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Abstract

Glucose is the main source of energy in the body and small intestine is where
the most of the absorption and digestion of food nutrient take place. Transport
of nutrients and specially glucose via the small intestine cell can activate the
signaling pathways and feedback mechanisms that regulate effects over a range
of time and length scales (e.g. expression of glucose transporter proteins, insulin
secretion, appetite regulation, and growth). The main aim of this thesis is to
build a computational model of glucose uptake through the small intestine cell
in order to improve our understanding of the complex mechanism. The inte-
grated model is implemented in OpenCOR which is an open source modeling
environment by using CellML language which is for representing the biological
and mathematical model. We used some of the existing models in the phys-
iome model repository in order to build and expand our composite model. Our
model consist all the transporters involved in glucose and electrolyte transports.

We first developed a model of glucose uptake under iso-osmotic condition
which was validated with some experimental results. It has been always a
controversy around the existence of glucose transporter (GLUT2) in the api-
cal membrane of the intestinal cell. The model showed the existence of apical
GLUT2 in the cell membrane and necessity of having that in glucose uptake
through the small intestine cell in order to explain the experimental data. The
model was then expanded by adding water transporters to the model in order
to make a model more realistic and also study of the effect of apical GLUT2 in
cell volume regulation. The model was validated against some intestinal loop
data and it revealed that having apical GLUT2 can decrease the cell volume
changes in face of high glucose in the intestinal lumen. All of the transporters
has an individual mechanistic model which can be used separately in another
model. Finally we developed the model of apical GLUT2 translocation and
how this process is controlled. This model helps us to understand the complex
mechanism of GLUT2 translocation in the apical membrane and how it affects
the glucose absorption.
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The model is implemented under modular approach in open access environ-
ment, which makes it easier to expand, reuse and modify in the future. The
model provides more insight to glucose uptake process by small intestine and
gives scientists the ability to predict some of the parameters that are difficult
to measure experimentally and also to study the role of each transporters in
controlling of some diseases.
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1

Chapter 1

Motivation and Outline

Uptake, transport and metabolism of nutrients across the cell in the small in-
testine can activate signaling pathways and feedback mechanisms that regulate
effects over a range of time and length scales (e.g. expression of glucose trans-
porter proteins, insulin secretion, appetite regulation, and growth). A mathe-
matical model is an explanation of a system by using mathematical language
and approaches. The process of developing a mathematical model is called
mathematical modeling which can be used in any areas, commonly in science
and engineering. Mathematical modeling provides the possibility of exploring
the effect of different components, and tracking the system’s behavior under
different conditions. Mathematical modeling of nutrient uptake can improve
understanding of the complex feedback mechanisms and how they are disrupted
in disease. The following thesis discusses the computational modeling of glucose
transport in the epithelial cell of small intestine considering different scenarios
and conditions.

1.1 Thesis Motivation

The main goal of the current research was to obtain a better understanding
of the glucose uptake mechanism by developing a computational model that
explains glucose absorption from small intestine lumen to cell and then from cell
to blood. The model allows one to examine variables that are very difficult to
measure experimentally, such as the concentration of nutrients in the intestinal
lumen or in the blood capillaries around the intestine, and then ultimately to
look at how that links to hormone regulation, signaling pathways, and other
involved processes. On the other hand there is no clear current explanation
of the glucose uptake mechanism in the small intestine and there has been
controversy in the last few decades on the presence or absence of apical GLUT2
and its role in glucose absorption. The lack of an existing model that can
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interpret all the experimental data is also one of the main motivations of this
study.

Here we generated a validated computational model of glucose uptake in
CellML in the simulation environment OpenCOR, which is an independent
and open source platform. Our model has been built in a modular format,
which means separate models for each transporter were combined to create the
complete model. The modularity feature of the model allows other scientists
to extract any part of the model to reuse in other mechanisms. The model can
also be combined easily with other CellMl models in order to expand the model
and build a more complex pathway of glucose transportation through different
organs.

