High carbohydrate diet, on the other hand, increased the abundance of SGLT-1 in weaning
piglets when fed >50% digestible carbohydrate’. Guar gum, with its effect on viscosity of luminal
digesta lowered the rate of glucose absorption in a piglet study *’. In a human study, decreased glucose
absorption by adding guar gum (2%) was associated with improved satiety, which was not related to
gastric emptying, but speculated to be mediated by glucose-stimulated secretion of satiety signals **. A
fermentable rhubarb fiber in a rat study also showed a slow absorption of glucose although the total
uptake glucose was not affected . These literature reports show the complexity of glucose absorption
and suggest opportunities of modulating glucose uptake for desired profiles of glucose bioavailability.
3. Glucose Release and Sugar Sensing

During the processes of carbohydrate digestion and absorption, the regulatory effect of
carbohydrate on the expression and activity of pancreatic a-amylase *’,brush border enzymes of
MGAM * and SI %, as well as SGLT-17 in rat-based studies indicates there is a sugar sensing
mechanism, especially glucose sensing. This is also indicative of glucose’s function as a signal molecule
to regulate its digestion and absorption’”. From what has been known so far, sugar sensing is a complex
process that includes sugar transport, sugar metabolites, receptors on cell membranes, and secretion of

gut hormones, as well as the vagal afferent nerves’>. GLUT2, as a basolateral transporter for

monosaccharide exiting the enterocytes and entering into the blood stream, is a sugar sensor that can
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lead to a high expression of SI (at the mRNA level), which is termed as the GLUT2-dependent signaling
pathway described in a mouse study **. The glucose-induced GLP-1 secretion also needs the function of
GLUT2™. Another major type of sugar sensor is the sweet taste receptor of type 1 G-protein-coupled
receptors (T1R) including members of T1R1, T1R2 and T1R3 that are coupled with G-protein gustducin
7% Sweet taste receptors have been demonstrated in the small intestine of various species. TIR3 and the
G-protein gustducin (Gag.s) on the enteroendocrine cells of the gastrointestinal tract of mice can bind
sucrose, artificial sweeteners (e.g., sucralose), and other sugars to stimulate glucose absorption by
increasing the expression of SGLT-1 through the function of hormones including GIP and GLP-1 7. A
later study also showed the existence of TIR3, T1R2 and G-protein gustducin in the enterocytes of rats
that can sense sugar molecules and stimulate glucose absorption through apical GLUT2 **. In the
enteroendocrine cells of piglet intestine, TIR2, T1R3, and gustducin have also been shown co-expressed
in response to dietary carbohydrate or artificial sweetener, and T1R and gustducin were co-expressed
with GIP and GLP-1 . As for large carbohydrate molecules such as the maltodextrin Polycose™,
behavior studies of rodents showed that starch taste (including starch-derived maltooligosaccharide) is
distinct from sugar (mainly sucrose) taste *, and a recent study * in mice showed that TIR3, as a sugar
receptor, is critical for sucrose sensing, but had no effect on Polycose™ sensing. Our recent study * in
which only maltose treatment induced the maturation of SI in Caco?2 cells (higher molecular band)
indicates there might be a maltose sensing mechanism (Figure 2).

Sugar sensing is the basis for gastrointestinal activity modulation through the neurohormonal
feedback mechanisms of the ileal brake and gut-brain axis. Liberated glucose from carbohydrate
digestion stimulates the secretion of gut hormones through glucose sensing, and the gut hormones may
directly or indirectly regulate gastrointestinal activity including digestion, nutrient absorption, gastric

emptying and intestinal motility leading to certain health effects such as appetite control® . In addition

10
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to gut hormones, the vagal nerve, enteric nervous system (ENS), and central nervous system (CNS) are
also involved. Thus, the gastrointestinal tract, as a highly sophisticated system, is a link between nutrient
status in the gut and health outcomes of satiety and energy balance, and nutrient sensing is the critical
player in this linkage. Luminal glucose, as an example, can influence food intake, gastrointestinal
motility, and secretory function of the digestive system. A recent in vivo study in rats’ showed that
glucose’s regulatory function is realized through the gut-brain pathway activated by glucose-stimulated
secretion of gut hormones of GLP-1 and 5-hydroxytryptamine (5-HT) from enteroendocrine and
enterochromaffin cells (EC), respectively. Specifically, glucose sensing by SGLT-3 on the EC cells
induced the release of 5-HT, and the binding of 5-HT to its receptors on vagal afferent endings
transmitted the signal to the CNS to initiate changes in gastrointestinal functions. Thus, glucose sensing
is a good example of a neurohormonal feedback mechanism by activating intrinsic and extrinsic
neuronal pathways to exert its regulatory functions”. Hence, carbohydrate or glucose sensing is another
potential target to modulate glucose bioavailability.
4. Neural and Hormonal Signals in Gastrointestinal Tract

The gastrointestinal tract is a highly coordinated system for maximizing assimilation of nutrients
from diets. Both the vagal nerve® and gut hormones®™ are important players in the distal- proximal
feedback loop through gut-brain axis®” to coordinate gastrointestinal tract activity. The vagus nerve is
one type of cranial nerve carrying a variety of neural signals for instinctive responses in the body.
Concerning the digestive system, it is the communication route’” between the central nervous system
(CNS) and the enteric nervous system (ENS) comprised of efferent neurons, afferent neurons, and inter-
neurons that are responsible for a proper function of the digestive tract (such as motility, enzyme
secretion, and nutrient sensing). The vagal afferents can transmit the signals or stimuli (mechanical or

chemical) sensed by the ENS to the CNS, and transfer neural signals from CNS to ENS to affect the
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gastrointestinal activity. The regulatory functions of gut hormones, which are produced in response to
chemical and mechanical stimuli in the gut, on gastrointestinal tract activity such as gastric emptying is
mediated by the long vago-vagal reflexes triggered by the binding of gut hormones to their receptors on
the vagal efferent neurons®”. Thus, in the distal-proximal feedback loop, both vagus nerve signaling
and hormonal signaling are important to maximize the assimilation of nutrients and to maintain the
proper function of the digestive system. An understanding of this neurohormonal feedback mechanism
related to food intake is important to develop dietary approaches for glucose bioavailability modulation
or energy intake control.

The gastrointestinal tract, as said before, is a highly coordinated system and the enteroendocrine
cells such as the CCK-secretion I cell, the glucose-dependent insulinotropic peptide (GIP) secretion K
cell, and the GLP-1 and PYY secretion L-cell are important components of the gastrointestinal
endocrine system® that is important for chemosensing and gastrointestinal activity regulation. In order
to have a better understanding of this system, the enteroendocrine cells need first to be evaluated
regarding their distribution in the gut and anatomical structures. Enteroendocrine I and K cells and other
sensing cells in the stomach are mainly located in the proximal region of the gut, and are always active
during food intake. The L-cells, on the other hand, are mostly located in the distal region of the small
intestine and colon, and rarely activated by common foods that are rapidly digested and absorbed in the
proximal regions of the gut, indicating they are one of the most important players in the negative feed-
back loop. L-cells differ morphologically in ileum and colon (Figure 3), and for ileal L-cells, they have
long extending basal processes with synapse-like terminal endings with a minimal contact to the gut
lumen, and for the colonic counterpart, they adopt a spindle-like shape and maintain a substantial
contact with the lumen and lamina propria suggesting a dual function of nutrient monitoring and

. . . 69 .
hormone secretion based on a study using a transgenic mouse model °”. The cytoplasmic granules

12
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283  containing GLP-1 and PYY are confined to the base of the L-cells in both cases (Figure 3). Concerning
284  the distribution and abundance of L-cells, there are significant variations among speciesm. In the pig and
285  human, a large number of cells are positioned at the distal jejunum and ileum of the small intestine, and
286  the cell numbers continuously increase from the proximal to the distal colon with highest numbers in the
287  rectum. For rat, highest cell density was found in the ileum, while similar to the pig and human, cell

288  density in colon increased from proximal to distal regions’’. Apparently, the location and distribution as
289  well as the morphological properties of L-cells reflect their different functions in sensing slowly

290  digested or indigestible nutrients to maximize assimilation of food materials.

291  4.1. Gut hormones involved in feedback

292 4.1.1 Cholecystokinin( CCK)

293 CCK is a major gut hormone released from endocrine I cells concentrated in the proximal region of
294  duodenal and jejunal mucosa in the small intestine”’. CCK is also produced by various neurons in the
295  gastrointestinal tract and central nervous system " as a neurotransmitter with a variety of functions.

296  There are multiple molecular forms of CCK resulting from posttranslational processing, such as CCK-
297 58, CCK-33, and CCK-8. Two types of CCK receptors (CCK, and CCKp) have been discovered to

298  mediate its action in coordinating the activity of the gastrointestinal tract, and it is likely the first

299  important player in the negative feedback loop in the gastrointestinal tract to maximize the assimilation
300 of food nutrients.

301 The secretion of CCK in the small intestine is intimately associated with the food components
302  during the intestinal phase of the postprandial state. An early rat study using duodenal perfusion of food
303  found that unhydrolyzed protein and free fatty acid (acyl chain length should be over 12 carbons) are
304  potent stimulators of CCK secretion while glucose, casein hydrolysate, and intact fat had little effect ™.

305 A human study also showed that the chain length of the fatty acid needs to be over 12 to stimulate the

13
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secretion of CCK 7. There also exists a high degree of selectivity on the structure of free fatty acids for
CCK secretion ", and conjugated linoleic acids are the most potent CCK secretagogues when tested
using the CCK-secretion STC-1 cells’. The potent stimulation effect of protein and amino acids on the
secretion of CCK have also been shown in the human while glucose only caused a small but significant
elevation of CCK "/, Although dietary nutrients are the prerequisite for CCK release, a nutrient sensing
mechanism through receptors of lipid ’, and protein " is also required for its release through receptor-
coupled Ca®" signaling.

CCK in the duodenum plays an important role in coordinating food digestion and nutrient
absorption through controlling the motility of the gastrointestinal tract and enzyme secretion. CCK
stimulates gallbladder contraction and pancreatic enzyme secretion *’, as well as the intestinal motor
activity that is important for gastric emptying. These functions make CCK an important hormonal
signal related to food intake and satiety *’. Further study using a rat model showed that low dose of CCK
directly activates the vagal afferent fibers providing a negative feedback signal to the brain leading to a
food intake inhibition **, and a high dose of CCK might indirectly interact with a localized CCK 5
receptor in the circular muscle and pyloric sphincter leading to pyloric contraction and a slow gastric
emptying in rat **. The presence of a positive leptin-CCK feedback loop in which “leptin and CCK may
potentiate their own effects by cross-stimulating their secretion” observed in rats by duodenal infusion
of leptin also supports the hormonal action of CCK on satiety®’. Human studies further confirm CCK’s
function in delaying gastric emptying® and pancreatic secretion®

Although CCK is an important gut hormone, limited information on the effect of carbohydrate
on CCK secretion is available *”. No relationship was found between glucose release rate and the
postprandial level of CCK when a barley meal was used as the diet *. However, duodenal glucose loads

(perfused at 2 or 4 kcal/min, but not 1 kcal/min) affected the secretion of CCK in a human study89,

14
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indicating that both the quantity and sustained time might be important in stimulating CCK secretion by
glucose. Additionally, a human glucose perfusing study showed CCK reduced the postprandial
hyperglycemia through delaying gastric emptying *’. CCK are also involved in insulin secretion and

8?2 as well as

glucose tolerance in mice fed with a high fat diet */. The anti-diabetogenic action of CCK-
the insulinotropic effect of CCK-8 mediated through Ca* -independent phospholipase A2 signaling
pathway * also indicate important function of CCK in glucose homeostasis.

