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 31 

Abstract 32 

 Glycemic carbohydrates in foods are one important macronutrient providing the biological fuel 33 

of glucose for a variety of physiological processes.  A classification of glycemic carbohydrates into 34 

rapidly digestible carbohydrate (RDC) and slowly digestible carbohydrate (SDC) has been used to 35 

specify their nutritional quality related to glucose homeostasis that is essential to a normal functioning of 36 

the brain and critical to life.  Although there have been many studies and reviews on slowly digestible 37 

starch (SDS) and SDC, the mechanisms of its slow digestion and absorption were mostly investigated 38 

from the material side without considering the physiological processes of its in vivo digestion, 39 

absorption, and most importantly interactions with other food components and the gastrointestinal tract. 40 

In this article, the physiological processes modulating the bioavailability of carbohydrate, specifically its 41 

rate and extent of digestion and absorption as well as the related locations, in a whole food context will 42 

be discussed by focusing on the activities of the gastrointestinal tract including glycolytic enzymes and 43 

glucose release, sugar sensing, gut hormones, and neurohormonal negative feedback mechanisms.  It is 44 

hoped that a deep understanding of these physiological processes will facilitate the development of 45 

innovative dietary approaches to achieve desired carbohydrate or glucose bioavailability for improved 46 

health.   47 

 48 

Key words:  slowly digestible starch (SDS), slowly digestible carbohydrate (SDC), ileal  brake, sugar 49 

sensing, gastric emptying, gut hormones  50 

 51 

  52 
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Introduction  53 

 Glucose, as the preferred energy source for the central nervous system 
1
 and the starting material 54 

for a variety of synthetic reactions, is critical to life and the normal physiological functioning of the 55 

body.  Glucose also acts as a signal molecule participating in energy metabolism including insulin 56 

secretion, glucose utilization, and gluconeogenesis. Accordingly, the concentration of plasma glucose, in 57 

contrast to other macronutrients of fat and protein, is tightly regulated. Although glucose can be 58 

synthesized through gluconeogenesis, dietary glycemic carbohydrate, as one important macronutrient in 59 

foods providing glucose, is essential to the maintenance of glucose homeostasis. A highly sophisticated 60 

and coordinated digestive system with various types of hydrolytic enzymes and neurohormonal feedback 61 

machinery can efficiently maximize the assimilation of various nutrients from foods. Regarding 62 

glycemic dietary carbohydrates, glucose release from their digestion in the gastrointestinal tract is not 63 

only the starting point of the glucose homeostasis regulation cascade, but includes also the function of 64 

glucose as a signal molecule to regulate its absorption, deposition and metabolism.  65 

 The rate and extent of dietary carbohydrate digestion have been shown to vary considerably,  66 

which is the basis for the concept of glycemic index (GI) 
2
 classifying foods according to their 67 

postprandial glycemic response in human subjects. In the meantime, the main dietary carbohydrate of 68 

starch has been categorized into rapidly digestible starch (RDS), slowly digestible starch (SDS) and 69 

resistant starch (RS) that are expressed as the percentages of total starch amount 
3
, and the content of 70 

SDS is often negatively correlated to that of RDS in starch materials
4
.  SDS, which has a slow digestion 71 

property, is the material basis for most cereal-sourced low-GI foods since GI values are positively 72 

correlated to the contents of RDS in foods
5
, and high amount of SDS, thus, is necessary to reduce the GI 73 

values of cereal-sourced foods. The concept of RDS and SDS can also be expanded to rapidly digestible 74 

carbohydrate (RDC) and slowly digestible carbohydrate (SDC) by excluding the non-glycemic fructose 75 
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that has opposed effect to glucose on carbohydrate metabolism
6
. Thus, SDC and low-GI carbohydrate, 76 

based on our understanding, are interchangeable terms from the perspective of carbohydrate nutrition. 77 

Carbohydrates of RDC including RDS and simple sugars of maltose and glucose, and maltodextrins, 78 

which belong to the category of high-GI carbohydrate, are the most common glycemic carbohydrates in 79 

foods. Their rapid digestion and absorption in the duodenum and upper jejunum of the small intestine 80 

lead to a rapid elevation of blood glucose and often a subsequent episode of hypoglycemia due to a high 81 

rate of insulin secretion stimulated by absorbed glucose.  This large fluctuation of blood glucose is a 82 

stress to the regulatory system of glucose homeostasis 
7
, which could lead to cell, tissue, and organ 83 

damages in the long run 
8
. Such postprandial glycemic fluctuations can also generate a high level of 84 

reactive oxygen species that are a causative factor for many chronic diseases 
9
, and even a transient 85 

hyperglycemia in human might produce longstanding deleterious effects of diabetic complications 86 

through epigenetic mechanisms 
10

. Furthermore, a high level of plasma insulin induced by RDC 87 

promotes cellular absorption of glucose and potentiates fat synthesis. For individuals with susceptible 88 

genetic background, long-term consumption of refined foods with high amount of RDC, on the contrary 89 

to the body-weight loss effect of ‘low-carbohydrate food’ by meta-analysis 
11

 or the short-term weight 90 

loss effect from low-carbohydrate food from a recent meta-study
12

 , might be a risk factor of obesity 
13

 91 

and insulin resistance, which is a common property of metabolic diseases of type 2 diabetes, 92 

cardiovascular disease, and possibly cancer 
7
. Persistent high level of insulin is also related to reduced 93 

life-span and unhealthy ageing 
14

 from studies in Caenorhabditis elegans and Drosophila 
15

. Thus, long 94 

term consumption of RDC is likely one important risk factor of metabolic diseases. 95 

 In contrast to RDC or RDS, slowly digestible carbohydrate (SDC) or slowly digestible starch 96 

(SDS) often produces a moderate or flat postprandial glycemic response that might be beneficial to 97 

health 
16

. However, both the definitions of SDC or SDS and glycemic index are methodology-oriented 98 
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terms, and no information about the structure of carbohydrate and the food property is provided, making 99 

it difficult to fabricate carbohydrate materials with low-GI properties. Since carbohydrate assimilation 100 

profile is influenced by both its intrinsic digestibility, which is determined by the structural properties of 101 

carbohydrate materials, and neurohormonal feedback regulations in the  gastrointestinal tract, it is 102 

necessary to take both sides into consideration to develop dietary approaches for desired profiles of 103 

glucose bioavailability, which is the rate and extent of glucose release (from carbohydrate digestion) and 104 

absorption as well as the associated locations in the gastrointestinal tract. We have previously, in a 105 

review paper, described the structure of starch molecules (the major glycemic carbohydrate) and food 106 

matrix related to the slow digestion property of starch 
17

. In the current article, a slow glucose 107 

bioavailability within a whole food context will be discussed from the viewpoint of digestion physiology 108 

involving both the hydrolytic enzymes and activities of the gastrointestinal tract upon contact with 109 

luminal nutrients. Due to the noted difficulty of producing SDC through food or carbohydrate structural 110 

changes and a scarcity of SDC in common foods, it is expected the information provided in the current 111 

article will facilitate the development of novel dietary strategies to achieve an optimum rate of in vivo 112 

glucose release and absorption, and possibly an extended and location-specific glucose deposition for 113 

improved health.  114 

1. Coordination of Carbohydrate Property and Enzyme Activity  115 

 Dietary carbohydrate digestion in the gastrointestinal tract involves multiple hydrolytic enzymes. 116 