1.2 Thesis Objectives

The specific objectives of this research are as follows:

Objective 1. To generate an integrated model of glucose transport from in-
testinal lumen to the epithelial cell including a mechanistic model for each
transporter. The contribution of different glucose pathways in glucose
absorption was studied in this model which was built under iso-osmotic
condition and demonstrates glucose and other ions’ concentration changes
inside the cell.

Objective 2. To improve the model by adding the water transporter and
studying the effect of apical GLUT2 in the water transportation and vol-
ume of the cell.

Objective 3. To develop a model of glucose sensing by the intestinal epithe-
lium that leads to GLUT2 translocation into apical membrane.

Objective 4. Focusing on glucose sensing and absorption developing a mod-
ular means of building on existing works which makes it easy to expand
and share and facilitates open implementation.

1.3 Thesis Outline

Chapter 2 Provides background on the anatomy and physiology of small in-
testine and epithelial cells, the process of absorption and the involved
transporters, along with an introduction to OpenCOR and CellML.
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Chapter 3 Explains the cell model construction including all the flux and
current equations for each ion through specific ion channels along with all
implementation details.

Chapter 4 A mechanistic model of glucose and ion transport under iso-osmotic
condition. This is validated against literature data. The contribution of
SGLT1 and GLUT2 is quantified.

Chapter 5 Adds water transport to the model described in chapter 4 to permit
analysis of physiological conditions. Additionally, this chapter analyses
the effect of GLUT2 on cell volume regulation.

Chapter 6 Describes glucose sensing and translocation by PKC activation and
introduces the involved pathways: sweet taste receptors and the Ltype

calcium channel.

Chapter 7 Presents a summary of all outcomes of the thesis including the
conclusions of this research and suggestions for future work.
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• Afshar, N., Safaei, S., Nickerson, D. P., Hunter, P., & Suresh, V. (2019).
Computational Modeling of Glucose Uptake in the Enterocyte. Frontiers
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Manuscripts in Preparation

• Afshar, N., Safaei, S., Nickerson, D. P., Hunter, P., & Suresh, V. Computa-
tional Modelling of Non-Isotonic Glucose Uptake in the Enterocyte.

• Afshar, N., Safaei, S., Nickerson, D. P., Hunter, P., & Suresh, V. Transloca-
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for cell transporters.
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Chapter 2

Introduction

2.1 Anatomy of Small Intestine

The small intestine is a tubular organ in the gastrointestinal tract of humans
and monogastric animals where most nutrient absorption occurs. Small in-
testine follows stomach and is followed by large intestine, and from there the
unabsorbed foods leave the body through the anus (Figure 2.1). The length of
small intestine in an infant is about 200 cm which increases to 6 meters in adults
(Siebert, 1980). The length of the small intestine is around 3 times longer than
adult height. It was reported that the inner surface area of small intestine is
in the order of a tennis lawn (260-300 m2) (Niess and Reinecker, 2006) or even
more (MacDonald and Monteleone, 2005). In 2014, Helander et al. pointed
out in their study that the already published macroscopic data was collected
through different clinical methods which could affect the apparent length and
diameter of small intestine, therefore they used modern radiological procedures
with less variability of intestine. They also studied biopsies of human intestine
in order to get new morphometric data on villi and microvilli in the gut that
they believed had not been included in previous calculations. By using stere-
ological methods they estimated the new value of small intestine surface area
around 10 times smaller than the published values in the literature (between
30-40 m2) (Helander and Fändriks, 2014). Small intestine consists of three parts
starting from the duodenum, continued by the jejunum and finishing with the
ileum (figure 2.2).
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Figure 2.1: Organization of GI tract. Permission from wikime-
dia commons (https://commons.wikimedia.org/wiki/File:

Digestive-organs,jpg_(1).png)

2.1.1 Duodenum

The duodenum is the shortest part of the small intestine with a length of 25 cm.
Most of the chemical digestion takes place in this part (Lopez and Khorasani-
Zadeh, 2019). The duodenum contains several finger-like projections into the
lumen called villi which will be explained later in this chapter. The duodenum
starts from the pyloric sphincter of the stomach by making a C-shaped curve
on top of the pancreas. It contains 4 sections: superior, descending, horizontal,
and ascending (Goss, 1960).