4.1.2. Glucagon-like peptide-1 (GLP-1)

The distal distribution of L-cells in the small intestine suggests the importance of the associated
gut hormones of GLP-1 and PYY as the final guard for nutrient assimilation. Endogenous GLP-1 has a
very short half-life of less than 2 min due to its rapid degradation by the enzyme of dipeptidyl peptidase-
4 (DPP-4). The known functions” of GLP-1 including glucose-dependent insulin secretion, reducing
glucagon secretion, and improvement of insulin sensitivity (pancreas), make GLP-1 a good candidate for
diabetes treatment and glucose homeostasis maintenance *°. GLP-1 also inhibits gastric emptying and
increases satiety through the gut-brain axis, which is beneficial to food intake control and obesity
prevention. Pharmacologically, GLP-1 receptor agonists (RAs) have been produced to mimic the
function of GLP-1, but the long-lasting action of RAs could cause tachyphylaxis and a loss of certain
function of GLP-1. Thus, the pattern of RA application needs to be test for different RAs for desired
outcomes”’.

GLP-1 secretion (Figure 4) is potently stimulated by the nutrients of glucose, fatty acids,
essential amino acids, and other endocrine hormones, as well as neurotransmitters via receptor-coupled
signaling pathways *’. The secretion of GLP-1 generally shows a biphasic pattern after meal ingestion:
the early phase (10-15 min) is mediated by the vagus nerve and neurotransmitters such as gastrin-

releasing peptide (GRP) and acetylcholine, and a second phase (30-60 min) is likely via direct contact
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352 with the L-cells as observed in rats **. For unsaturated free fatty acids studied in vivo and in vitro,
353  GPRI20, a G-protein-coupled receptor was required for GLP-1 secretion *’. Glucose-induced GLP-1
354  secretion is associated with ATP-sensitive Katp channel closure via the SGLT-1 transporter upon

100

355 electrogenic sugar entry observed in a L-cell model of GLUTag cells "™, and the a-gustducin-coupled

356  sweet taste receptor as observed in human L-cell line NCI-H716 and a transgenic mouse model /%" /%2,

357  As studied in the rat small intestine, GLUT2 also plays an important role in glucose-induced secretion of
358  GLP-1 and other gut peptide by affecting membrane depolarization through closure of K otp channels’””.
359  Fermentable dietary fiber stimulated the secretion of GLP-1 in the distal region of the intestinal tract and
360  proximal colon of healthy dogs ‘* through receptors of FFAR2 (GPR43) and FFAR3 (GPR41) for short
361  chain fatty acids (SCFAs).

362 In addition to nutrient-stimulated GLP-1 secretion, other endocrine hormones and neural factors
363  also induce the secretion of GLP-1. GLP-1 secretion is activated by leptin, and high fat induced obese
364  mice are associated with leptin resistance with a decreased level of GLP-1'”. A study using L-cell

365 models of murine GLUTag, human NCI-H716, and fetal rat intestinal cells as well as MKR mice with a
366  chronic hyperinsulinemia showed that insulin also promotes the secretion of GLP-1 through activating
367 the phosphatidylinositol 3 kinase-Akt and MAPK kinase (MEK)-ERK1/2 pathways, and insulin

368 resistance leads to a decreased secretion of GLP-1 /%, Glucose insulinotropic peptide (GIP), produced
369 by K-cells in the proximal region of small intestine, also stimulates glucose-independent GLP-1

370  secretion in the ileum observed from canine L-cells /?/

. This proximal-distal regulation is mediated by a
371  neuro-endocrine loop involving the enteric nervous system and vagus nerve as studied in an in situ

372 model of the rat gastrointestinal system ‘** since infusion of a gastrin-releasing peptide (GRP), a

373  neurotransmitter within the enteric nervous system, stimulates the secretion of GLP-1 via activation of

374  phospholipase C and protein kinase C triggering Ca”" release in the distal region of rat intestinal tract '%.
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GRP is distributed in both the gastrointestinal tract and brain, especially the hypothalamic feeding
center, and GRP is likely a bridge between the gastrointestinal tract and brain to modulate food intake
10

The main functions of GLP-1 (i.e., glucose-dependent insulin secretion, expansion of B-cell
mass, peripheral glucose disposal, gastric emptying inhibition) are related to glucose homeostasis. GLP-
1 is a vital incretin hormone specializing in regulating carbohydrate metabolism and glucose
homeostasis, and impaired GLP-1 secretion is found in type 2 diabetics ///. GLP-1 also exerts an
important function of modulating energy intake, promoting satiety, and regulating fat metabolism in the
central nervous system >, A decreased food intake and antidiabetic effect by inulin and oligofructose in

rats were related to increased secretion of GLP-1 /3

. The satiety promotion effect on rats fed with a
high fat diet was also related to oligofructose fermentation and increased secretion of GLP-1 in the
proximal colon /#. GLP-1’s inhibition on food intake provides a theoretic basis for body weight control
mediated by a cooperatively organized peripheral and central GLP-1 sensing pathways 3 Another
study '’% in human on raw corn starch (a type of SDS) showed significant increase in GLP-1 and GIP
secretion compared with the rapidly available glucose; GIP secreted within 15-30 min was correlated
with postprandial glycemia while GLP-1 increased significantly from 180-300 min after consumption
the SDS indicating a distal secretion pattern. Certainly, the importance of GLP-1 to carbohydrate and
energy metabolism not only supports the critical role of glucose to life, but also shows promises for
preventing or treating chronic diseases related to impaired energy and glucose metabolism.
4.1.3 Peptide tyrosine tyrosine (PYY)

PYY is also called peptide Y, PYY 3.3 and PYY ;3¢ are two main endogenous forms of PYY,

and PYY3.36 , as the predominant form in circulation, is produced from the cleavage of PYY 3¢ by

dipeptidyl peptidase IV (DPP 1V) after secretion from endocrine L-cells. PYY is mainly produced in the

17
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398 ileum and colon, but PYY is also found in the central nervous system of the hypothalamus, pons,

399  medulla and spinal cord and enteric nervous system’’” and thus is considered a neuropeptide.

400  Structurally, PYY is similar to orexigenic neuropeptide Y (NPY) that is a potent stimulator of food

401 intake "’*. As PYY and GLP-1 are co-synthesized in distal L-cells, PYY is also a gut hormone like GLP-
402 1 secreted in a biphasic fashion after a meal, and proximal signals such as GIP and neurotransmitters **’
403  can also indirectly simulate its distal secretion %

404 Luminal nutrients with certain structural properties are required for PYY secretion through

405  different mechanisms. Perfusion to the isolated rat ileum showed that glucose (250 mM) and peptone
406  (5%) produced a pronounced and sustained release of both GLP-1 and PY'Y, while an early and transient
407  release was shown for short chain fatty acids (20 mM) while intact cellulose or pectin did not show any

408  effect '*!

. Regarding the effect of lipid on PYY secretion, ileal fat infusion in human subjects did not
409  show any effect on PYY secretion indicating lipid digestion is required for PYY secretion /%%, and the
410  fat hydrolysis products of free fatty acids in proximal small intestine can invoke release of CCK, and

411  CCK, mediated by its receptor, can then stimulate the secretion of PY'Y 123

through an atropine-

412 sensitive, cholinergic pathway'?’. Glucose-stimulated PYY secretion was shown to involve the sweet
413  taste receptor, which is similar to secretion of GLP-1 in a human study 23 Capability of amino acids to
414  induce PYY secretion is not consistent in studies and also showed difference among species as well as
415  different potencies in the colon and ileum %,

416 PYY can be secreted by both ileal and colonic L-cells, but the dietary triggering mechanisms are
417  different, which indicates the existence of regional difference of PYY secretion. The elevation of PYY
418  in the colon after ingestion of resistant starch shown in rodent animal model was related to SCFA

419  produced from its fermentation /| but SCFA in the ileum did not induce PYY secretion observed from

129

420  an in vitro study using intestine tissue from pig '** and rat’?’. Thus, the regional difference is another
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aspect that has been investigated systematically in a rat study involving different nutrients’*’. Using
oleic acid perfusion, the order of potency was: the colon < ileum < duodenum; glucose was effective in
releasing PYY in the ileum and colon, but not the duodenum; and amino acids and SCFAs were only
effective in the colon. L-cells in the ileum, with limited contact with the gut lumen, seems only respond
to a few luminal stimuli [such as oleic and bile acid] through hormonal (such as CCK, GIP) and neural
pathways for PYY secretion "*’. In contrast, the endocrine L cells in the colon can respond to a broad
range of luminal stimuli as these L-cells have large area of direct contact to gut lumen %, which reflects
the relationship between anatomic structure of L-cells and their functions in ileum and colon.

The physiological function of PYY is mediated through its G-protein-coupled receptors
including Y1, Y2, Y4 and Y5 subtypes in humans. PYY_3s show high affinity to all receptors, while
only PY Y336 shows high specificity to receptor Y2 that was considered as the major functional receptor
mediating many processes. These receptors are distributed in a wide range of tissues and organs: PYY
preferring binding sites in the crypt cells in the small intestine’”’, epithelial and nonepithelial tissue of
the small or large intestine '*?, human gastrointestinal tract muscle cells '* , differential and discrete
distribution in the central nervous system "**, pancreas for secretion inhibition /¥, human fat cells **° for
anti-lipolytic effects, the kidney for renal vasoconstriction and sodium execration *, and ventricular

138

arteries of heart *°°. This wide range distribution of PY'Y receptor is associated with multiple functions

of PYY.
The impact of PY'Y on gastrointestinal tract activity (secretion, gastric emptying) is mediated by
its receptor Y2. The function of inhibiting small intestinal secretion is mediated by the peripheral

2+ 139 I

receptor Y2 located in crypt cells to decrease cAMP production and increase intracellular Ca n

dogs, pancreatic secretion inhibition was also shown to be mediated by PYY3.3¢ preferring subtype Y2

0 In smooth muscle cells, the Y2 receptor can activate G-protein Gq and stimulate IPs formation to
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induce IP;-depemdent Ca”" release and muscle contraction '#/ that is related to gastrointestinal transit
time and gastric emptying. A similar study showed that the Y2 receptor present in the dorsal vagal
complex (DVC) is responsible for slow gastric emptying through vagal reflex control circuits (vagus

2 The motility of the colon

nerve), while Y1 receptor (binding with NPY)) promotes gastric emptying
is also affected by PY'Y through the Y2 receptor as it was reported that PY'Y injected intraperitoneally
into mice inhibited fecal pellet output by ~90%, and higherY2 mRNA expression observed in the colon
mucosa also suggested a Y2-mediated effect on propulsive colonic motor function by PY Y336 '*.
Consistently, the Y2 agonist PYY3.3¢ was shown to inhibit diarrhea by reducing intestinal fluid secretion
and slowing colonic transit in mice e, Although CCK can mediate the distal release of PYY , PYY, on
the other hand, inhibits the CCK-8 stimulated contraction of ileal muscle and gallbladder smooth muscle
by inhibiting the release of acetylcholine from cholinergic nerve terminals .