The luminal salivary pancreatic α-amylases and the brush border glucogenic enzymes of maltase-117 

glucoamylase (MGAM)
18

 and sucrase-isomaltase (SI)  (Figure 1) 
19

 are the major enzymes for glucose 118 

liberation from glycemic carbohydrates. After starch or starch-derived product is released from the 119 

stomach, large starch molecules are first hydrolyzed by α-amylase to generate glucose-containing 120 

oligosaccharides or α-limit dextrins, which are then cleaved by the brush border enzymes into glucose 121 

Page 5 of 45 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



6 

 

for absorption (sucrose is hydrolyzed by sucrase to glucose and fructose) 
20

. α-Amylase is efficient in 122 

hydrolyzing large molecules as observed from a decreased apparent Km (more affinity to substrate) with 123 

increased glucose units in the substrates 
21

. Carbohydrate concentration also affects the molecular 124 

structures of α-amylase generated oligosaccharides or dextrins that are substrates for brush border 125 

glucogenic enzymes, indicating a coordination between the activity of α-amylase and small intestine α-126 

glucosidases 
22

. Increased starch digestion rate by MGAM and SI after α-amylase pretreatment
23

 also 127 

supports their coordination, and the important role played by α-amylase in carbohydrate digestion. 128 

However, the brush border enzymes of MGAM and SI are the ultimate players to fulfill the task of 129 

transforming glycemic carbohydrates into absorbable glucose, as well as fructose and galactose, 130 

depending on the carbohydrate sources. 131 

 Brush border enzymes of MGAM and SI are complementary to each other 
18

 during the digestion 132 

of α-limit dextrins, oligoglucans, and sucrose with different glycosidic linkages and patterns (Table 1).  133 

Both MGAM and SI display α-1,4 exo-glucosidic activity from the non-reducing ends of linear chains of 134 

the α-amylase degradation products to release glucose. The hydrolytic action on branched α-1,6 linkages 135 

shown by isomaltase activity of N-terminal SI (NtSI) is complementary to the hydrolytic activity on α-136 

1,4 linkages shown by both MGAM and SI with certain degree of substrate overlap, and the C-terminal 137 

SI (CtSI) also displays specific activity on α-1,2 linkage for sucrose digestion. For N-terminal MGAM 138 

(NtMGAM) and C-terminal MGAM (CtMGAM) with 40% sequence identity, their substrate 139 

specificities are different due to the latter having both higher maltase and glucoamylase activities
24

. 140 

Comparing the contribution of MGAM and SI to carbohydrate digestion, recent research shows that, at 141 

low oligomer concentrations, MGAM is ten times more active than SI, but at high concentrations, 142 

MGAM experiences substrate inhibition while SI is not affected 
25

. Maltotriose, maltotetrose, and 143 

maltopentose all display a fairly strong substrate ‘‘brake’’ effect on MGAM activity 
26

 through the 144 
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CtMGAM’s “glucoamylase”  subunit 
27

. This substrate ‘brake’ effect suggests that total digestion rate of 145 

carbohydrate by MGAM can be regulated, and carbohydrate with certain molecular structures might be 146 

used to modulate carbohydrate digestion to achieve desired rate of glucose release. The same group also 147 

showed that MGAM is crucial for carbohydrate digestion and postprandial glucose homeostasis in mice 148 

28
. The importance of MGAM and SI to carbohydrate digestion is further manifested by the disease of 149 

congenital sucrase-isomaltase deficiency 
29

 in which only the MGAM is present as the α-glucosidase. 150 

With the finding of the dominant role played by SI in mucosal maltase activity and early rate of starch 151 

digestion
30

, the loss of debranching activity of isomaltase of SI makes it difficult to produce linear 152 

maltooligosaccharides that can be rapidly digested by MGAM. The SI deficiency also causes the 153 

malabsorption of sucrose. Thus, the complementary roles played by SI and MGAM are essential to the 154 

complete conversion of carbohydrate to absorbable monosaccharides.        155 

 The brush border enzyme activity was also affected by the structure and property of the 156 

carbohydrate or oligomer substrate. An in vivo study (unpublished results) in our laboratory using a 157 

fabricated SDS sample of alginate-based starch-entrapped microsphere 
31

 in an animal model of mice 158 

showed that,  compared to the control of a rapidly digestible starch (RDS) sample, the glucose release 159 

and absorption from the SDS were suppressed and the activities of jejunal SI and MGAM were also 160 

decreased.  Consistent to this, resistant starch (RS) feeding to rats decreased the expression of MGAM at 161 

the transcription level through an epigenetically reduced acetylation of histone H3 and H4 on the 162 

MGAM gene 
32

. Similarly, a study using a mouse model showed that Miglitol, an  inhibitor of α-163 

glucosidase, reduced the enzyme activity of SI and MGAM (maltase) in the upper jejunum, but 164 

increased their activities in the lower jejunum and ileum 
33

. On the contrary, when feeding a high 165 

RDS/low fat diet, MGAM activity was significantly increased due to its high expression at the mRNA 166 

level with observed histone acetylation and binding of transcription factors of CREBP, CDX2 and 167 

Page 7 of 45 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



8 

 

HNF1 in the promoter/enhancer regions of the MGAM gene 
34

. In our laboratory, maltose promoted the 168 

post-translational glycosylation of SI of Caco-2 cells while isomaltose, sucrose and monosaccharide had 169 

no effect on SI maturation 
35

. These studies indicate a regulatory role of carbohydrate substrate on gene 170 

expression and activities of MGAM and SI, and suggest the existence of a sugar sensing mechanism.    171 