2.1.2 Jejunum

The jejunum as the next part of the small intestine is located in the left area
of the abdominal cavity and is about 40% of the length of the small intestine
with around a 3 cm diameter (Cronin et al., 2010). The jejunum has many
large circular folds in its submucosa called plicae circulares which increase the
absorption by increasing the surface area. The majority of nutrient absorption
takes place in this part of the intestine. There is no obvious border between
jejunum and ileum, but the ileum occupies around 60% of the small intestine.
The inside of the small intestine is covered by plicae circulares, which fold the
mucosal area to increase the absorption however there are no plicae circulares
within the ileum (Ganong and Barrett, 1995; Helander and Fändriks, 2014).

https://commons.wikimedia.org/wiki/File:Digestive-organs,jpg_(1).png
https://commons.wikimedia.org/wiki/File:Digestive-organs,jpg_(1).png
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2.1.3 Ileum

The last part of the intestine is the ileum which has a smaller diameter and
lumen compared with the jejunum. It is located in the right side of the pelvic
region and connects with the cecum of the large intestine. The longest section
of the small intestine is mainly responsible for the absorption of Vitamin B12
and bile salts.

Figure 2.2: Different sections of small intestine. Permission
from wikimedia commons (https://commons.wikimedia.org/

wiki/File:Illu_small_intestine_pt.png)

The numerous organs and structures that are involved in the digestion and
absorption of food are called the alimentary canal or gastrointestinal tract(GI
tract). In order to perform chemical digestion, the small intestine requires
some enzymes from other organs such as the pancreas and liver. Lipids are
hydrophobic particles that need to be broken down to smaller lipids by a process
called emulsification in order to be digested by the small intestine. Bile is
a mixture secreted by the liver that emulsifies lipids in the small intestine.
Bile is transported from the liver to the small intestine through the bile duct
(Strazzabosco and Fabris, 2008). The pancreas secretes pancreatic juice which
contains several digestive enzymes that help with food digestion in the small
intestine. The pancreas contains two main ducts, one of them joining the bile
duct just before opening into the small intestine and an accessory duct which
goes directly from the pancreas to the duodenum of the intestine (Canard et al.,
2011).

https://commons.wikimedia.org/wiki/File:Illu_small_intestine_pt.png
https://commons.wikimedia.org/wiki/File:Illu_small_intestine_pt.png
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2.1.4 circular fold, villi and microvilli

The particular anatomy of the small intestine which consists of circular folds,
villi and microvilli enhances the absorption process. Folds of mucosa and sub-
mucosa called circular folds are around 10 mm long and start from the proxi-
mal tubal of the duodenum continuing until the middle of ileum. Circular folds
increase surface area and cause chyme to move in a spiraling pattern along the
intestine in order to facilitate absorption. The luminal surface of mucosa is
covered with finger like projections called villi which also increase the surface
area. Around 20-40 villi exist in each square meter of the mucosa. Each vil-
lus is covered with absorptive cells and beneath them is underlying connective
tissue (lamina propria) which contains a blood capillary network and lacteal.
On top of each epithelial cell very small projections are located on the api-
cal membrane which are called microvilli. Microvilli form the brush border
that includes brush border enzyme. Around 2200 million microvilli exist in
each square meter of the small intestine and perform an important role in the
absorption of nutrients to the cell. Microvilli and villi together increase the
surface area of the small intestine by 30-600 fold. Once nutrients pass the
cell, amino acids and carbohydrates get absorbed into the capillaries and lipids
are absorbed by lacteal and from there they transport to other parts of the
body (Tortora and Derrickson, 2008; Kiela and Ghishan, 2016). The crypt of
Lieberkuhn is the cavity between the villi and the inner surface of the small
intestine which extends down to the muscularis mucosae. The crypt contain
stem cells for renewal of the intestinal epithelium and those cells responsible
for signaling (Car et al., 2006). Figure 2.3 shows the organization of villi, mi-
crovilli and crypt in the inner surface of the small intestine. Epithelial cells are
connected by cell junctions. These parts of the cell membrane make the tissue
more strong and stable. They also prevent water soluble materials from mov-
ing from the intestinal lumen to the other side (Cummings and Overduin, 2007).