Additional to the regulatory functions on the activity of the gastrointestinal tract, the function of
decreasing appetite and promoting weight loss through Y2 has been extensively investigated with its
potential to decrease food intake and obesity. Food intake is controlled by a key brain area of
hypothalamus including the melanocortin and NPY system in the arcuate nucleus, and is regulated
through access to peripheral nutrients and hormones. Food intake and appetite in both rodent and human
were inhibited by either peripheral administration or direct intra-arcuate administration of PYY3.36 at a

146.147 " and indicated PY'Y’s function in appetite control without

level matching the postprandial stage
changes in gastric emptying, plasma levels of insulin and leptin. Another study in 2006 198 Wwas the first
report demonstrating that reduced food intake by PY'Y administration can be sustained over an extended
time period by utilizing a chronic dosage pattern of one-hour intravenous infusions of PYY3.36 every

other hour for 10 days. Later on, the same group 9 studied the effect of PY'Y on obese rats using an

intermittent delivery paradigm (two 3-h ip infusions during the dark phase) of varying doses of PY Y336
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for a period of 21 days. They also found a sustained food intake reduction and decreased fat deposition
in high fat diet induced obese rats. As there exists compensatory hyperphagia and receptor
tachyphylaxis for sustained elevation of PYY, the experimental paradigm is likely of great importance
for a sustained result °’. Since peripheral administration of PY Y336 increased c-Fos immunoreactivity
and reduced the expression of hypothalamic NPY through a Y2 mediated signaling pathway, a Y2-
dependent gut-hypothalamus pathway is likely the mechanism for PYY3.34’s function of decreasing food
intake. The experimental result of Y2 null mice also proves the importance of the Y2 receptor for PYY3.

36’s action on food intake and appetite control /> /*/

. Beyond inhibition of food intake, PY Y336 also alter
substrate partitioning favoring fat oxidation and energy expenditure .
4.2 Ileal brake and gastric emptying

The coordination of the gastrointestinal tract in food digestion and nutrient absorption requires a
balance of different processes. The ileal brake is a term describing a specific status of gastrointestinal
activity (such as slow contraction, secretion inhibition) resulting from undigested nutrients reaching the
ileum under normal physiological situations, and it is defined as “the primary inhibitory feedback
mechanism to control transit of a meal through the gastrointestinal tract in order to optimize nutrient

digestion and absorption” '

. The ileal brake generates a distal to proximal feedback loop that inhibits
upper gut motility including gastric emptying and intestinal transit (propagative to non-propagative
motility), which could lead to a suppression of short-term food intake. Actually, ileal brake is just one
type brake mechanism in the gastrointestinal tract in response to unabsorbed nutrients. Other types of
brakes are also present such as the jejunal brake '*, duodenal brake "°*, and PYY-mediated colonic

brake ** "%, Thus, the ileal brake represents the negative feedback system in the digestive system to

tune the assimilation of nutrients.
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Gastric emptying refers to the transferring of a bolus of food from the stomach to the small
intestine for digestion, and the rate of this transmission is the first control point for nutrient assimilation.
The gut hormone CCK, secreted right after gastric emptying is used to coordinate food digestion, and it
also acts as a feedback signal to regulate gastric emptying rate *°. An observed slow glucose absorption

157 , indicates

by guar gum, due to a reverse relationship between glycemic response and satiety and CCK
that a short-term satiety is likely associated with CCK.

Nutrient sensing in the distal gastrointestinal tract can stimulate the secretion of PYY and GLP-
1 that can activate the neurohormonal pathway ** to result in the ileal brake that has been shown to be

159

beneficial to the control of food intake and appetite’”". This is consistent with the physiological effect of

these hormones as described above. Secretion of GLP-1 from the L-cells is almost equally sensitive to

carbohydrate and fat exposure in the ileum ‘%

. For PYY, fatty acids are the most potent stimulator for its
secretion compared to protein and carbohydrate. Fermentable fiber, from which SCFAs are produced, is
an important nutrient that regulates the gastrointestinal motility and slows gastric emptying 1ol through

its ability of promoting the secretion of PYY and GLP-1'%

. In our study on the gastric emptying of
starch-entrapped alginate-based microbeads, which have been shown to be a good example of slowly
digestible starch’”, showed an increase of starch content in the rat stomach at 2 h after gavage (Figure 5,
unpublished data), and this result appeared to be related to the ileal brake mechanism. This ileal brake
might also be related to a decreased food intake and the down-regulated expression of NPY after 8-week
feeding on the microbeads (data not shown), which is consistent with literature studies regarding the
ileal brake and appetite control /%,

5. Locality of Nutrient Deposition

Gut hormones are the critical player to modulate the activity of the gastrointestinal tract. Gastric

emptying delay through gut hormone-mediated ileal brake and the coordination between carbohydrate
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substrate and enzyme activities are both for the purpose of maximal assimilation of food nutrients by
matching the absorption capacity of the body. Since the distribution of enteroendocrine cells along the
gastrointestinal tract are location-specific, there might require different nutrient stimuli at different
locations in the gastrointestinal tract to stimulate specific gut hormone secretion. This is what we refer to
as the locality of nutrient deposition representing an opportunity to design foods which meet location-
specific requirements for nutrient exposure by endocrine cells. Here, we focus especially on the GLP-1
and PYY-secreting L-cells that are predominantly located at the distal region of the gastrointestinal tract.
However, the fact that most of the food materials are digested and absorbed in the proximal region of the
gastrointestinal tract indicates there needs to be food components with target-specific deposition in the
gastrointestinal tract to activate the feedback regulation machinery to slow the nutrient or glucose
bioavailability for improved health. Additionally, the length of time period of nutrient exposure is also

of great importance as shown from the study ’*’

that a length of small intestine segment with 60 cm is
required to elicit glucose-stimulated secretion of GLP-1. The load of nutrient exposure might be another
factor that needs to be considered as shown from a human study that variations in duodenal glucose
loads differentially affect the secretion of CCK,GLP-1, and GIP 89, and health related parameters of
blood glucose and energy intake.

How to make food products with properties of target deposition location and quantity in the
gastrointestinal tract is a great challenge to both academic research and food industry. Although slowly
digestible starch (SDS) or low-GI food is assumed to provide a prolonged and slow release of glucose,
there is no information on the concentration of glucose and its absorption location during the process of
digestion. A recent study in pigs on SDS (raw normal corn starch) showed that the starch was

completely digested before reaching the middle of the small intestine ‘*’. So, at least with this SDS

material, it is not likely possible to induce a high level production of GLP-1 as the L-cells are mainly
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located in the ileum. Therefore, a combination of different food ingredients such as proteins, fat with
specific composition of fatty acids, resistant starch or fermentable dietary fiber, and other hormonal
stimuli might be needed to trigger the release of these gut hormones so that the function of the ileal
brake and gut-brain axis can be activated for improved health. Apparently, the food form and
composition are the most important part to achieve a location-specific deposition of nutrients in the
gastrointestinal tract.
Conclusion: Slow Carbohydrate Bioavailability — Physiological Perspective in a Context of Whole
Food

Gut hormone induced ileal brake can cause delayed gastric emptying, and delayed gastric
emptying would lead to decreased accessibility and availability of nutrients to digestive enzymes. The
concomitant pancreatic secretion inhibition also decreases the concentration of digestion enzymes. For
available carbohydrates, the net result is a slow carbohydrate bioavailability generated through a
physiological way. For this to happen, though, an ileal brake inducer should be there either before or at
the time of diet consumption.

Since the ileal brake is mediated by the hormones CCK, GLP-1 and PYYY, direct administration
of hormones or a hormonal agonist will cause ileal brake. But ileal exposure of a nutritional inducer
would though be preferred and should be a natural choice to slow carbohydrate bioavailability. Indeed, a
preload of whey protein, which is an inducer of GLP-1 secretion, showed significant improvement of
postprandial glycemic response with high level of GLP-1 and significant delayed gastric emptying when
a rapidly digestible carbohydrate meal (mash potato) was ingested later /%" . Similarly, a pre-loading of
olive oil (30 min before eating ) (Figure 6) also significantly increased the level of GLP-1, flattened
postprandial blood glucose and decreased gastric emptying with highest carbohydrate retention in the

distal stomach %, Obviously, proteins are not all equal to stimulate the secretion of gut hormones
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evidenced by the fact that casein is much less effective in stimulating CCK and GLP-1 release and the
resulted satiating effect /. Unsaturated fat is more effective than saturated fat in stimulating secretion

of gut hormone GLP-1 *"

. Monounsaturated fat also improved glucose tolerance with its ability to
induce GLP-1 secretion '”/. The effect of fiber on glucose homeostasis with increased production of
GLP-1 is also well known, and certainly, it can also act as GLP-1 inducer to be ingestedl 72 Food-
sourced inhibitors of SGLT-1, which leads to a high concentration of glucose in the gut lumen, might
also be used to induce the secretion of GLP-1 evidenced by a high level of serum GLP-1 in SGLT-1
knockout mice or treated by SGLT-1 inhibitor of LX421 117, Thus, when a GLP-1 inducer is preloaded,
available carbohydrates, including even rapidly digestible carbohydrates in the diet will naturally
become slowly available carbohydrate. Slowly digestible carbohydrate itself, if such materials can be
identified and verified to provide ileal location digestion, is also potentially a good dietary ingredient for
accentuating the ileal break. Thus, if a structure-based SDC material that has a property of targeted
ileum deposition is consumed as the carbohydrate component, the effect of slow digestion might become
more significant by adding the amplifying effect of delayed gastric emptying.

The production of GLP-1 and PYY not only mediates ileal brake, but also improves other
physiological processes that may have a wide range of health-related physiological functions. These can
be well illustrated by the effects of gastric bypass surgery, such as improvement of glucose tolerance for
diabetics and increased insulin sensitivity due to changes of gastrointestinal tract activity with a high
secretion of GLP-1 and PYY '’ and less production of ghrelin '”°. Dietary approaches with a location-
specific deposition of specific macronutrients with enough quantity ’’® to activate the neurohormonal
feedback mechanisms might be the way to achieve not only a slow carbohydrate bioavailability but also

similar outcomes of gastric bypass surgery for improved health.
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Linkages with glucose + glucose

Linkages with glucose

+ fructose
Trehalose | Kojibiose | Nigerose | Maltose | Isomaltose | Sucrose Palatinose
(0-1,1) (0-1,2) (0-1,3) (a-1,4) (a-1,6) (0-1,2) (0-1,6)
C-MGAM - ++ ++ ++++ + * *
N-MGAM - + + +++ + - *
C-Si - ++ ++ +++ + ** *
N-SI - ++ ++ +++ +++ - *okk

Note: - : no activity

Table 1. Variable sensitivities of mucosal enzymes on carbohydrate substrates with different glycosidic
linkages, and more + indicates high sensitivity.

27



607

608

609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

Food & Function Page 28 of 45

Literature cited:

(1).
(2).

(3).

(4).

(5).
(6).
(7).
(8).
(9).

(10).

(11).

(12).

(13).

(14).

(15).

(16).

(17).

(18).