2. Glucose Release and Absorption 172 

 Glucose release from carbohydrate digestion and its absorption are important steps for the 173 

assimilation of carbohydrate. Although the activity of brush border enzymes and substrate property are 174 

coordinated to maximize glucogenesis, the absorption of glucose is an important step that affects 175 

glucose bioavailability.  The liberated glucose is largely absorbed by a Na
+
-K

+
 co-transporter (also 176 

called type 1 sodium-glucose-linked transporter (SGLT)) in the small intestine and then is diffused out 177 

from the basolateral side of the enterocyte through glucose transporter 2 (GLUT2).  Glucose release and 178 

absorption are coordinated processes as evidenced by the co-activation of SI 
36

 and SGLT-1 
37

in mice 179 

fed a high carbohydrate diet, as well as shifted peak of gene expression of SGLT-1 from the jejunum to 180 

ileum when a RS-containing diet was fed 
38

.  Similarly, fructose absorption (expression of glucose 181 

transporter 5 (GLUT5)) and SI activity (gene transcription) in the jejunum of the rat small intestine were 182 

significantly and positively correlated, which also supports  a coordination between carbohydrate 183 

digestion and absorption 
39

. 184 

 Glucose absorption is intimately associated with the activity and abundance of SGLT-1, which is 185 

another control point for glucose bioavailability modulation. SGLT-1 is known to be affected by several 186 

hormones. Peptide Y (PYY) increased the absorption of glucose in a mouse study 
40

, while leptin 187 

significantly decreased the abundance of SGLT-1 leading to a slow absorption of glucose in an ex vivo 188 

study using rat jejunal mucosa 
41

. Pyroglutaminated apelin-13 isoform, a peptide secreted from the 189 

proximal region of the small intestine upon stimulation by glucose, also promotes the absorption of 190 
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glucose in mice by increasing the GLUT2/SGLT-1 protein ratio in the brush border membrane 
42
, 191 

Patients after Roux-en-Y gastric bypass (RYGB)  surgery, which causes a exaggerated  release of 192 

incretin hormone of GLP-1
43

,  also showed increased expression of SGLT-1 and  increased glucose 193 

absorption 
44

. In a whole food matrix, other food components also affect the glucose absorption. Tea 194 

catechin, a bioactive phytochemical, reduced the rate of glucose absorption due to competitive inhibition 195 

of the activity of SGLT-1 in the brush border membrane vesicles observed from an animal model of 196 

rabbit 
45

. High carbohydrate diet, on the other hand, increased the abundance of SGLT-1 in weaning 197 

piglets when fed >50% digestible carbohydrate
46

. Guar gum, with its effect on viscosity  of luminal 198 

digesta lowered the rate of glucose absorption in a piglet study 
47

.  In a human study, decreased glucose 199 

absorption by adding guar gum (2%) was associated with improved satiety, which was not related to 200 

gastric emptying, but speculated to be mediated by glucose-stimulated secretion of satiety signals 
48

. A 201 

fermentable rhubarb fiber in a rat study also showed a slow absorption of glucose although the total 202 

uptake glucose was not affected 
49

.  These literature reports show the complexity of glucose absorption 203 

and suggest opportunities of modulating glucose uptake for desired profiles of glucose bioavailability.  204 

3. Glucose Release and Sugar Sensing  205 

 During the processes of carbohydrate digestion and absorption, the regulatory effect of 206 

carbohydrate on the expression and activity of pancreatic α-amylase 
50

,brush border enzymes of  207 

MGAM 
34

 and SI 
36, 51

, as well as SGLT-1
37

 in rat-based studies indicates there is a sugar sensing 208 

mechanism, especially glucose sensing. This is also indicative of glucose’s function as a signal molecule 209 

to regulate its digestion and absorption
52

. From what has been known so far, sugar sensing is a complex 210 

process that includes sugar transport, sugar metabolites, receptors on cell membranes, and secretion of 211 

gut hormones, as well as the vagal afferent nerves
53

. GLUT2, as a basolateral transporter for 212 

monosaccharide exiting the enterocytes and entering into the blood stream, is a sugar sensor that can 213 
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lead to a high expression of SI (at the mRNA level), which is termed as the GLUT2-dependent signaling 214 

pathway described in a mouse study 
54

. The glucose-induced GLP-1 secretion also needs the function of 215 

GLUT2
55

. Another major type of  sugar sensor is the sweet taste receptor of type 1 G-protein-coupled 216 

receptors (T1R) including members of T1R1, T1R2 and T1R3 that are coupled with G-protein gustducin 217 

56
. Sweet taste receptors have been demonstrated in the small intestine of various species. T1R3 and the 218 

G-protein gustducin (Gαgust) on the enteroendocrine cells of the gastrointestinal tract of mice can bind 219 

sucrose, artificial sweeteners (e.g., sucralose), and other sugars to stimulate glucose absorption by 220 

increasing the expression of SGLT-1 through the function of hormones including GIP and GLP-1 
57

. A 221 

later study also showed the existence of T1R3, T1R2 and G-protein gustducin in the enterocytes of rats 222 

that can sense sugar molecules and stimulate glucose absorption through apical GLUT2 
58

. In the 223 

enteroendocrine cells of piglet intestine, T1R2, T1R3, and gustducin have also been shown co-expressed 224 

in response to dietary carbohydrate or artificial sweetener, and T1R and gustducin were co-expressed 225 

with GIP and GLP-1 
59

. As for large carbohydrate molecules such as the maltodextrin Polycose™, 226 

behavior studies of rodents showed that starch taste (including starch-derived maltooligosaccharide) is 227 

distinct from sugar  (mainly sucrose) taste 
60

, and a recent study 
61

 in mice showed that T1R3, as a sugar 228 

receptor, is critical for sucrose sensing, but had no effect on Polycose™ sensing. Our recent study 
35

 in 229 

which only maltose treatment induced the maturation of SI in Caco2 cells (higher molecular band) 230 

indicates there might be a maltose sensing mechanism (Figure 2).  231 

 Sugar sensing is the basis for gastrointestinal activity modulation through the neurohormonal 232 

feedback mechanisms of the ileal brake and gut-brain axis. Liberated glucose from carbohydrate 233 

digestion stimulates the secretion of gut hormones through glucose sensing, and the gut hormones may 234 

directly or indirectly regulate gastrointestinal activity including digestion, nutrient absorption, gastric 235 

emptying and intestinal motility leading to certain health effects such as appetite control
62

 
63

. In addition 236 
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to gut hormones, the vagal nerve, enteric nervous system (ENS), and central nervous system (CNS) are 237 

also involved. Thus, the gastrointestinal tract, as a highly sophisticated system, is a link between nutrient 238 

status in the gut and health outcomes of satiety and energy balance, and nutrient sensing is the critical 239 

player in this linkage.  Luminal glucose, as an example, can influence food intake, gastrointestinal 240 

motility, and secretory function of the digestive system. A recent in vivo study in rats
64

 showed that 241 

glucose’s regulatory function is realized through the gut-brain pathway activated by glucose-stimulated 242 

secretion of gut hormones of GLP-1 and 5-hydroxytryptamine (5-HT) from enteroendocrine and 243 

enterochromaffin cells (EC), respectively.  Specifically, glucose sensing by SGLT-3 on the EC cells 244 

induced the release of 5-HT, and the binding of 5-HT to its receptors on vagal afferent endings 245 

transmitted the signal to the CNS to initiate changes in gastrointestinal functions.  Thus, glucose sensing 246 

is a good example of a neurohormonal feedback mechanism by activating  intrinsic and extrinsic 247 

neuronal pathways to exert its regulatory functions
65

. Hence, carbohydrate or glucose sensing is another 248 

potential target to modulate glucose bioavailability.   249 

4. Neural and Hormonal Signals in Gastrointestinal Tract  250 

 The gastrointestinal tract is a highly coordinated system for maximizing assimilation of nutrients 251 

from diets. Both the vagal nerve
66

 and gut hormones
63

 are important players in the distal- proximal 252 

feedback loop through gut-brain axis
67

 to coordinate gastrointestinal tract activity. The vagus nerve is 253 

one type of cranial nerve carrying a variety of neural signals for instinctive responses in the body. 254 