2.2 Histology and Cells

The inner wall of the small intestine is covered by four tissue layers: mucosa,
submucosa, muscularis externa, and serosa (Figure 2.4). The mucosa is the
closest tissue to the lumen of the small intestine and contains mucosal epithe-
lium and Lamina propria(Brezinski, 2006). The mucosa mainly functions as an
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Figure 2.3: Villi and Microvilli on surface area
of mucosa. Permission from wikimedia commons
(https://commons.wikimedia.org/wiki/File:Villi_%26_

microvilli_of_small_intestine.svg)

absorptive area that can also act as a barrier to microorganisms with the po-
tential to cause disease (Greaves, 2012). The epithelium forms the main part of
the mucosa and is composed of columnar epithelium containing different kinds
of cells. Absorptive cells or enterocytes contain large numbers of villi that can
absorb all the required nutrients in the intestinal chyme and can also release the
enzymes which facilitate food digestion. Absorptive cells play a significant role
in nutrient absorption and food digestion in the body, however other cells such
as goblet cells, Paneth cells, and endocrine cells have a protective role (Rao and
Wang, 2010).

Epithelial cells form the barrier surface to the extracellular compartment.
The GI tract as the largest barrier between the inside and outside of the body,
hosts the greatest movement of commensal bacteria. This can help with diges-
tion and improve the function of the mucosal immune system. On the other
hand the microbial community can be harmful in terms of inflammation and
infection. Intestinal epithelial cells form a physical and biochemical barrier to
commensal and pathogenic microorganisms in order to maintain immune sys-
tem homeostasis. In the case of microbial stimuli, epithelial cells can sense the
stimuli and boost the barrier property by helping in the preparation of proper
immune responses. Therefore the intestinal epithelial cell plays a significant im-
munoregulatory role that affects the function and homeostasis of the mucosal
immune system (Peterson and Artis, 2014)

https://commons.wikimedia.org/wiki/File:Villi_%26_microvilli_of_small_intestine.svg
https://commons.wikimedia.org/wiki/File:Villi_%26_microvilli_of_small_intestine.svg
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Figure 2.4: Different tissue layers of small intestine inner wall.
Tortora and Derrickson, 2008