Peters, A.; Schweiger, U.; Pellerin, L.; Hubold, C.; Oltmanns, K. M.; Conrad, M.; Schultes, B.; Born, J.; Fehm,
H. L., The selfish brain: competition for energy resources. Neurosci Biobehav Rev 2004, 28, (2), 143-80.
Jenkins, D. J.; Wolever, T. M.; Taylor, R. H.; Barker, H.; Fielden, H.; Baldwin, J. M.; Bowling, A. C.; Newman,
H. C.; Jenkins, A. L.; Goff, D. V., Glycemic index of foods: a physiological basis for carbohydrate exchange.
Am J Clin Nutr 1981, 34, (3), 362-366.

Englyst, H. N.; Kingman, S. M.; Cummings, J. H., Classification and measurement of nutritionally important
starch fractions. Eur J Clin Nutr 1992, 46 Suppl 2, S33-50.

Zhang, G.; Ao, Z.; Hamaker, B. R., Nutritional Property of Endosperm Starches from Maize Mutants: A
Parabolic Relationship between Slowly Digestible Starch and Amylopectin Fine Structure. J Agri Food
Chem 2008, 56, (12), 4686-4694.

Englyst, H. N.; Veenstra, J.; Hudson, G. J., Measurement of rapidly available glucose (RAG) in plant foods:
a potential in vitro predictor of the glycaemic response. Br J Nutr. 1996, 75, (3), 327-37.

Ochoa, M.; Lalles, J. P.; Malbert, C. H.; Val-Laillet, D., Dietary sugars: their detection by the gut-brain axis
and their peripheral and central effects in health and diseases. Eur J Nutr 2014, 9.

Ludwig, D. S., The glycemic index: physiological mechanisms relating to obesity, diabetes, and
cardiovascular disease. Jama 2002, 287, (18), 2414-23.

Brownlee, M., Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414,
(6865), 813-20.

Monnier, L.; Mas, E.; Ginet, C.; Michel, F.; Villon, L.; Cristol, J.-P.; Colette, C., Activation of Oxidative Stress
by Acute Glucose Fluctuations Compared With Sustained Chronic Hyperglycemia in Patients With Type 2
Diabetes. JAMA 2006, 295, (14), 1681-1687.

Brasacchio, D.; Okabe, J.; Tikellis, C.; Balcerczyk, A.; George, P.; Baker, E. K.; Calkin, A. C.; Brownlee, M.;
Cooper, M. E.; EI-Osta, A., Hyperglycemia induces a dynamic cooperativity of histone methylase and
demethylase enzymes associated with gene-activating epigenetic marks that coexist on the lysine tail.
Diabetes 2009, 58, (5), 1229-36.

Santos, F. L.; Esteves, S. S.; da Costa Pereira, A.; Yancy Jr, W. S.; Nunes, J. P. L., Systematic review and
meta-analysis of clinical trials of the effects of low carbohydrate diets on cardiovascular risk factors.
Obesity Rev 2012, 13, (11), 1048-1066.

Naude, C. E.; Schoonees, A.; Senekal, M.; Young, T.; Garner, P.; Volmink, J., Low carbohydrate versus
isoenergetic balanced diets for reducing weight and cardiovascular risk: a systematic review and meta-
analysis. PLoS One 2014, 9, (7), 2014.

Livesey, G., Low-glycaemic diets and health: implications for obesity. Proc Nutr Soc 2005, 64, (1), 105-13.
Finkel, T.; Serrano, M.; Blasco, M. A., The common biology of cancer and ageing. Nature 2007, 448,
(7155), 767-74.

Taguchi, A.; Wartschow, L. M.; White, M. F., Brain IRS2 signaling coordinates life span and nutrient
homeostasis. Science 2007, 317, (5836), 369-72.

Brand-Miller, J.; Hayne, S.; Petocz, P.; Colagiuri, S., Low-glycemic index diets in the management of
diabetes- a meta-analysis of randomized controlled trials. Diabetes Care 2003, 26, 2261 - 2267.

Zhang, G.; Hamaker, B. R., Slowly Digestible Starch: Concept, Mechanism, and Proposed Extended
Glycemic Index. Critical Reviews in Food Science and Nutrition 2009, 49, (10), 852 - 867.

Nichols, B. L.; Avery, S.; Sen, P.; Swallow, D. M.; Hahn, D.; Sterchi, E., The maltase-glucoamylase gene:
Common ancestry to sucrase-isomaltase with complementary starch digestion activities. PNAS 2003,100,
1432-1437.

28



Page 29 of 45

652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698

(19).

(20).

(21).

(22).

(23).

(24).

(25).

(26).

(27).

(28).

(29).

(30).

(31).
(32).

(33).

(34).

(35).

Food & Function

Sim, L.; Quezada-Calvillo, R.; Sterchi, E. E.; Nichols, B. L.; Rose, D. R., Human Intestinal Maltase-
Glucoamylase: Crystal Structure of the N-Terminal Catalytic Subunit and Basis of Inhibition and Substrate
Specificity. J Mol Bio 2008, 375, (3), 782-792.

Pencek, R. R.; Koyama, Y.; Lacy, D. B.; James, F. D.; Fueger, P. T.; Jabbour, K.; Williams, P. E.; Wasserman,
D. H., Transporter-Mediated Absorption Is the Primary Route of Entry and Is Required for Passive
Absorption of Intestinal Glucose into the Blood of Conscious Dogs. J. Nutr., 2002, 132, 1929-1934.
David, H., Hydrolysis by human alpha-amylase of p-nitrophenyloligosaccharides containing four to seven
glucose units. Clin Chem 1982, 28, (7), 1485-9.

Dhital, S.; Lin, A. H.-M.; Hamaker, B. R.; Gidley, M. J.; Muniandy, A., Mammalian Mucosal a--Glucosidases
Coordinate with a-Amylase in the Initial Starch Hydrolysis Stage to Have a Role in Starch Digestion
beyond Glucogenesis. PLoS ONE 2013, 8, (4), e62546.

Lin, A. H.; Ao, Z.; Quezada-Calvillo, R.; Nichols, B. L.; Lin, C. T.; Hamaker, B. R., Branch pattern of starch
internal structure influences the glucogenesis by mucosal Nt-maltase-glucoamylase. Carbohydr Polym
2014, 111, 33-40.

Lee, B.-H.; Lin, A. H.-M.; Nichols, B. L.; Jones, K.; Rose, D. R.; Quezada-Calvillo, R.; Hamaker, B. R., Mucosal
C-terminal maltase-glucoamylase hydrolyzes large size starch digestion products that may contribute to
rapid postprandial glucose generation. Mol Nutr Food Res 2014, 58, (5), 1111-1121.

Quezada-Calvillo, R.; Robayo-Torres, C. C.; Opekun, A. R.; Sen, P.; Ao, Z.; Hamaker, B. R.; Quaroni, A.;
Brayer, G. D.; Wattler, S.; Nehls, M. C.; Sterchi, E. E.; Nichols, B. L., Contribution of Mucosal Maltase-
Glucoamylase Activities to Mouse Small Intestinal Starch alpha-Glucogenesis. 2007I. 137,1725-1733.
Quezada-Calvillo, R.; Robayo-Torres, C. C.; Ao, Z.; Hamaker, B. R.; Quaroni, A.; Brayer, G. D.; Sterchi, E. E,;
Baker, S. S.; Nichols, B. L., Luminal substrate "brake" on mucosal maltase-glucoamylase activity regulates
total rate of starch digestion to glucose. J Pediatr Gastroenterol Nutr 2007, 45, (1), 32-43.
Quezada-Calvillo, R.; Sim, L.; Ao, Z.; Hamaker, B. R.; Quaroni, A.; Brayer, G. D.; Sterchi, E. E.; Robayo-
Torres, C. C.; Rose, D. R.; Nichols, B. L., Luminal Starch Substrate "Brake" on Maltase-Glucoamylase
Activity Is Located within the Glucoamylase Subunit. J Nutr. 2008, 138, 685-692.

Nichols, B. L.; Quezada-Calvillo, R.; Robayo-Torres, C. C.; Ao, Z.; Hamaker, B. R.; Butte, N. F.; Marini, J.;
Jahoor, F.; Sterchi, E. E., Mucosal Maltase-Glucoamylase Plays a Crucial Role in Starch Digestion and
Prandial Glucose Homeostasis of Mice. J Nutr 2009, 139, 1-7.

Naim, H. Y.; Heine, M.; Zimmer, K.-P., Congenital Sucrase-lsomaltase Deficiency: Heterogeneity of
Inheritance, Trafficking, and Function of an Intestinal Enzyme Complex. J Pediatr Gastroenterol Nutr 2012,
55, $13-S20 10.1097/01.mpg.0000421402.57633.4b.

Diaz-Sotomayor, M.; Quezada-Calvillo, R.; Avery, S. E.; Chacko, S. K.; Yan, L. K.; Lin, A. H.; Ao, Z. H.;
Hamaker, B. R.; Nichols, B. L., Maltase-glucoamylase modulates gluconeogenesis and sucrase-isomaltase
dominates starch digestion glucogenesis. J Pediatr Gastroenterol Nutr 2013, 57, (6), 704-12.
Venkatachalam, M.; Kushnick, M. R.; Zhang, G.; Hamaker, B. R., Starch-Entrapped Biopolymer
Microspheres as a Novel Approach to Vary Blood Glucose Profiles. In 2009; Vol. 28, pp 583-590.

Shimada M, M. K., Goda T., Methylation of histone H3 at lysine 4 and expression of the maltase-
glucoamylase gene are reduced by dietary resistant starch. J Nutr Biochem 2013, 24, (3), 606-12. .
Mochizuki, K.; Hanai, E.; Suruga, K.; Kuranuki, S.; Goda, T., Changes in [alpha]-glucosidase activities along
the jejunal-ileal axis of normal rats by the [alpha]-glucosidase inhibitor miglitol. Metabolism 2010, 59,
(10), 1442-1447.

Mochizuki, K.; Honma, K.; Shimada, M.; Goda, T., The regulation of jejunal induction of the maltase—
glucoamylase gene by a high-starch/low-fat diet in mice. Mol Nutr Food Res 2010, 54, (10), 1445-1451.
Cheng, M.-W.; Chegeni, M.; Kim, K.-H.; Zhang, G.; Benmoussa, M.; Quezada-Calvillo, R.; Nichols, B. L.;
Hamaker, B. R., Different sucrose-isomaltase response of Caco-2 cells to glucose and maltose suggests
dietary maltose sensing. J Clin Biochem Nutr 2014, 54, (1), 55-60.

29



699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746

(36).

(37).

(38).

(39).
(40).

(41).

(42).

(43).

(44).

(45).

(46).

(47).

(48).

(49).

(50).
(51).

(52).

(53).

Food & Function Page 30 of 45

Honma, K.; Mochizuki, K.; Goda, T., Carbohydrate/fat ratio in the diet alters histone acetylation on the
sucrase-isomaltase gene and its expression in mouse small intestine. Biochem Biophys Res Commun
2007, 357, (4), 1124-1129.

Honma, K.; Mochizuki, K.; Goda, T., Inductions of histone H3 acetylation at lysine 9 on SGLT1 gene and its
expression by feeding mice a high carbohydrate/fat ratio diet. Nutr 2009, 25, (1), 40-44.

Shimada, M.; Mochizuki, K.; Goda, T., Feeding Rats Dietary Resistant Starch Shifts the Peak of SGLT1 Gene
Expression and Histone H3 Acetylation on the Gene from the Upper Jejunum toward the lleum. J Agri
Food Chem 2009, 57, (17), 8049-8055.