Concerning the digestive system, it is the communication route
67

 between the central nervous system 255 

(CNS) and the enteric nervous system (ENS) comprised of efferent neurons, afferent neurons, and inter-256 

neurons that are responsible for a proper function of the digestive tract (such as motility, enzyme 257 

secretion, and nutrient sensing). The vagal afferents can transmit the signals or stimuli (mechanical or 258 

chemical) sensed by the ENS to the CNS, and transfer neural signals from CNS to ENS to affect the 259 
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gastrointestinal activity. The regulatory functions of gut hormones, which are produced  in response to 260 

chemical and mechanical stimuli in the gut,  on gastrointestinal tract activity such as gastric emptying is 261 

mediated by the long vago-vagal reflexes triggered by the binding of gut hormones to their receptors on 262 

the vagal efferent neurons
67

.   Thus, in the distal-proximal feedback loop, both vagus nerve signaling 263 

and hormonal signaling are important to maximize the assimilation of nutrients and to maintain the 264 

proper function of the digestive system. An understanding of this neurohormonal feedback mechanism 265 

related to food intake is important to develop dietary approaches for glucose bioavailability modulation 266 

or energy intake control.  267 

 The gastrointestinal tract, as said before, is a highly coordinated system and the enteroendocrine 268 

cells such as the CCK-secretion I cell, the glucose-dependent insulinotropic peptide (GIP) secretion K 269 

cell, and the GLP-1 and PYY secretion L-cell are important components of the  gastrointestinal 270 

endocrine system
68

 that is important for chemosensing and gastrointestinal activity regulation. In order 271 

to have a better understanding of this system, the enteroendocrine cells need first to be evaluated 272 

regarding their distribution in the gut and anatomical structures. Enteroendocrine I and K cells and other 273 

sensing cells in the stomach are mainly located in the proximal region of the gut, and are always active 274 

during food intake. The L-cells, on the other hand, are mostly located in the distal region of the small 275 

intestine and colon, and rarely activated by common foods that are rapidly digested and absorbed in the 276 

proximal regions of the gut, indicating they are one of the most important players in the negative feed-277 

back loop. L-cells differ morphologically in ileum and colon (Figure 3), and for ileal L-cells, they have 278 

long extending basal processes with synapse-like terminal endings with a minimal contact to the gut 279 

lumen, and for the colonic counterpart, they adopt a spindle-like shape and maintain a substantial 280 

contact with the lumen and lamina propria suggesting a dual function of nutrient monitoring and 281 

hormone secretion based on a study using a transgenic mouse model 
69

.  The cytoplasmic granules 282 
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containing GLP-1 and PYY are confined to the base of the L-cells in both cases (Figure 3). Concerning 283 

the distribution and abundance of L-cells, there are significant variations among species
70

. In the pig and 284 

human, a large number of cells are positioned at the distal jejunum and ileum of the small intestine, and 285 

the cell numbers continuously increase from the proximal to the distal colon with highest numbers in the 286 

rectum. For rat, highest cell density was found in the ileum, while similar to the pig and human, cell 287 

density in colon increased from proximal to distal regions
70

.  Apparently, the location and distribution as 288 

well as the morphological properties of L-cells reflect their different functions in sensing slowly 289 

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

4.1. Gut hormones involved in feedback 291 

4.1.1 Cholecystokinin( CCK)  292 

         CCK is a major gut hormone released from  endocrine I cells concentrated in the proximal region of 293 

duodenal and jejunal mucosa in  the small intestine
71

.  CCK is also produced by various neurons in the 294 

gastrointestinal tract and central nervous system 
72

 as a neurotransmitter with a variety of functions. 295 

There are multiple molecular forms of CCK resulting from posttranslational processing, such as CCK-296 

58, CCK-33, and CCK-8. Two types of CCK receptors (CCKA and CCKB) have been discovered to 297 

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

important player in the negative feedback loop in the gastrointestinal tract to maximize the assimilation 299 

of food nutrients. 300 

 The secretion of CCK in the small intestine is intimately associated with the food components 301 

during the intestinal phase of the postprandial state. An early rat study using duodenal perfusion of food 302 

found that unhydrolyzed protein and free fatty acid (acyl chain length should be over 12 carbons) are 303 

potent stimulators of CCK secretion while glucose, casein hydrolysate, and intact fat had little effect 
73

.  304 

A human study also showed that the chain length of the fatty acid needs to be over 12 to stimulate the 305 
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secretion of CCK 
74

.  There also exists a high degree of selectivity on the structure of free fatty acids for 306 

CCK secretion 
75

, and conjugated linoleic acids are the most potent CCK secretagogues when tested 307 

using the CCK-secretion STC-1 cells
76

. The potent stimulation effect of protein and amino acids on the 308 

secretion of CCK have also been shown in the human while glucose only caused a small but significant 309 

elevation of CCK 
77

. Although dietary nutrients are the prerequisite  for CCK release, a nutrient sensing 310 

mechanism through receptors of lipid 
78

, and protein 
79

 is also required for its release through receptor-311 

coupled Ca
2+

 signaling. 312 

 CCK in the duodenum plays an important role in coordinating food digestion and nutrient 313 

absorption through controlling the motility of the gastrointestinal tract and enzyme secretion. CCK 314 

stimulates gallbladder contraction and pancreatic enzyme secretion 
80

, as well as the intestinal motor 315 

activity that is important for gastric emptying.  These functions make CCK an important hormonal 316 

signal related to food intake and satiety 
81

. Further study using a rat model showed that low dose of CCK 317 

directly activates the vagal afferent fibers providing a negative feedback signal to the brain leading to a 318 

food intake inhibition 
82

, and a high dose of CCK might indirectly interact with a localized CCKA 319 

receptor in the circular muscle and pyloric sphincter leading to pyloric contraction and a slow gastric 320 

emptying in rat 
83

. The presence of a positive leptin-CCK feedback loop in which “leptin and CCK may 321 

potentiate their own effects by cross-stimulating their secretion” observed in rats by duodenal infusion 322 

of leptin also supports the hormonal action of CCK on satiety
84

.  Human studies further confirm CCK’s 323 

function in delaying gastric emptying
85

 and pancreatic secretion
86

 324 

 Although CCK is an important gut hormone, limited information on the effect of carbohydrate 325 

on CCK secretion is available 
87

. No relationship was found between glucose release rate and the 326 

postprandial level of CCK when a barley meal was used as the diet 
88

.  However, duodenal glucose loads 327 

(perfused at 2 or 4 kcal/min, but not 1 kcal/min) affected the secretion of CCK in a human study
89