Paneth cells are located at the base of the crypts of Lieberkühn in the mam-
malian small intestine. They release secretory granules and deliver survival
signals to the stem cells around the crypt. Paneth cells contain a significant
source of antimicrobial peptides and proinflammatory mediators. Antimicrobial
�-defensins are one of the important antimicrobial peptides secreted by paneth
cells that can regulate the intestinal microbiota and protect cells against intesti-
nal pathogens (Bevins and Salzman, 2011). Paneth cells secrete an antimicrobial
enzyme called Lysozyme which can regulate the microbial density in the small
intestine (Florey, Wright, and Jennings, 1941). Paneth cells have a particular
shape that can be recognized by their massive and complicated endoplasmic
reticulum and Golgi network that lead the secretory granules in the direction
of the apical membrane surface (Ouellette, 2012). Goblet cells also exist in the
epithelial layer which secret the mucus containing mucin glyco-proteins which is
used as a lubricant for components that need to pass through the membrane(Li
et al., 2015). Mucus also creates a layer on top of the mucous membrane that
can protect the epithelium against bacteria interaction (Johansson et al., 2011).
The number of goblet cells is so much less than that of absorptive cells, how-
ever the number increases from duodenum to ileum. Secreted mucus stays on
the surface of the mucosa and functions as an initial protection from intestinal
pathogens. Goblet cells can be identified by the existence of a great number of
mucus droplets made by the Golgi complex which are stored in the apical side
of the cell cytoplasm (Sheahan and Jervis, 1976).
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Bile acids or bile salts are a product of the liver that are usually stored in
the gallbladder and are stimulated by cholecystokinin(CCK) after meals and
secreted into the duodenum of the small intestine in order to facilitate fat di-
gestion (Martínez-Augustin and Medina, 2008). Small intestine mucosa also
contains intestinal gland cells, the main function of which is intestinal juice se-
cretion. Pancreatic juice reaches the intestine via the hepatopancreatic sphinc-
ter (sphincter of Oddi), and its high bicarbonate concentration, neutralizes
gastric acid (Goodman, 2010). Other than absorptive cells and goblet cells,
intestinal glands also contain enteroendocrine cells. Enteroendocrine cells com-
prise around 1% of the epithelial cells and secretion is their main role (Hooper,
2015). Enteroendocrine cells sense the nutrients inside the lumen and secrete
some hormones that can regulate digestion, intestinal movement and nutrient
uptake. The secreted product of each cell and their role is shown in table 2.1
(Shroyer and Kocoshis, 2011). Enteroendocrine cells spread all over the intes-
tine and comprise the most abundant endocrine cells in the body (Moran et al.,
2008). S cells, CCK cells, and K cells are three different kinds of enteroendocrine
cells that are located in the intestinal glands of the small intestine (Hooper,
2015). Beneath the epithelial layer is the lamina propria which is composed of
mesenchymal cell types (fibroblasts and myofibroblasts), smooth muscle cells,
vascular pericytes, endothelial cells, enteric neurons, and hematopoietic cells.
The lamina propria also contains some immune cells that can interact with the
epithelium and its stem cells. A small network of blood vessels also resides
in the lamina propia (Tan and Barker, 2014). Lamina propria also contains
numbers of lymphoid cells called intraepithelial lymphocytes(IEL) which are
mainly located between the epithelial cells and form the intestinal mucosal bar-
rier (Olivares-Villagómez and Van Kaer, 2018).

M cells or microfold cells are cells found in the follicle-associated epithelium
of the Peyer’s patch in the small intestine (Figure 2.5). Peyer’s patches are
small bulks of lymphatic tissue in the small intestine that can transport luminal
antigens and bacteria therefore they play an important role in the immune
system and are known as immune sensors of the intestine (Jung, Hugot, and
Barreau, 2010). M cells are specialized for endocytosis of antigens and they
transport antigens and microorganisms through the cell membrane in order to
generate an immune response (Kraehenbuhl and Neutra, 2000). The muscularis
mucosa of the small intestine is a layer of smooth muscle based under the luminal
mucosa all over the GI tract(Tortora and Derrickson, 2008). It has two layers of
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Secreted product Cell Type Stimuli Effect

Cholecystokinin
(CCK) I/CCK Fat and

protein

Increases gallbladder contraction and
pancreatic secretion decreases gastric

emptying; anorectic

Gastrin G
Food/

nutrient/
protein

Increases gastric acid
secretion via ECL cells

Ghrelin P/D1(gastric),
M Fasting Increases gastric emptying;

orectic

Glucagon-like
peptide 1 (GLP-1) L Fat Decreases gastric emptying;

incretin effect; anorectic

Glucagon-like
peptide 2 (GLP-2) L Fat

Intestinal trophic factor;
enhances digestive enzyme activity;

decreases gastric emptying

Glucose-dependent
insulinotropic

polypeptide(GIP)
GIP Fat Incretin effect

Histamine ECL ECL Increases acid
secretion

Motilin M Fasting Cyclic increase regulates
migrating motor complex

Peptide YY (PYY) L Fat
Decreases gastric emptying

and small intestinal
motility; anorectic

Serotonin (5-HT) Enterochromaffin Luminal distention Multiple effects on
gastrointestinal motility