Kishi K, T. T., Igawa M, Takase S, Goda T., Sucrase-isomaltase and hexose transporter gene expressions are
coordinately enhanced by dietary fructose in rat jejunum. J Nutr. 1999, 129, (5), 953-6.

Bird, A. R.; Croom, W. J.; Fan, Y. K.; Black, B. L.; McBride, B. W.; Taylor, I. L., Peptide regulation of
intestinal glucose absorption. In J Anim Sci., 1996; Vol. 74, pp 2523-2540.

Ducroc, R.; Guilmeau, S.; Akasbi, K.; Devaud, H.; Buyse, M.; Bado, A., Luminal Leptin Induces Rapid
Inhibition of Active Intestinal Absorption of Glucose Mediated by Sodium-Glucose Cotransporter 1.
Diabetes, 2005, 54, 348-354.

Dray, C.; Sakar, Y.; Vinel, C.; Daviaud, D.; Masri, B.; Garrigues, L.; Wanecq, E.; Galvani, S.; Negre-Salvayre,
A.; Barak, L. S.; Monsarrat, B.; Burlet-Schiltz, O.; Valet, P.; Castan-Laurell, I.; Ducroc, R., The intestinal
glucose-apelin cycle controls carbohydrate absorption in mice. Gastroenterology 2013, 144, (4), 771-80.
Dirksen, C.; Hansen, D. L.; Madsbad, S.; Hvolris, L. E.; Naver, L. S.; Holst, J. J.; Worm, D., Postprandial
diabetic glucose tolerance is normalized by gastric bypass feeding as opposed to gastric feeding and is
associated with exaggerated GLP-1 secretion: a case report. Diabetes Care 2010, 33, (2), 375-7.

Nguyen, N. Q.; Debreceni, T. L.; Bambrick, J. E.; Chia, B.; Deane, A. M.; Wittert, G.; Rayner, C. K.; Horowitz,
M.; Young, R. L., Upregulation of intestinal glucose transporters after Roux-en-Y gastric bypass to prevent
carbohydrate malabsorption. Obesity 2014, 22, (10), 2164-71.

Kobayashi, Y.; Suzuki, M.; Satsu, H.; Arai, S.; Hara, Y.; Suzuki, K.; Miyamoto, Y.; Shimizu, M., Green tea
polyphenols inhibit the sodium-dependent glucose transporter of intestinal epithelial cells by a
competitive mechanism. J Agric Food Chem 2000, 48, (11), 5618-23.

Moran, A. W.; Al-Rammahi, M. A.; Arora, D. K.; Batchelor, D. J.; Coulter, E. A.; lonescu, C.; Bravo, D.;
Shirazi-Beechey, S. P., Expression of Na+/glucose co-transporter 1 (SGLT1) in the intestine of piglets
weaned to different concentrations of dietary carbohydrate. Br J Nutr 2010, 104, (5), 647-55.

Ellis, P. R.; Roberts, F. G.; Low, A. G.; Morgan, L. M., The effect of high-molecular-weight guar gum on net
apparent glucose absorption and net apparent insulin and gastric inhibitory polypeptide production in the
growing pig: relationship to rheological changes in jejunal digesta. Br J Nutr 1995, 74, 539-556.

Lavin, J. H.; Read, N. W., The Effect on Hunger and Satiety of Slowing the Absorption of Glucose:
Relationship with Gastric Emptying and Postprandial Blood Glucose and Insulin Responses. Appetite 1995,
25, 89-96.

Reimer, R. A.; Thomson, A. B. #X.; Rajotte, R. V.; Basu, T. K.; Ooraikul, B.; McBurney, M. I., A Physiological
Level of Rhubarb Fiber Increases Proglucagon Gene Expression and Modulates Intestinal Glucose Uptake
in Rats. J Nutr 1997, 127, (10), 1923-1928.

Snook, J. T., Dietary regulation of pancreatic enzymes in the rat with emphasis on carbohydrate. Am J
Physiol 1971, 221, (5), 1383-7.

Goda, T., Regulation of the expression of carbohydrate digestion/absorption-related genes. Br J Nutr
2000, 84 Suppl 2, (2), S245-8.

Dyer, J.; Daly, K.; Salmon, K. S.; Arora, D. K.; Kokrashvili, Z.; Margolskee, R. F.; Shirazi-Beechey, S. P.,
Intestinal glucose sensing and regulation of intestinal glucose absorption. Biochem Soc Trans. 2007, 35,
(Pt 5), 1191-4.

Breen, D. M.; Rasmussen, B. A.; Cote, C. D.; Jackson, V. M.; Lam, T. K., Nutrient-sensing mechanisms in the
gut as therapeutic targets for diabetes. Diabetes. 2013, 62, (9), 3005-13.

30



Page 31 of 45

747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793

(54).

(55).

(56).

(57).

(58).

(59).

(60).
(61).

(62).
(63).

(64).
(65).

(66).

(67).

(68).

(69).

(70).

(71).

(72).

(73).

Food & Function

Le Gall, M.; Tobin, V.; Stolarczyk, E.; Dalet, V.; Leturque, A.; Brot-Laroche, E., Sugar sensing by enterocytes
combines polarity, membrane bound detectors and sugar metabolism. J Cell Physiol 2007, 213, (3), 834-
43.

Cani, P. D.; Holst, J. J.; Drucker, D. J.; Delzenne, N. M.; Thorens, B.; Burcelin, R.; Knauf, C., GLUT2 and the
incretin receptors are involved in glucose-induced incretin secretion. Mol. Cell. Endocrinol. 2007, 276, (1-
2), 18-23.

Shirazi-Beechey, S. P.; Daly, K.; Al-Rammahi, M.; Moran, A. W.; Bravo, D., Role of nutrient-sensing taste 1
receptor (T1R) family members in gastrointestinal chemosensing. Br 2014, 111, (Suppl 1), S8-15.
Margolskee, R. F.; Dyer, J.; Kokrashvili, Z.; Salmon, K. S.; llegems, E.; Daly, K.; Maillet, E. L.; Ninomiya, Y.;
Mosinger, B.; Shirazi-Beechey, S. P., T1IR3 and gustducin in gut sense sugars to regulate expression of Na+-
glucose cotransporter 1. Proc Natl Acad Sci U S A 2007, 104, (38), 15075-80.

Mace, O. J.; Affleck, J.; Patel, N.; Kellett, G. L., Sweet taste receptors in rat small intestine stimulate
glucose absorption through apical GLUT2. J Physiol 2007, 582, (Pt 1), 379-92.

Moran, A. W.; Al-Rammabhi, M. A.; Arora, D. K.; Batchelor, D. J.; Coulter, E. A.; Daly, K.; lonescu, C.; Bravo,
D.; Shirazi-Beechey, S. P., Expression of Na+/glucose co-transporter 1 (SGLT1) is enhanced by
supplementation of the diet of weaning piglets with artificial sweeteners. Br J Nutr 2010, 104, (5), 637-46.
Sclafani, A., Carbohydrate taste, appetite, and obesity: an overview. Neurosci Biobehav Rev 1987, 11, (2),
131-53.

Zukerman, S.; Glendinning, J. |.; Margolskee, R. F.; Sclafani, A., T1R3 taste receptor is critical for sucrose
but not Polycose taste. Am J Physiol Regul Integr Comp Physiol 2009, 296, (4), R866-76.

Wren, A. M.; Bloom, S. R., Gut hormones and appetite control. Gastroenterology. 2007, 132, (6), 2116-30.
Cote, C. D.; Zadeh-Tahmasebi, M.; Rasmussen, B. A.; Duca, F. A.; Lam, T. K., Hormonal signaling in the gut.
J Biol Chem 2014, 289, (17), 11642-9.

Vincent, K. M.; Sharp, J. W.; Raybould, H. E., Intestinal glucose-induced calcium-calmodulin kinase
signaling in the gut-brain axis in awake rats. Neurogastroenterol Motil 2011, 23, (7), 1365-2982.

Ashley Blackshaw, L.; Young, R. L., Detection and signaling of glucose in the intestinal mucosa--vagal
pathway. Neurogastroenterol Motil 2011, 23, (7), 591-4.

Tsurugizawa, T.; Uematsu, A.; Nakamura, E.; Hasumura, M.; Hirota, M.; Kondoh, T.; Uneyama, H.; Torii, K.,
Mechanisms of neural response to gastrointestinal nutritive stimuli: the gut-brain axis. Gastroenterology.
2009, 137, (1), 262-73. doi: 10.1053/j.gastro.2009.02.057. Epub 2009 Feb 25.

Konturek, S. J.; Konturek, J. W.; Pawlik, T.; Brzozowski, T., Brain-gut axis and its role in the control of food
intake. J Physiol Pharmacol. 2004, 55, (1 Pt 2), 137-54.

Sternini, C.; Anselmi, L.; Rozengurt, E., Enteroendocrine cells: a site of 'taste' in gastrointestinal
chemosensing. Curr Opin Endocrinol Diabetes Obes. 2008, 15, (1), 73-8. doi:
10.1097/MED.0b013e3282f43a73.

Bohorquez, D. V.; Chandra, R.; Samsa, L. A,; Vigna, S. R.; Liddle, R. A., Characterization of basal
pseudopod-like processes in ileal and colonic PYY cells. J Mol Histol 2011, 42, (1), 3-13.

Eissele, R.; Goke, R.; Willemer, S.; Harthus, H. P.; Vermeer, H.; Arnold, R.; Goke, B., Glucagon-like peptide-
1 cells in the gastrointestinal tract and pancreas of rat, pig and man. Eur J Clin Invest. 1992, 22, (4), 283-
91.

Larsson, L. I.; Rehfeld, J. F., Distribution of gastrin and CCK cells in the rat gastrointestinal tract.
Histochemistry 1978, 58, (1-2), 23-31.

Micevych, P.; Akesson, T.; Elde, R., Distribution of cholecystokinin-immunoreactive cell bodies in the male
and female rat: Il. Bed nucleus of the stria terminalis and amygdala. J Comp Neurol. 1988, 269, (3), 381-
91.

Lewis, L. D.; Williams, J. A., Regulation of cholecystokinin secretion by food, hormones, and neural
pathways in the rat. Am J Physiol Gastrointest Liver Physiol, 1990, 258, G512-G518.

31



794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840

(74).

(75).

(76).

(77).

(78).
(79).

(80).

(81).

(82).

(83).
(84).
(85).

(86).

(87).
(88).

(89).

(90).

(91).

Food & Function Page 32 of 45

MclLaughlin, J.; Grazia Luca, M.; Jones, M. N.; D'Amato, M.; Dockray, G. J.; Thompson, D. G., Fatty acid
chain length determines cholecystokinin secretion and effect on human gastric motility.
Gastroenterology. 1999, 116, (1), 46-53.

Hand, K. V.; Bruen, C. M.; O'Halloran, F.; Giblin, L.; Green, B. D., Acute and chronic effects of dietary fatty
acids on cholecystokinin expression, storage and secretion in enteroendocrine STC-1 cells. Mol Nutr Food
Res 2010, 54 Suppl 1, (54), S93-S103.

Hand, K. V.; Bruen, C. M.; O'Halloran, F.; Giblin, L.; Green, B. D., Acute and chronic effects of dietary fatty
acids on cholecystokinin expression, storage and secretion in enteroendocrine STC-1 cells. Mol Nutr Food
Res 2010, 54, (Suppl 1), S93-5S103.