, 328 
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indicating that both the quantity and sustained time might be important in stimulating CCK secretion by 329 

glucose. Additionally, a human glucose perfusing study showed  CCK reduced the postprandial 330 

hyperglycemia through delaying gastric emptying 
90

. CCK are also involved in insulin secretion and 331 

glucose tolerance in mice fed with a high fat diet 
91

. The anti-diabetogenic action of CCK-8
92

 as well as 332 

the insulinotropic effect of CCK-8 mediated through Ca
2+

-independent phospholipase A2 signaling 333 

pathway 
93

 also indicate important function of CCK in glucose homeostasis. 334 

4.1.2. Glucagon-like peptide-1 (GLP-1)  335 

 The distal distribution of L-cells in the small intestine suggests the importance of the associated 336 

gut hormones of GLP-1 and PYY as the final guard for nutrient assimilation.  Endogenous GLP-1 has a 337 

very short half-life of less than 2 min due to its rapid degradation by the enzyme of dipeptidyl peptidase-338 

4 (DPP-4). The known functions
94

 of GLP-1 including glucose-dependent insulin secretion, reducing 339 

glucagon secretion, and improvement of insulin sensitivity (pancreas), make GLP-1 a good candidate for 340 

diabetes treatment and glucose homeostasis maintenance 
95

.  GLP-1 also inhibits gastric emptying and 341 

increases satiety through the gut-brain axis, which is beneficial to food intake control and obesity 342 

prevention. Pharmacologically, GLP-1 receptor agonists (RAs) have been produced to mimic the 343 

function of GLP-1, but the long-lasting action of RAs could cause tachyphylaxis and a loss of certain 344 

function of  GLP-1. Thus, the pattern of RA application needs to be test for different RAs for desired 345 

outcomes
96

.  346 

 GLP-1 secretion (Figure 4) is potently stimulated by the nutrients of glucose, fatty acids, 347 

essential amino acids, and other endocrine hormones, as well as neurotransmitters via receptor-coupled 348 

signaling pathways 
97

.  The secretion of GLP-1 generally shows a biphasic pattern after meal ingestion:  349 

the early phase (10-15 min) is mediated by the vagus nerve and neurotransmitters such as gastrin-350 

releasing peptide (GRP) and acetylcholine, and a second phase (30-60 min) is likely via direct contact 351 
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with the L-cells as observed in rats 
98

.  For unsaturated free fatty acids studied in vivo and in vitro, 352 

GPR120, a G-protein-coupled receptor was required for GLP-1 secretion 
99

. Glucose-induced GLP-1 353 

secretion is associated with ATP-sensitive KATP channel closure via the SGLT-1 transporter upon 354 

electrogenic sugar entry observed in a L-cell model of GLUTag cells 
100

, and the α-gustducin-coupled  355 

sweet taste receptor as observed in  human L-cell line NCI-H716 and a transgenic mouse model 
101, 102

. 356 

As studied in the rat small intestine, GLUT2 also plays an important role in glucose-induced secretion of 357 

GLP-1 and other gut peptide by affecting membrane depolarization through closure of KATP channels
103

. 358 

Fermentable dietary fiber stimulated the secretion of GLP-1 in the distal region of the intestinal tract and 359 

proximal colon of healthy dogs 
104

 through receptors of FFAR2 (GPR43) and FFAR3 (GPR41) for short 360 

chain fatty acids (SCFAs).  361 

 In addition to nutrient-stimulated GLP-1 secretion, other endocrine hormones and neural factors 362 

also induce the secretion of GLP-1.  GLP-1 secretion is activated by leptin, and high fat induced obese 363 

mice are associated with leptin resistance with a decreased level of GLP-1
105

. A study using L-cell 364 

models of murine GLUTag, human NCI-H716, and fetal rat intestinal cells as well as MKR mice with a 365 

chronic hyperinsulinemia showed that insulin also promotes the secretion of GLP-1 through activating 366 

the phosphatidylinositol 3 kinase-Akt and MAPK kinase (MEK)-ERK1/2 pathways, and insulin 367 

resistance leads to a decreased secretion of GLP-1 
106

.  Glucose insulinotropic peptide (GIP), produced 368 

by K-cells in the proximal region of small intestine, also stimulates glucose-independent GLP-1 369 

secretion in the ileum observed from canine L-cells 
107

. This proximal-distal regulation is mediated by a 370 

neuro-endocrine loop involving the enteric nervous system and vagus nerve as studied in an in situ 371 

model of the rat gastrointestinal system 
108

 since  infusion of a gastrin-releasing peptide (GRP), a 372 

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

phospholipase C and protein kinase C triggering Ca
2+

 release in the distal region of rat intestinal tract 
109

. 374 
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GRP is distributed in both the gastrointestinal tract and brain, especially the hypothalamic feeding 375 

center, and GRP is likely a bridge between the gastrointestinal tract and brain to modulate food intake 376 

110
. 377 

 The main functions of GLP-1 (i.e., glucose-dependent insulin secretion, expansion of β-cell 378 

mass, peripheral glucose disposal, gastric emptying inhibition) are related to glucose homeostasis. GLP-379 

1 is a vital incretin hormone specializing in regulating carbohydrate metabolism and glucose 380 

homeostasis, and impaired GLP-1 secretion is found in type 2 diabetics 
111

. GLP-1 also exerts an 381 

important function of modulating energy intake, promoting satiety, and regulating fat metabolism in the 382 

central nervous system 
112

. A decreased food intake and antidiabetic effect by inulin and oligofructose in 383 

rats were related to increased secretion of GLP-1 
113

.  The satiety promotion effect on rats fed with a 384 

high fat diet was also related to oligofructose fermentation and increased secretion of GLP-1 in the 385 

proximal colon 
114

. GLP-1’s inhibition on food intake provides a theoretic basis for body weight control 386 

mediated by a cooperatively organized peripheral and central GLP-1 sensing  pathways 
115