Somatostatin (SST) D Multiple, complex Inhibits hormone and exocrine secretion

Table 2.1: Secreted products from different intestinal cells

smooth muscle; the exterior layer is thin with longitudinal fibers and the interior
layer is thick and includes circular fibers (Fujinuma, Kamikawa, and Shimo,
1985). The muscularis mucosa plays an effective role in the absorption and
secretion mechanism of the epithelium since the mucosa is located on this muscle
layer (Greenwood and Davison, 1987). Epithelial cells are renewed repeatedly
every 4 to 5 days via cell division, maturation and migration. Among all of
the different types of epithelial cells, the absorptive enterocyte-greatly polarized
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Figure 2.5: Lamina contains Payer’s patch and follicles.
Mowat, 2003

columnar cell is the most populous and are recognized by their complex luminal
brush border (Clevers, 2013). It is vital to maintain epithelial integrity since
the abnormality of its function can cause different kinds of diseases.

2.2.1 Intestinal blood supply and blood flow

Oxygenated blood exits the heart and move to the abdominal cavity through
the aorta. The abdominal aorta forms few branches of which three, supply
blood to the small intestine: the celiac trunk, superior mesenteric artery, and
inferior mesenteric artery. Each of the mentioned arteries divides to smaller
branches that spread along the abdomen into a particular part of the intestine.
The three arteries that supply blood to the intestine are unpaired arteries and
extend from the anterior wall of the aorta. The celiac trunk extends from the
abdominal aorta just beneath the diaphragm. The hepatic artery as a branch
of this network forms three more branches in order to supply blood to the diges-
tive organs and one of which, the gastroduodenal artery which supplies blood
to the duodenum of the small intestine. The superior mesenteric artery
is located below the celiac trunk and supplies oxygenated blood to the small
intestine. This artery forms five branches in order to transport blood to all
parts of the intestine. The inferior pancreaticoduodenal artery as the first and
smallest branch transfers blood to the pancreas and distal end of the duode-
num. Intestinal arteries provide blood to the jejunum and ileum. The ileocolic
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artery is the next branch of the superior mesenteric artery, which supplies blood
to terminal ileum, cecum, and appendix. The right colic artery then provides
blood to the ascending colon and the last branch of the superior mesenteric
artery, the middle colic artery, supplies blood flow to the transverse colon. The
inferior mesenteric artery is a section from theabdominal aorta inferior to
the superior mesenteric artery. It splits into three different branches allowing
the inferior mesenteric artery to supply blood to the large intestine (Marston
et al., 1985). (figure 2.6)

Figure 2.6: Small intestine blood supply. Permission from
(https://sa1s3.patientpop.com/assets/docs/128358.pdf)

As mentioned before, the lamina propria is located beneath the epithelium
and contains small capillaries and blood vessels with the function of circulating
nutrients around the body and supplying the organs of the alimentary canal with
nutrients and oxygen in order to perform their cellular processes. Nutrients and
carbohydrates are not valuable unless they reach the bloodstream and this can
only happen via the absorption process. After nutrients are absorbed to the cell
they leave the cell and get absorbed into the blood vessels via diffusion and from
there are taken to the liver through the hepatic portal vein which is a venous
network. All the blood from the small intestine goes through the liver where
the nutrients are either stored for later use or processed before continuing to the
heart (Greaves, 2012). The liver contains around 13% of the body’s total blood
supply at any time. Secretions from the liver are transported to the gallbladder
and intestinal duodenum through the common hepatic duct. Secretions from
the liver can break down fat during digestion in the small intestine (Abdel-
Misih and Bloomston, 2010). The liver can convert the excess glucose into

https://sa1s3.patientpop.com/assets/docs/128358.pdf
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glycogen and store it, and glycogen can later revert to glucose again for energy
production (Wolfsdorf and Weinstein, 2003). Lipids are also absorbed to the
lacteals and transported to the blood capillaries through lymphatic vessels.
Both the small intestine and liver play a significant role in the later feedback
mechanism; glucose regulation by insulin is one important negative feedback
mechanism within the body. After food uptake and glucose absorption in the
small intestine, glucose enters the blood and raises the level of blood glucose.
This process stimulates beta cells in the pancreas and makes them produce
insulin, which triggers the liver to absorb glucose and store it. By so doing,
the glucose level goes down again and in the absence of this stimulus,the beta
cell stops releasing insulin. Malfunction of any part of this complex feedback
mechanism can cause diseases such as diabetes (Saltiel and Kahn, 2001).