Liddle, R. A.; Goldfine, I. D.; Rosen, M. S.; Taplitz, R. A.; Williams, J. A., Cholecystokinin bioactivity in
human plasma. Molecular forms, responses to feeding, and relationship to gallbladder contraction. J Clin
Invest. 1985, 75, (4), 1144-52.

Tanaka, T.; Katsuma, S.; Adachi, T.; Koshimizu, T.-a.; Hirasawa, A.; Tsujimoto, G., Free fatty acids induce
cholecystokinin secretion through GPR120. 2008, (4), 523-527.

Hira, T.; Maekawa, T.; Asano, K.; Hara, H., Cholecystokinin secretion induced by B-conglycinin peptone
depends on Gag-mediated pathways in enteroendocrine cells. 2009, (2), 124-127.

Suzuki, S.; Takiguchi, S.; Sato, N.; Kanai, S.; Kawanami, T.; Yoshida, Y.; Miyasaka, K.; Takata, Y.; Funakoshi,
A.; Noda, T., Importance of CCK-A receptor for gallbladder contraction and pancreatic secretion: a study
in CCK-A receptor knockout mice. Jpn J Physiol 2001, 51, (5), 585-90.

Moran, T. H.; Kinzig, K. P., Gastrointestinal satiety signals IIl. Cholecystokinin. Am J Physiol Gastrointest
Liver Physiol 2004, 286, G183-G188.

Glatzle, J.; Wang, Y.; Adelson, D. W.; Kalogeris, T. J.; Zittel, T. T.; Tso, P.; Wei, J. Y.; Raybould, H. E.,
Chylomicron components activate duodenal vagal afferents via a cholecystokinin A receptor-mediated
pathway to inhibit gastric motor function in the rat. J Physiol 2003, 550, (Pt 2), 657-64.

Reidelberger, R. D.; Kelsey, L.; Heimann, D.; Hulce, M., Effects of peripheral CCK receptor blockade on
gastric emptying in rats. Am J Physiol Regul Integr Comp Physiol 2003, 284, (1), R66-75.

Guilmeau, S.; Buyse, M.; Tsocas, A.; Laigneau, J. P.; Bado, A., Duodenal Leptin Stimulates Cholecystokinin
Secretion. Diabetes, 2003, 52, 1664-1672.

Liddle, R. A.; Morita, E. T.; Conrad, C. K.; Williams, J. A., Regulation of gastric emptying in humans by
cholecystokinin. J Clin Investig 1986, 77, (3), 992-996.

Fried, M.; Erlacher, U.; Schwizer, W.; Lochner, C.; Koerfer, J.; Beglinger, C.; Jansen, J. B.; Lamers, C. B.;
Harder, F.; Bischof-Delaloye, A.; et al., Role of cholecystokinin in the regulation of gastric emptying and
pancreatic enzyme secretion in humans. Studies with the cholecystokinin-receptor antagonist
loxiglumide. Gastroenterology. 1991, 101, (2), 503-11.

Liddle, R. A., Regulation of cholecystokinin secretion in humans. J Gastroenterol 2000, 35, (3), 181-187.
Bourdon, I.; Yokoyama, W.; Davis, P.; Hudson, C.; Backus, R.; Richter, D.; Knuckles, B.; Schneeman, B. O.,
Postprandial lipid, glucose, insulin, and cholecystokinin responses in men fed barley pasta enriched with
B-glucan. Am J Clin Nutr 1999, 69, 55-63.

Pilichiewicz, A. N.; Chaikomin, R.; Brennan, |. M.; Wishart, J. M.; Rayner, C. K.; Jones, K. L.; Smout, A. J. P.
M.; Horowitz, M.; Feinle-Bisset, C., Load-dependent effects of duodenal glucose on glycemia,
gastrointestinal hormones, antropyloroduodenal motility, and energy intake in healthy men. Am J Physiol
Endocrinol Metab, 2007, 293, E743-E753.

Liddle, R. A.; Rushakoff, R. J.; Morita, E. T.; Beccaria, L.; Carter, J. D.; Goldfine, I. D., Physiological role for
cholecystokinin in reducing postprandial hyperglycemia in humans. J Clin Invest 1988, 81, (6), 1675-81.
Lo, C.-M.; Obici, S.; Dong, H. H.; Haas, M.; Lou, D.; Kim, D. H.; Liu, M.; Dlessio, D.; Woods, S. C.; Tso, P.,
Impaired Insulin Secretion and Enhanced Insulin Sensitivity in Cholecystokinin-Deficient Mice. Diabetes,
2011, 60, 2000-2007.

32



Page 33 of 45

841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888

(92).
(93).
(94).
(95).
(96).
(97).
(98).

(99).

(100).
(101).

(102).

(103).

(104).

(105).
(106).

(107).

(108).

(109).

(110).
(111).

(112).

Food & Function

Ahren, B.; Holst, J. J.; Efendic, S., Antidiabetogenic action of cholecystokinin-8 in type 2 diabetes. J Clin
Endocrinol Metab 2000, 85, (3), 1043-8.

Simonsson, E.; Karlsson, S.; Ahrén, B., Ca2+-independent phospholipase A2 contributes to the
insulinotropic action of cholecystokinin-8 in rat islets: dissociation from the mechanism of carbachol.
Diabetes, 1998, 47, 1436-1443.

Baggio, L. L.; Drucker, D. J., Biology of incretins: GLP-1 and GIP. Gastroenterology 2007, 132, (6), 2131-57.
Sinclair, E. M.; Drucker, D. J., Proglucagon-Derived Peptides: Mechanisms of Action and Therapeutic
Potential. Physiology, 2005; Vol. 20, pp 357-365.

Owens, D. R.; Monnier, L.; Bolli, G. B., Differential effects of GLP-1 receptor agonists on components of
dysglycaemia in individuals with type 2 diabetes mellitus. Diabetes Metab 2013, 39, (6), 485-96.

Lim, G. E.; Brubaker, P. L., Glucagon-Like peptide 1 secretion by the L-Cell: The view from within. Diabetes,
2006, 55, S70-S77.

Roberge, J. N.; Brubaker, P. L., Secretion of proglucagon-derived peptides in response to intestinal luminal
nutrients. Endocrinology 1991, 128, (6), 3169-74.

Hirasawa, A.; Tsumaya, K.; Awaji, T.; Katsuma, S.; Adachi, T.; Yamada, M.; Sugimoto, Y.; Miyazaki, S.;
Tsujimoto, G., Free fatty acids regulate gut incretin glucagon-like peptide-1 secretion through GPR120.
Nat Med 2005, 11, (1), 90-4.

Gribble, F. M.; Williams, L.; Simpson, A. K.; Reimann, F., A Novel Glucose-Sensing Mechanism Contributing
to Glucagon-Like Peptide-1 Secretion From the GLUTag Cell Line. Diabetes, 2003, 52, 1147-1154.
Tolhurst, G.; Reimann, F.; Gribble, F. M., Nutritional regulation of glucagon-like peptide-1 secretion. J
Physiol 2009, 587, (Pt 1), 27-32.

Jang, H. J.; Kokrashvili, Z.; Theodorakis, M. J.; Carlson, O. D.; Kim, B. J.; Zhou, J.; Kim, H. H.; Xu, X.; Chan, S.
L.; Juhaszova, M.; Bernier, M.; Mosinger, B.; Margolskee, R. F.; Egan, J. M., Gut-expressed gustducin and
taste receptors regulate secretion of glucagon-like peptide-1. Proc Natl Acad Sci U S A 2007, 104, (38),
15069-74.

Mace, O. J.; Schindler, M.; Patel, S., The regulation of K- and L-cell activity by GLUT2 and the calcium-
sensing receptor CasR in rat small intestine. J Physiol 2012, 590, (Pt 12), 2917-36.

Massimino, S. P.; McBurney, M. I.; Field, C. J.; Thomson, A. B.; Keelan, M.; Hayek, M. G.; Sunvold, G. D.,
Fermentable dietary fiber increases GLP-1 secretion and improves glucose homeostasis despite increased
intestinal glucose transport capacity in healthy dogs. J Nutr 1998, 128, (10), 1786-93.

Anini, Y.; Brubaker, P. L., Role of leptin in the regulation of glucagon-like peptide-1 secretion. Diabetes
2003, 52, (2), 252-9.

Lim, G. E.; Huang, G. J.; Flora, N.; LeRoith, D.; Rhodes, C. J.; Brubaker, P. L., Insulin regulates glucagon-like
peptide-1 secretion from the enteroendocrine L cell. Endocrinology 2009, 150, (2), 580-91.

Dambholt, A. B.; Buchan, A. M.; Kofod, H., Glucagon-like-peptide-1 secretion from canine L-cells is
increased by glucose-dependent-insulinotropic peptide but unaffected by glucose. Endocrinology 1998,
139, (4), 2085-91.

Rocca, A. S.; Brubaker, P. L., Role of the vagus nerve in mediating proximal nutrient-induced glucagon-like
peptide-1 secretion. Endocrinology 1999, 140, (4), 1687-94.

Roberge, J. N.; Gronau, K. A.; Brubaker, P. L., Gastrin-releasing peptide is a novel mediator of proximal
nutrient-induced proglucagon-derived peptide secretion from the distal gut. Endocrinology, 1996, 137,
2383-8.

Ohki-Hamazaki, H.; Iwabuchi, M.; Maekawa, F., Development and function of bombesin-like peptides and
their receptors. Int J Dev Biol 2005, 49, (2-3), 293-300.

Ledn, D. D. D.; Crutchlow, M. F.; Ham, J.-Y. N.; Stoffers, D. A., Role of glucagon-like peptide-1 in the
pathogenesis and treatment of diabetes mellitus. Int J Biochem Cell Biol 2005, 38, (5-6), 845-859.
Velasquez, D. A,; Beiroa, D.; Vazquez, M. J.; Romero, A.; Lopez, M.; Dieguez, C.; Nogueiras, R., Central
GLP-1 actions on energy metabolism. Vitam Horm 2010, 84, 303-17.

33



Food & Function Page 34 of 45

889 (113). Delzenne, N. M.; Cani, P. D.; Neyrinck, A. M., Modulation of glucagon-like peptide 1 and energy

890 metabolism by inulin and oligofructose: experimental data. J Nutr 2007, 137, (11 Suppl), 25475-2551S.
891 (114). Cani, P. D.; Neyrinck, A. M.; Maton, N.; Delzenne, N. M., Oligofructose promotes satiety in rats fed a high-
892 fat diet: involvement of glucagon-like Peptide-1. Obes Res 2005, 13, (6), 1000-7.

893 (115). Larsen, P. J., Mechanisms behind GLP-1 induced weight loss. In The British Journal of Diabetes & Vascular
894 Disease, 2008; Vol. 8, pp S34-S41.

895 (116). Wachters-Hagedoorn, R. E.; Priebe, M. G.; Heimweg, J. A. J.; Heiner, A. M.; Englyst, K. N.; Holst, J. J.;

896 Stellaard, F.; Vonk, R. J., The Rate of Intestinal Glucose Absorption Is Correlated with Plasma Glucose-
897 Dependent Insulinotropic Polypeptide Concentrations in Healthy Men. In 2006; Vol. 136, pp 1511-1516.