. Another 387 

study 
116

 in human on raw corn starch (a type of SDS) showed significant increase in GLP-1 and GIP 388 

secretion compared with the rapidly available glucose; GIP secreted within 15-30 min was correlated 389 

with postprandial glycemia while GLP-1 increased significantly from 180-300 min after consumption 390 

the SDS indicating a distal secretion pattern.   Certainly, the importance of GLP-1 to carbohydrate and 391 

energy metabolism not only supports the critical role of glucose to life, but also shows promises for 392 

preventing or treating chronic diseases related to impaired energy and glucose metabolism.   393 

4.1.3 Peptide tyrosine tyrosine (PYY) 394 

 PYY is also called peptide Y, PYY 3-36 and PYY 1-36 are two main endogenous forms of PYY, 395 

and PYY3-36 , as the predominant form in circulation, is produced from the cleavage of PYY1-36 by 396 

dipeptidyl peptidase IV (DPP IV) after secretion from endocrine L-cells. PYY is mainly produced in the 397 
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ileum and colon, but PYY is also found in the central nervous system of the hypothalamus, pons, 398 

medulla and spinal cord and enteric nervous system
117

 and thus is considered a neuropeptide. 399 

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

intake 
118

. As PYY and GLP-1 are co-synthesized in distal L-cells, PYY is also a gut hormone like GLP-401 

1 secreted in a biphasic fashion after a meal, and proximal signals such as GIP  and neurotransmitters 
119

 402 

can also indirectly simulate its distal secretion 
120

.      403 

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

different mechanisms.  Perfusion to the isolated rat ileum showed that glucose (250 mM) and peptone 405 

(5%) produced a pronounced and sustained release of both GLP-1 and PYY, while an early and transient 406 

release was shown for short chain fatty acids (20 mM) while intact cellulose or pectin did not show any 407 

effect 
121

. Regarding the effect of lipid on PYY secretion, ileal fat infusion in human subjects did not 408 

show any effect on PYY secretion indicating lipid digestion  is required for PYY secretion 
122

, and the 409 

fat hydrolysis products of free fatty acids in proximal small intestine can invoke release of CCK, and 410 

CCK, mediated by its receptor, can then stimulate the secretion of PYY 
123

 through an atropine-411 

sensitive, cholinergic pathway
124

. Glucose-stimulated PYY secretion was shown to involve the sweet 412 

taste receptor, which is similar to secretion of GLP-1 in a human study 
125

. Capability of amino acids to 413 

induce PYY secretion is not consistent in studies and also showed difference among species as well as 414 

different potencies in the colon and ileum  
126

.  415 

 PYY can be secreted by both ileal and colonic L-cells, but the dietary triggering mechanisms are 416 

different, which indicates the existence of regional difference of PYY secretion. The elevation of PYY 417 

in the colon after ingestion of resistant starch shown in  rodent animal model was related to SCFA 418 

produced from its fermentation 
127

 , but SCFA in the ileum did not induce PYY secretion  observed from 419 

an in vitro study using intestine tissue from pig 
128

 and rat
129

. Thus, the regional difference is another 420 
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aspect that has been investigated systematically in a rat study involving different nutrients
129

. Using 421 

oleic acid perfusion, the order of potency was:  the colon < ileum < duodenum; glucose was effective in 422 

releasing PYY in the ileum and colon, but not the duodenum; and amino acids and SCFAs were only 423 

effective in the colon. L-cells in the ileum, with limited  contact with the gut lumen, seems only respond 424 

to a few luminal stimuli [such as oleic and bile acid] through hormonal (such as CCK, GIP)  and neural 425 

pathways for PYY secretion 
130

. In contrast, the endocrine L cells in the colon can respond to a broad 426 

range of luminal stimuli as these L-cells have large area of direct contact to gut lumen 
126

, which reflects 427 

the relationship between anatomic structure of L-cells and their functions in ileum and colon. 428 

 The physiological function of PYY is mediated through its G-protein-coupled receptors 429 

including Y1, Y2, Y4 and Y5 subtypes in humans. PYY1-36 show high affinity to all receptors, while 430 

only PYY3-36 shows high specificity to receptor Y2 that was considered as the major functional receptor 431 

mediating many processes. These receptors are distributed  in a wide range of tissues and organs: PYY 432 

preferring binding sites in the crypt cells in the small intestine
131

,  epithelial and nonepithelial tissue of 433 

the small or large intestine 
132

, human gastrointestinal tract muscle cells 
133

 , differential and discrete 434 

distribution in the central nervous system 
134

, pancreas for secretion inhibition 
135

, human fat cells 
136

 for 435 

anti-lipolytic effects, the kidney for renal vasoconstriction and sodium execration 
137

, and ventricular 436 

arteries of heart 
138

.  This wide range distribution of PYY receptor is associated with multiple functions 437 

of PYY.   438 

 The impact of PYY on gastrointestinal tract activity (secretion, gastric emptying) is mediated by 439 

its receptor Y2. The function of inhibiting small intestinal secretion is mediated by the peripheral 440 

receptor Y2 located in crypt cells to decrease cAMP production and increase intracellular Ca
2+

 
139

. In 441 

dogs, pancreatic secretion inhibition was also shown to be mediated by PYY3-36 preferring subtype Y2 442 

140
. In smooth muscle cells, the Y2 receptor can activate G-protein Gq and stimulate IPs formation to 443 
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induce IP3-depemdent Ca
2+

 release and muscle contraction 
141

 that is related to gastrointestinal transit 444 

time and gastric emptying. A similar study showed that the Y2 receptor present in the dorsal vagal 445 

complex (DVC) is responsible for slow gastric emptying through vagal reflex control circuits (vagus 446 

nerve), while Y1 receptor (binding with NPY) promotes gastric emptying 
142

 . The motility of the colon 447 

is also affected by PYY through the Y2 receptor as it was reported that PYY injected intraperitoneally 448 

into mice inhibited fecal pellet output by ~90%, and higherY2 mRNA expression observed in the colon 449 

mucosa also suggested a Y2-mediated effect on propulsive colonic motor function by PYY3-36 
143

. 450 

Consistently, the Y2 agonist PYY3-36 was shown to inhibit diarrhea by reducing intestinal fluid secretion 451 

and slowing colonic transit in mice 
144

. Although CCK can mediate the distal release of PYY , PYY, on 452 

the other hand, inhibits the CCK-8 stimulated contraction of ileal muscle and gallbladder smooth muscle 453 

by inhibiting the release of acetylcholine from cholinergic nerve terminals  
145