2.3 Physiology of Small Intestine

Around 90% of the absorption and digestion of nutrients and minerals takes
place in the small intestine and the remainder is accomplished by the stom-
ach and colon. Mechanical digestion breaks down food particles into macro
molecules and then chemical digestion decomposes them to micro molecules with
the aid of enzymes, bile acid etc. Carbohydrates, proteins and lipids usually
break down to monosaccharides, aminoacids and free fatty acids respectively
before being absorbed to the cell via different kinds of transport mechanisms.
(Caspary, 1992). Once they are broken down to micro molecules, the nutrients
can be absorbed by epithelial cells of the small intestine.(Gibson et al., 1996).

Since two different sides of the epithelial cell have different structures and
functions (spatial asymmetry), it is known as a polarized cell. The top side of
the epithelial cell, which faces the intestinal lumen, is called the apical surface
and the main function of this is absorption of nutrients from the lumen. The
rest of the plasma membrane is a lateral and basal surface which is known as the
basolateral side and mediates movement of nutrients from inside the cell to the
interstitial fluid and from there to the blood capillaries (Mostov, Verges, and
Altschuler, 2000). Mechanical and chemical digestion breakdown the nutrients
in to smaller parts in order to make the nutrients ready for absorption to the
cell with the aid of enzymes located in appropriate transporters. Later on the
nutrients get absorbed into the circulatory system via blood and lymphatic
vessels.
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2.3.1 Digestion

Digestion is divided into the different categories of mechanical and chemical
digestion. Mechanical digestion is the process of physically breaking food into
smaller particles starting with chewing food in the mouth as the first part of
the GI tract and continuing in the small intestine. Chyme is released from the
stomach and enters the small intestine. The movement of intestinal smooth
muscles is comprised of two different patterns; segmentation contraction and
peristalsis waves known as migrating motility complexes (Cannon, 1912). Seg-
mentation contraction as a type of intestinal motility, moves the chyme in both
directions providing better mixing with the intestinal secretions. Segmentation
mainly involves the contraction of circular muscles. Segmental rings of contrac-
tion chop and mix the chyme. Alternating contraction and relaxation of the
circular muscle in the wall of the intestine can produce effective mixing of its
contents (Grivel and Ruckebusch, 1972). Peristalsis on the other hand involves
rhythmic contractions of the longitudinal muscles in the GI tract. It occurs
shortly after a meal and waves move down a short length of the gastrointestinal
tract from one part to the other. Once the chyme has been absorbed by the
small intestine, the motilin hormone is secreted by the mucosa and generates the
peristaltic movement along the intestine called the migrating motility complex.
Figure 2.7 shows the segmentation and peristalsis movement in the intestine.
This process starts from the duodenum by pushing nutrients through the intes-
tine and then transferring the remainder to the large intestine. It usually takes
3-5 hours for the chyme to leave the stomach and intestine and get them ready
to have another meal (Szurszewski, 1969; Davenport, 1989; Denbow, 2015).

Figure 2.7: Two contraction patterns in the small intestine;
segmentation contraction and peristalsis waves. Washabau and

Day, 2012
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In chemical digestion, enzymes, bile acids and intestinal juices are used to
breakdown the compound into small particles that can be absorbed by absorp-
tive cells. Proteins, lipids and carbohydrates are the most abundant nutrients
which go through the digestion process in the small intestine and are then ab-
sorbed in order to nourish cells in other parts of the body (Betts et al., 2014).
Most of the digestive enzymes are secreted by the pancreas and present in the
intestinal lumen. Enzymes can build a chemical reaction between the nutri-
ents in the intestinal lumen and there are a few specific enzymes for each type
of nutrient. Pancreatic enzymes are water soluble enzymes that can cleave
lipids(triglycerides) into monoglycerides and free fatty acids with the aid of bile
salts. The last stage of degradation is performed by an enzyme in the plasma
membrane of the enterocyte. The apical plasma membrane contains abundant
microvilli which form the brush border therefore the enzymes in that region are
called brush border enzymes(Whitcomb and Lowe, 2007). The density of brush
border enzymes is different across each part of the intestine. Enzymes involved
in chemical digestion in the intestine are summarized in table 2.2(Betts et al.,
2014)