898  (117). Ekblad, E.; Sundler, F., Distribution of pancreatic polypeptide and peptide YY. Peptides 2002, 23, (2), 251-
899 261.
900 (118). Tatemoto, K.; Carlquist, M.; Mutt, V., Neuropeptide Y[mdash]a novel brain peptide with structural

901 similarities to peptide YY and pancreatic polypeptide. Nature 1982, 296, (5858), 659-660.

902 (119). Zhang, T.; Uchida, T.; Gomez, G.; Lluis, F.; Thompson, J. C.; Greeley Jr, G. H., Neural regulation of peptide
903 YY secretion. Regul Peptides 1993, 48, (3), 321-328.

904 (120). Dumoulin, V.; Dakka, T.; Plaisancie, P.; Chayvialle, J. A.; Cuber, J. C., Regulation of glucagon-like peptide-1-
905 (7-36) amide, peptide YY, and neurotensin secretion by neurotransmitters and gut hormones in the

906 isolated vascularly perfused rat ileum. Endocrinology 1995, 136, (11), 5182-8.

907 (121). Dumoulin, V.; Moro, F.; Barcelo, A.; Dakka, T.; Cuber, J. C., Peptide YY, glucagon-like peptide-1, and

908 neurotensin responses to luminal factors in the isolated vascularly perfused rat ileum. Endocrinology
909 1998, 139, (9), 3780-6.

910 (122). Feinle-Bisset, C.; Patterson, M.; Ghatei, M. A.; Bloom, S. R.; Horowitz, M., Fat digestion is required for
911 suppression of ghrelin and stimulation of peptide YY and pancreatic polypeptide secretion by

912 intraduodenal lipid. Am J Physiol Endocrinol Metab 2005, 289, E948-E953.

913 (123). Degen, L.; Drewe, J.; Piccoli, F.; Grni, K.; Oesch, S.; Bunea, R.; D'Amato, M.; Beglinger, C., Effect of CCK-1
914 receptor blockade on ghrelin and PYY secretion in men. Am J Physiol Regul Integr Comp Physiol, 2007,
915 292, R1391-R1399.

916  (124). Lin, H. C.; Taylor, I. L., Release of peptide YY by fat in the proximal but not distal gut depends on an

917 atropine-sensitive cholinergic pathway. Regul Pept. 2004, 117, (1), 73-6.

918 (125). Steinert, R. E.; Gerspach, A. C.; Gutmann, H.; Asarian, L.; Drewe, J.; Beglinger, C., The functional

919 involvement of gut-expressed sweet taste receptors in glucose-stimulated secretion of glucagon-like
920 peptide-1 (GLP-1) and peptide YY (PYY). Clin Nutr 2011.

921 (126). Onaga, T.; Zabielski, R.; Kato, S., Multiple regulation of peptide YY secretion in the digestive tract. Peptides
922 2002, 23, (2), 279-290.
923 (127). Zhou, J.; Martin, R. J.; Tulley, R. T.; Raggio, A. M.; McCutcheon, K. L.; Shen, L.; Danna, S. C.; Tripathy, S.;

924 Hegsted, M.; Keenan, M. J., Dietary resistant starch upregulates total GLP-1 and PYY in a sustained day-
925 long manner through fermentation in rodents. Am J Physiol Endocrinol Metab, 2008, 295, E1160-E1166.
926 (128). Voortman, T.; Hendriks, H. F.; Witkamp, R. F.; Wortelboer, H. M., Effects of long- and short-chain fatty
927 acids on the release of gastrointestinal hormones using an ex vivo porcine intestinal tissue model. J Agric
928 Food Chem 2012, 60, (36), 9035-42.

929 (129). Fu-Cheng, X.; Anini, Y.; Chariot, J.; Voisin, T.; Galmiche, J. P.; Roze, C., Peptide YY release after

930 intraduodenal, intraileal, and intracolonic administration of nutrients in rats. Pflugers Arch. 1995, 431, (1),
931 66-75.

932 (130). Zhang, T.; Uchida, T.; Gomez, G.; Lluis, F.; Thompson, J. C.; Greeley, G. H., Jr., Neural regulation of peptide
933 YY secretion. Regul Pept. 1993, 48, (3), 321-8.

934 (131). Voisin, T.; Rouyer-Fessard, C.; Laburthe, M., Distribution of common peptide YY-neuropeptide Y receptor
935 along rat intestinal villus-crypt axis. Am J Physiol 1990, 258, (5 Pt 1), G753-9.

34



Page 35 of 45

936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981

(132).

(133).

(134).
(135).

(136).

(137).

(138).

(139).

(140).

(141).
(142).

(143).

(144).

(145).
(146).

(147).

(148).

Food & Function

Goumain, M.; Voisin, T.; Lorinet, A. M.; Laburthe, M., Identification and distribution of mRNA encoding
the Y1, Y2, Y4, and Y5 receptors for peptides of the PP-fold family in the rat intestine and colon. Biochem
Biophys Res Commun 1998, 247, (1), 52-6.

Ferrier, L.; Segain, J.-P.; Bonnet, C.; Cherbut, C.; Lehur, P.-A.; Jarry, A.; Galmiche, J.-P.; Blottiere, H. M.,
Functional mapping of NPY/PYY receptors in rat and human gastro-intestinal tract. Peptides 2002, 23,
(10), 1765-1771.

Gehlert, D. R.; Beavers, L. S.; Johnson, D.; Gackenheimer, S. L.; Schober, D. A.; Gadski, R. A., Expression
cloning of a human brain neuropeptide Y Y2 receptor. Mol Pharmacol, 1996, 49, 224-228.

Jackerott, M.; Larsson, L.-l., Immunocytochemical Localization of the NPY/PYY Y1 Receptor in the
Developing Pancreas. Endocrinology, 1997, 138, 5013-5018.

Castan, |.; Valet, P.; Larrouy, D.; Voisin, T.; Remaury, A.; Daviaud, D.; Laburthe, M.; Lafontan, M.,
Distribution of PYY receptors in human fat cells: an antilipolytic system alongside the alpha 2-adrenergic
system. Am J Physiol 1993, 265, (1 Pt 1), E74-80.

Blaze, C. A.; Mannon, P. J.; Vigna, S. R.; Kherani, A. R.; Benjamin, B. A., Peptide YY receptor distribution
and subtype in the kidney: effect on renal hemodynamics and function in rats. Am J Physiol 1997, 273, (4
Pt 2), F545-53.

Allen, C. J.; Ghilardi, J. R.; Vigna, S. R.; Mannon, P. J.; Taylor, I. L.; McVey, D. C.; Maggio, J. E.; Mantyh, P.
W., Neuropeptide Y/peptide YY receptor binding sites in the heart: Localization and pharmacological
characterization. Neuroscience 1993, 53, (3), 889-898.

Goumain, M.; Voisin, T.; Lorinet, A.-M.; Ducroc, R.; Tsocas, A.; Roz %, C.; Rouet-Benzineb, P.; Herzog, H.;
Balasubramaniam, A.; Laburthe, M., The Peptide YY-Preferring Receptor Mediating Inhibition of Small
Intestinal Secretion Is a Peripheral Y2 Receptor: Pharmacological Evidence and Molecular Cloning. Mol
Pharmacol, 2001, 60, 124-134.

Teyssen, S.; Grandt, D.; Niebergall-Roth, E.; Schimiczek, M.; Goebell, H.; Eysselein, V. E.; Reeve, J. R., Jr.;
Singer, M. V., Inhibition of canine exocrine pancreatic secretion by peptide YY is mediated by PYY-
preferring Y2 receptors. Pancreas 1996, 13, (1), 80-8.

Misra, S.; Murthy, K. S.; Zhou, H.; Grider, J. R., Coexpression of Y1, Y2, and Y4 receptors in smooth muscle
coupled to distinct signaling pathways. J Pharmacol Exp Ther 2004, 311, (3), 1154-62.

Chen, C. H.; Stephens, R. L., Jr.; Rogers, R. C., PYY and NPY: control of gastric motility via action on Y1 and
Y2 receptors in the DVC. Neurogastroenterol Motil 1997, 9, (2), 109-16.

Wang, L.; Gourcerol, G.; Yuan, P. Q.; Wu, S. V.; Million, M.; Larauche, M.; Tache, Y., Peripheral peptide YY
inhibits propulsive colonic motor function through Y2 receptor in conscious mice. Am J Physiol
Gastrointest Liver Physiol 2010, 298, (1), G45-56.

Moriya, R.; Shirakura, T.; Hirose, H.; Kanno, T.; Suzuki, J.; Kanatani, A., NPY Y2 receptor agonist PYY(3-36)
inhibits diarrhea by reducing intestinal fluid secretion and slowing colonic transit in mice. Peptides 2010,
31, (4), 671-5.

Baba, H.; Fujimura, M.; Toda, N., Mechanism of inhibitory action of peptide YY on cholecystokinin-induced
contractions of isolated dog ileum. Regul Pept 1990, 27, (2), 227-35.

Batterham, R. L.; Bloom, S. R., The gut hormone peptide YY regulates appetite. Ann N Y Acad Sci 2003,
994, 162-8.

Batterham, R. L.; Cowley, M. A.; Small, C. J.; Herzog, H.; Cohen, M. A.; Dakin, C. L.; Wren, A. M.; Brynes, A.
E.; Low, M. J.; Ghatei, M. A,; Cone, R. D.; Bloom, S. R., Gut hormone PYY3-36 physiologically inhibits food
intake. Nature 2002, 418, (6898), 650-654.

Chelikani, P. K.; Haver, A. C.; Reeve, J. R.; Keire, D. A.; Reidelberger, R. D., Daily, intermittent intravenous
infusion of peptide YY(3-36) reduces daily food intake and adiposity in rats. Am J Physiol Regul Integr
Comp Physiol, 2006, 290, R298-R305.

35



982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029

(149).

(150).

(151).

(152).
(153).
(154).

(155).

(156).

(157).

(158).

(159).
(160).

(161).

(162).
(163).

(164).

(165).

(166).

(167).

Food & Function Page 36 of 45

Chelikani, P. K.; Haver, A. C.; Reidelberger, R. D., Intermittent intraperitoneal infusion of peptide YY(3-36)
reduces daily food intake and adiposity in obese rats. Am J Physiol Regul Integr Comp Physiol, 2007, 293,
R39-R46.

Ladenheim, E. E., Peptide YY(3-36) and food intake: a peptide waiting for a paradigm? Am J Physiol Reqgul
Integr Comp Physiol, 2007, 293, R37-R38.

Sloth, B.; Holst, J. J.; Flint, A.; Gregersen, N. T.; Astrup, A., Effects of PYY1-36 and PYY3-36 on appetite,
energy intake, energy expenditure, glucose and fat metabolism in obese and lean subjects. Am J Physiol
Endocrinol Metab, 2007, 292, E1062-E1068.

Van Citters, G.; Lin, H., The ileal brake: A fifteen-year progress report. Curr Gastroenterol Rep, 1999, 1, (5),
404-409.

Lin, H. C.; Zhao, X. T.; Wang, L., Jejunal brake: inhibition of intestinal transit by fat in the proximal small
intestine. Dig Dis Sci 1996, 41, (2), 326-9.

Rao, S. S.; Lu, C.; Schulze-Delrieu, K., Duodenum as a immediate brake to gastric outflow: a
videofluoroscopic and manometric assessment. Gastroenterology 1996, 110, (3), 740-7.