.  454 

 Additional to the regulatory functions on the activity of the gastrointestinal tract, the function of 455 

decreasing appetite and promoting weight loss through Y2 has been extensively investigated with its 456 

potential to decrease food intake and obesity. Food intake is controlled by a key brain area of 457 

hypothalamus including the melanocortin and NPY system in the arcuate nucleus, and is regulated 458 

through access to peripheral nutrients and hormones. Food intake and appetite in both rodent and human 459 

were inhibited by either peripheral administration or direct intra-arcuate administration of PYY3-36 at a 460 

level matching the postprandial stage 
146, 147

, and indicated PYY’s function in appetite control without 461 

changes in gastric emptying, plasma levels of insulin and leptin. Another study in 2006 
148

 was the first 462 

report demonstrating that reduced food intake by PYY administration can be sustained over an extended 463 

time period by utilizing a chronic dosage pattern of one-hour intravenous infusions of PYY3-36 every 464 

other hour for 10 days. Later on, the same group 
149

 studied the effect of  PYY on obese rats using an 465 

intermittent delivery paradigm (two 3-h ip infusions during the dark phase) of varying doses of PYY3-36 466 
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for a period of 21 days. They also found a sustained food intake reduction and decreased fat deposition 467 

in high fat diet induced obese rats.  As there exists compensatory hyperphagia and receptor 468 

tachyphylaxis for sustained elevation of PYY, the experimental paradigm is likely of great importance 469 

for a sustained result 
150

. Since peripheral administration of PYY3-36  increased c-Fos immunoreactivity 470 

and reduced the expression of hypothalamic NPY through a Y2 mediated signaling pathway, a Y2-471 

dependent gut-hypothalamus pathway is likely the mechanism for PYY3-36’s function of decreasing food 472 

intake. The experimental result of Y2 null mice also proves the importance of the Y2 receptor for PYY3-473 

36’s action on food intake and appetite control 
146, 147

. Beyond inhibition of food intake, PYY3-36 also alter 474 

substrate partitioning favoring fat oxidation and energy expenditure 
151

.   475 

4.2  Ileal brake and gastric emptying  476 

 The coordination of the gastrointestinal tract in food digestion and nutrient absorption requires a 477 

balance of different processes. The ileal brake is a term describing a specific status of gastrointestinal 478 

activity (such as slow contraction, secretion inhibition) resulting from undigested nutrients reaching the 479 

ileum under normal physiological situations, and it is defined as “the primary inhibitory feedback 480 

mechanism to control transit of a meal through the gastrointestinal tract in order to optimize nutrient 481 

digestion and absorption” 
152

. The ileal brake generates a distal to proximal feedback loop that inhibits 482 

upper gut motility including gastric emptying and intestinal transit (propagative to non-propagative 483 

motility), which could lead to a suppression of short-term food intake. Actually, ileal brake is just one 484 

type brake mechanism in the gastrointestinal tract in response to unabsorbed nutrients. Other types of 485 

brakes are also present such as the jejunal brake 
153

, duodenal brake 
154

, and PYY-mediated colonic 486 

brake 
155, 156

. Thus, the ileal brake represents the negative feedback system in the digestive system to 487 

tune the assimilation of nutrients.   488 
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 Gastric emptying refers to the transferring of a bolus of food from the stomach to the small 489 

intestine for digestion, and the rate of this transmission is the first control point for nutrient assimilation. 490 

The gut hormone CCK, secreted right after gastric emptying is used to coordinate food digestion, and it 491 

also acts as a feedback signal to regulate gastric emptying rate 
85

. An observed slow glucose absorption 492 

by guar gum, due to a reverse relationship between glycemic response and satiety and CCK 
157

, indicates 493 

that a short-term satiety is likely associated with CCK.  494 

        Nutrient sensing in the distal gastrointestinal tract can stimulate the secretion of PYY and GLP-495 

1 that can activate the neurohormonal pathway 
158

 to result in the ileal brake that has been shown to be 496 

beneficial to the control of food intake and appetite
159

. This is consistent with the physiological effect of 497 

these hormones as described above. Secretion of GLP-1 from the L-cells is almost equally sensitive to 498 

carbohydrate and fat exposure in the ileum 
160

. For PYY, fatty acids are the most potent stimulator for its 499 

secretion compared to protein and carbohydrate. Fermentable fiber, from which SCFAs are produced, is 500 

an important nutrient that regulates the gastrointestinal motility and slows gastric emptying 
161

 through 501 

its ability of promoting the secretion of PYY and GLP-1
162

. In our study on the gastric emptying of 502 

starch-entrapped alginate-based microbeads, which have been shown to be a good example of slowly 503 

digestible starch
163

, showed an increase of starch content in the rat stomach at 2 h after gavage (Figure 5, 504 

unpublished data), and this result appeared to be related to the ileal brake mechanism. This ileal brake 505 

might also be related to a decreased food intake and the down-regulated expression of NPY after 8-week 506 

feeding on the microbeads (data not shown), which is consistent with literature studies regarding the 507 

ileal brake and appetite control 
164

.    508 

5. Locality of Nutrient Deposition   509 

 Gut hormones are the critical player to modulate the activity of the gastrointestinal tract. Gastric 510 

emptying delay through gut hormone-mediated ileal brake and the coordination between carbohydrate 511 
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substrate and enzyme activities are both for the purpose of maximal assimilation of food nutrients by 512 

matching the absorption capacity of the body. Since the distribution of enteroendocrine cells along the 513 

gastrointestinal tract are location-specific, there might require different nutrient stimuli at different 514 

locations in the gastrointestinal tract to stimulate specific gut hormone secretion. This is what we refer to 515 

as the locality of nutrient deposition representing an opportunity to design foods which meet location-516 

specific requirements for nutrient exposure by endocrine cells. Here, we focus especially on the GLP-1 517 

and PYY-secreting L-cells that are predominantly located at the distal region of the gastrointestinal tract.  518 

However, the fact that most of the food materials are digested and absorbed in the proximal region of the 519 

gastrointestinal tract indicates there needs to be food components with target-specific deposition in the 520 

gastrointestinal tract to activate the feedback regulation machinery to slow the nutrient or glucose 521 

bioavailability for improved health. Additionally, the length of time period of nutrient exposure is also 522 

of great importance as shown from the study 
165

 that a length of small intestine segment with 60 cm is 523 

required to elicit glucose-stimulated secretion of GLP-1. The load of nutrient exposure might be another 524 

factor that needs to be considered as shown from a human study that variations in duodenal glucose 525 

loads differentially affect the  secretion of CCK,GLP-1, and GIP 
89

, and health related parameters of 526 

blood glucose and energy intake.  527 

 How to make food products with properties of target deposition location and quantity in the 528 

gastrointestinal tract is a great challenge to both academic research and food industry. Although slowly 529 

digestible starch (SDS) or low-GI food is assumed to provide a prolonged and slow release of glucose, 530 

there is no information on the concentration of glucose and its absorption location during the process of 531 

digestion. A recent study in pigs on SDS (raw normal corn starch) showed that the starch was 532 

completely digested before reaching the middle of the small intestine 
166

. So, at least with this SDS 533 

material, it is not likely possible to induce a high level production of GLP-1 as the L-cells are mainly 534 
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located in the ileum. Therefore, a combination of different food ingredients such as proteins, fat with 535 

specific composition of fatty acids, resistant starch or fermentable dietary fiber, and other hormonal 536 

stimuli might be needed to trigger the release of these gut hormones so that the function of the ileal 537 

brake and gut-brain axis can be activated for improved health. Apparently, the food form and 538 

composition are the most important part to achieve a location-specific deposition of nutrients in the 539 

gastrointestinal tract.  540 

Conclusion: Slow Carbohydrate Bioavailability – Physiological Perspective in a Context of Whole 541 