Nightingale, J. M.; Kamm, M. A.; van der Sijp, J. R.; Morris, G. P.; Walker, E. R.; Mather, S. J.; Britton, K. E.;
Lennard-Jones, J. E., Disturbed gastric emptying in the short bowel syndrome. Evidence for a 'colonic
brake'. Gut, 1993, 34, 1171-1176.

Wen, J.; Leon, E. L.-D.; Kost, L. J.; Sarr, M. G.; Phillips, S. F., Duodenal motility in fasting dogs: humoral and
neural pathways mediating the colonic brake. Am J Physiol Gastrointest Liver Physiol, 1998, 274, G192-
G195.

Holt, S.; Brand, J.; Soveny, C.; Hansky, J., Relationship of satiety to postprandial glycaemic, insulin and
cholecystokinin responses. Appetite 1992, 18, (2), 129-141.

Maljaars, J.; Peters, H. P.; Masclee, A. M., Review article: The gastrointestinal tract: neuroendocrine
regulation of satiety and food intake. Aliment Pharmacol Ther. 2007, 26, (Suppl 2), 241-50. doi:
10.1111/j.1365-2036.2007.03550.x.

Maljaars, P. W. J.; Peters, H. P. F.; Mela, D. J.; Masclee, A. A. M., lleal brake: A sensible food target for
appetite control. A review. Physiology & Behavior 2008, 95, (3), 271-281.

Layer, P.; Juul Holst, J.; Grandt, D.; Goebell, H., lleal release of glucagon-like peptide-1 (GLP-1). Dig. Dis.
Sci. 1995, 40, (5), 1074-1082.

Ray, T. K.; Mansell, K. M.; Knight, L. C.; Malmud, L. S.; Owen, O. E.; Boden, G., Long-term effects of dietary
fiber on glucose tolerance and gastric emptying in noninsulin-dependent diabetic patients. Am J Clin Nutr,
1983, 37, 376-381.

Lin, H. C.; Zhao, X. T.; Chu, A. W.; Lin, Y. P.; Wang, L., Fiber-supplemented enteral formula slows intestinal
transit by intensifying inhibitory feedback from the distal gut. Am J Clin Nutr 1997, 65, (6), 1840-4.
Venkatachalam, M.; Kushnick, M. R.; Zhang, G.; Hamaker, B. R., Starch-entrapped biopolymer
microspheres as a novel approach to vary blood glucose profiles. J Am Coll Nutr 2009, 28, (5), 583-90.
Maljaars, P. W.; Peters, H. P.; Mela, D. J.; Masclee, A. A,, lleal brake: a sensible food target for appetite
control. A review. Physiol Behav. 2008, 95, (3), 271-81. doi: 10.1016/j.physbeh.2008.07.018. Epub 2008
Jul 21.

Little, T. J.; Doran, S.; Meyer, J. H.; Smout, A. J. P. M.; O'Donovan, D. G.; Wu, K.-L.; Jones, K. L.; Wishart, J.;
Rayner, C. K.; Horowitz, M.; Feinle-Bisset, C., The release of GLP-1 and ghrelin, but not GIP and CCK, by
glucose is dependent upon the length of small intestine exposed. Am J Physiol Endocrinol Metab, 2006,
291, E647-E655.

Hasjim, J.; Lavau, G. C.; Gidley, M. J.; Gilbert, R. G., In Vivo and In Vitro Starch Digestion: Are Current in
Vitro Techniques Adequate? Biomacromolecules 2010, 11, (12), 3600-3608.

Ma, J.; Stevens, J. E.; Cukier, K.; Maddox, A. F.; Wishart, J. M.; Jones, K. L.; Clifton, P. M.; Horowitz, M.;
Rayner, C. K., Effects of a protein preload on gastric emptying, glycemia, and gut hormones after a
carbohydrate meal in diet-controlled type 2 diabetes. Diabetes Care 2009, 32, (9), 1600-2.

36



Page 37 of 45

1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057

(168).

(169).

(170).

(171).

(172).

(173).

(174).
(175).
(176).
(177).

(178).

Food & Function

Gentilcore, D.; Chaikomin, R.; Jones, K. L.; Russo, A.; Feinle-Bisset, C.; Wishart, J. M.; Rayner, C. K,;
Horowitz, M., Effects of fat on gastric emptying of and the glycemic, insulin, and incretin responses to a
carbohydrate meal in type 2 diabetes. J Clin Endocrinol Metab 2006, 91, (6), 2062-7.

Hall, W. L.; Millward, D. J.; Long, S. J.; Morgan, L. M., Casein and whey exert different effects on plasma
amino acid profiles, gastrointestinal hormone secretion and appetite. Br J Nutr 2003, 89, (2), 239-48.
Thomsen, C.; Storm, H.; Holst, J. J.; Hermansen, K., Differential effects of saturated and monounsaturated
fats on postprandial lipemia and glucagon-like peptide 1 responses in patients with type 2 diabetes. AmJ
Clin Nutr, 2003, 77, 605-611.

Rocca, A. S.; LaGreca, J.; Kalitsky, J.; Brubaker, P. L., Monounsaturated Fatty Acid Diets Improve Glycemic
Tolerance through Increased Secretion of Glucagon-Like Peptide-1. Endocrinology. 2001, 142, 1148-1155.
Massimino, S. P.; McBurney, M. I.; Field, C. J.; Thomson, A. B; Keelan, M.; Hayek, M. G.; Sunvold, G. D.,
Fermentable Dietary Fiber Increases GLP-1 Secretion and Improves Glucose Homeostasis Despite
Increased Intestinal Glucose Transport Capacity in Healthy Dogs. J. Nutr, 1998, 128, 1786-1793.

Powell, D. R.; Smith, M.; Greer, J.; Harris, A.; Zhao, S.; DaCosta, C.; Mseeh, F.; Shadoan, M. K.; Sands, A.;
Zambrowicz, B.; Ding, Z.-M., LX4211 Increases Serum GLP-1 and PYY Levels by Reducing SGLT-1-mediated
Absorption of Intestinal Glucose. J Pharmacol Exp Ther, 2013.

Naslund, E.; Kral, J. G., Impact of Gastric Bypass Surgery on Gut Hormones and Glucose Homeostasis in
Type 2 Diabetes. Diabetes, 2006, 55, S92-597.

Geloneze, B.; Tambascia, M. A.; Pilla, V. F.; Geloneze, S. R.; Repetto, E. M.; Pareja, J. C., Ghrelin: a gut-
brain hormone: effect of gastric bypass surgery. Obes Surg. 2003, 13, (1), 17-22.

Mela, D. J., Novel food technologies: enhancing appetite control in liquid meal replacers. Obesity (Silver
Spring) 2006, 14 Suppl 4, 179S-181S.

Hamaker, B. R.; Lee, B. H.; Quezada-Calvillo, R., Starch digestion and patients with congenital sucrase-
isomaltase deficiency. J Pediatr Gastroenterol Nutr 2012, 55, S24-8.

Reimann, F.; Ward, P. S.; Gribble, F. M., Signaling Mechanisms Underlying the Release of Glucagon-Like
Peptide 1. Diabetes, 2006, 55, S78-5S85.

37



Food & Function Page 38 of 45

1058
1059
l 40 %
MGAM CtMGAM
cytosol 60%
SI
40 %
1060
1061
1062 Figure 1. Digram of brush border enzymes of MGAM and SI. Nt: N-terminal, Ct: C-terminal.’”
1063 (Permission granted by thepulisherr).
1064

38



Page 39 of 45 Food & Function

1065

1066

1067

1068

1069

1070 - Apical part
1071 -=— Basolateral part
1072 5
1073
1074
1075
1076
1077
1078
1079
1080 0
1081 0 10 20 30 40 50
1082
1083

(A)

Glucose conc. (mM)
w

Time (hours)

(B)

12 hr

B-actin
1084 . T
1085

1086  Figure 2. The concentration of liberated glucose along the treatment time with maltose (A), and Western
1087 blot of sucrase isomaltase (SI) enzymes under different sugars after 12 hours treatment. Only
1088 maltose showed a band with a higher molecular weight, which is likely the active form of SI that
1089 can digest maltose.

1090

1091

1092

1093

1094

39



Food & Function Page 40 of 45

1095
1096
1097

Colon

Villus

Crypt

1098
1099 Figure 3. The anatomy of L-cell in the ileum and colon of rats®. (permittion was granted by the publisher)

1100
1101
1102
1103

40



Page 41 of 45 Food & Function

1104
1105

1106
1107
1108

GUT LUMEN )
. Leptin
Glucose Na [

Amino acids

GABA
Glycine

Fructose

V-gated
Ca* channels

K,» channel :
Bombesin

ACh

e Fatty acids
Bile acids

w_GIP
CGRP

GLP-1 release o*
o

Figure 4. Digram of GLP-1 secretion from L-cells stimulated by nutrients, endocrin hormones and

neurotransmetters through receptor-coupled signling pathways to produce cAMP, Ca®" release

and membrane depolarmizaiton trggering GLP-1 release. (derived from Reimann etal (2006)

178
)

41



Food & Function Page 42 of 45

1109
1110
1111
1112
1113
1114
’640- b 40+
2 j:
g g
€ &304 € 5304
g< o | EE
8 520' Vv 3 820'I
? '3 10+ AL B 5 10 .
2 vlv *le 32 .
c a a 1 v - a a a a
0 T T T 4+ 0'_? - e o *‘;
> & & & ] & & &
« » P P «© QO o & P
& > F o F P & ¢ W
(0., o \a‘o ¢§'o o;;.o \q‘o og,o
Q N Q- N
1115

1116 Figure 5. Starch content (in % of the total amount ingested) in stomach ( left), and distal small intestine

1117  (right) after oral gavaging for 2 hrs. 0.5%, 1%, and 1.5% represent alginate concentration when making
1118 the alginate-trapped starch beads.

1119

42



Page 43 of 45 Food & Function

1120

1121

1122
1123
1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

A B
Plasma insulin
16 - 80 -
14 4 o
12 4
mmolL mUL 40
10 ~
8+ T -
‘ 1) L4 L) L \J \J \J 1 o L\ LJ LJ LJ Ll L\J L T 1
30 0 30 60 90 120 150 180 210 30 0 30 60 90 120 150 180 210
Yime (min) Time (min)
C Plasma GIP D Plasma GLP-1

’ A
&
T
T

30 0 30 60 90 120 150 180 210 30 0 30 60 90 120 150 180 210
Time (min) Time (min)

Figure 6. The concentration of blood glucose (A), insulin (B), GIP (C), and GLP-1 after ingestion of a
mashed potato meal when either 30 ml olive oil was consumed before the meal (30 min), water or water

&oil '* (permission granted by the publisher).

43



1136

1137

1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149

1150

TOC:

Food & Function

Neurohormonal feedback

CCK J

& -
X

PYY g

Gastric
Emptying

lleal Brake

Slow glucose bioavailability|

Slow glucose bioavailability through neurohormonal
feedback activated by location-specific nutrient deposition

Page 44 of 45

44



Page 45 of 45 Food & Function

Neurohormonal feedback

lleal Brake

Slow glucose bi

Slow glucose bioavailability through neurohormonal
feedback activated by location-specific nutrient deposition

165x108mm (120 x 120 DPI)