Food 542 

 Gut hormone induced ileal brake can cause delayed gastric emptying, and delayed gastric 543 

emptying would lead to decreased accessibility and availability of nutrients to digestive enzymes. The 544 

concomitant pancreatic secretion inhibition also decreases the concentration of digestion enzymes. For 545 

available carbohydrates, the net result is a slow carbohydrate bioavailability generated through a 546 

physiological way. For this to happen, though, an ileal brake inducer should be there either before or at 547 

the time of diet consumption. 548 

 Since the ileal brake is mediated by the hormones CCK, GLP-1 and PYY, direct administration 549 

of hormones or a hormonal agonist will cause ileal brake. But ileal exposure of a nutritional inducer 550 

would though be preferred and should be a natural choice to slow carbohydrate bioavailability. Indeed, a 551 

preload of whey protein, which is an inducer of GLP-1 secretion, showed significant improvement of 552 

postprandial glycemic response with high level of GLP-1 and significant delayed gastric emptying when 553 

a rapidly digestible carbohydrate meal (mash potato) was ingested later 
167

 . Similarly, a pre-loading of 554 

olive oil (30 min before eating ) (Figure 6) also significantly increased the level of GLP-1, flattened 555 

postprandial blood glucose and decreased gastric emptying with highest carbohydrate retention in the 556 

distal stomach 
168

. Obviously, proteins are not all equal to stimulate the secretion of gut hormones 557 
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evidenced by the fact that casein is much less effective in stimulating CCK and GLP-1 release and the 558 

resulted satiating effect 
169

. Unsaturated fat is more effective than saturated fat in stimulating secretion 559 

of gut hormone GLP-1 
170

. Monounsaturated fat also improved glucose tolerance with its ability to 560 

induce GLP-1 secretion 
171

. The effect of fiber on glucose homeostasis with increased production of 561 

GLP-1 is also well known, and certainly, it can also act as GLP-1 inducer to be ingested
172

. Food-562 

sourced inhibitors of SGLT-1, which leads to a high concentration of glucose in the gut lumen, might 563 

also be used to induce the secretion of GLP-1 evidenced by a high level of serum GLP-1 in SGLT-1 564 

knockout mice or treated by SGLT-1 inhibitor of LX4211
173

. Thus, when a GLP-1 inducer is preloaded, 565 

available carbohydrates, including even rapidly digestible carbohydrates in the diet will naturally 566 

become slowly available carbohydrate. Slowly digestible carbohydrate itself, if such materials can be 567 

identified and verified to provide ileal location digestion, is also potentially a good dietary ingredient for 568 

accentuating the ileal break. Thus, if a structure-based SDC material that has a property of targeted 569 

ileum deposition is consumed as the carbohydrate component, the effect of slow digestion might become 570 

more significant by adding the amplifying effect of delayed gastric emptying.  571 

 The production of GLP-1 and PYY not only mediates ileal brake, but also improves other 572 

physiological processes that may have a wide range of health-related physiological functions. These can 573 

be well illustrated by the effects of gastric bypass surgery, such as improvement of glucose tolerance for 574 

diabetics and increased insulin sensitivity due to changes of gastrointestinal tract activity with a high 575 

secretion of GLP-1 and PYY 
174

 and less production of  ghrelin  
175

. Dietary approaches with a location-576 

specific deposition of specific macronutrients with enough quantity 
176

 to activate the neurohormonal 577 

feedback mechanisms might be the way to achieve not only a slow carbohydrate bioavailability but also  578 

similar outcomes of gastric bypass surgery  for improved health.   579 

 580 
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 601 

 602 

Table 1. Variable sensitivities of mucosal enzymes on carbohydrate substrates with different glycosidic 603 

linkages, and more + indicates high sensitivity.  604 

 
Linkages with glucose + glucose 

Linkages with glucose 

+ fructose 

 Trehalose 

(α-1,1) 

Kojibiose 

(α-1,2) 

Nigerose 

(α-1,3) 

Maltose 

(α-1,4) 

Isomaltose 

(α-1,6) 

Sucrose  

(α-1,2) 

Palatinose 

(α-1,6) 

C-MGAM - ++ ++ ++++ + * * 

N-MGAM - + + +++ + - * 

C-SI - ++ ++ +++ + ** * 

N-SI - ++ ++ +++ +++ - *** 

       Note: - : no activity 605 

  606 
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 1061 

Figure 1. Digram of brush border enzymes of MGAM and SI. Nt: N-terminal, Ct: C-terminal.177
 1062 

(Permission granted by thepulisherr).  1063 
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Figure 2. The concentration of liberated glucose along the treatment time with maltose (A), and Western 1086 

blot of sucrase isomaltase (SI) enzymes under different sugars after 12 hours treatment. Only 1087 

maltose showed a band with a higher molecular weight, which is likely the active form of SI that 1088 

can digest maltose.  1089 
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 1098 
Figure 3. The anatomy of L-cell in the ileum and colon of rats

69
. (permittion was granted by the publisher) 1099 
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 1104 
Figure 4. Digram of GLP-1 secretion from L-cells stimulated by nutrients, endocrin hormones and 1105 

neurotransmetters through receptor-coupled signling pathways to produce cAMP, Ca
2+

 release 1106 

and membrane depolarmizaiton trggering GLP-1 release. (derived from Reimann etal (2006) 
178

) 1107 

  1108 
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 1109 

 1110 

 1111 

 1112 

 1113 

 1114 

                    1115 

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

(right) after oral gavaging for 2 hrs. 0.5%, 1%, and 1.5% represent alginate concentration when making 1117 

the alginate-trapped starch beads.  1118 
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 1120 

 1121 

Figure 6. The concentration of blood glucose (A), insulin (B), GIP (C), and GLP-1 after ingestion of a 1122 

mashed potato meal when either 30 ml olive oil was consumed before the meal (30 min), water or water 1123 

&oil 168 (permission granted by the publisher).  1124 
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feedback activated by location-specific nutrient deposition 1141 

 1142 

 1143 

 1144 

 1145 

 1146 

 1147 

 1148 

 1149 

 1150 

Page 44 of 45Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



  

 

 

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

 
165x108mm (120 x 120 DPI)  

 
 

Page 45 of 45 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t