Carbohydrate enzymes

An important enzyme in the small intestine is amylase which, similar to the
previous enzymes, is secreted by the pancreas and can break down carbohy-
drates to simple sugars. Amylase can also degrade starch into oligosaccharides.
The product of amylase is still not ready to be absorbed by the enterocyte and
needs one more step in order to form monosaccharides. Maltase-Glucoamylase
can break down the amylase product into �-D-glucose and �-D-glucose and
sucrase-isomaltase can generate fructose and glucose. Lactase as another im-
portant brush border enzyme can hydrolyse disaccharides into monosaccharides.
Lactose which is one of the main carbohydrates in milk is broken down to glu-
cose and galactose in the presence of lactase (Murray, 2014).

Protein enzymes

Peptides can hydrolyze to amino acids in the presence of peptidases. There
are different types of peptidases such as exopeptidases, endopeptidases, en-
teropeptidase etc (Hooton et al., 2015). Trypsin and chymotrypsin are secreted
by the pancreas and breakdown protein molecules into small peptides. Trypsin
is used for basic amino acids and chymotrypsin used for aromatic amino acids
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(Feher, 2017).

Lipid enzymes

A large amount of pancreatic lipase, an enzyme that can hydrolyse triglyc-
erides into monoglycerides and free fatty acids, exists in the brush border of the
mucosal cell (Bornscheuer, 2018).
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Enzyme
Category

Enzyme Substrate Product

Brush border
enzymes

α-Dextrinase α-Dextrins Glucose

Brush border
enzymes

Enteropeptidase Trypsinogen Trypsinogen

Brush border
enzymes

Lactase Lactose
Glucose and

galactose

Brush border
enzymes

Maltase Maltose Glucose

Brush border
enzymes

Nucleosidases and
phosphatases

Nucleotides

Phosphates,
nitrogenous

bases,
and pentoses

Brush border
enzymes

Peptidases

Aminopeptidase:
amino acids at
the amino end

of peptides Dipeptidase:
dipeptides

Aminopeptidase:
amino acids and

peptides Dipeptidase:
amino acids

Brush border
enzymes

Sucrase Sucrose
Glucose and

fructose

Pancreatic
enzymes

Carboxy-peptidase
Amino acids at the

carboxyl end of peptides
Amino acids and peptides

Pancreatic
enzymes

Chymotrypsin Proteins Peptides

Pancreatic
enzymes

Nucleases
Ribonuclease: ribonucleic acids

Deoxyribonuclease:
deoxyribonucleic acids

Nucleotides

Pancreatic
enzymes

Pancreatic amylase Polysaccharides (starches)

α-Dextrins,
disaccharides

(maltose),
trisaccharides
(maltotriose)

Pancreatic
enzymes

Pancreatic lipase
Triglycerides that have

been emulsified
by bile salts

Fatty acids and
monoacylglycerides

Pancreatic
enzymes

Trypsin Proteins Peptides

Table 2.2: Digestive enzymes with their substrates and prod-
ucts
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2.3.2 Nutrient absorption

As previously mentioned, ingested food is broken down through mechanical and
chemical processes into smaller particles called monomers that can be absorbed
into the cell. Therefore digestion is a preliminary and necessary step of ab-
sorption. Digestion starts from the beginning of the GI tract by chewing food
and continues into the small intestine where absorption mainly takes place. In
this process minerals, vitamins and cholesterol usually remained unchanged.
Absorption as a main function of the small intestine is defined as the trans-
portation of nutrients, water and electrolytes from the intestinal lumen into the
cell and later to the blood system. The existence of villi on the inner wall of the
intestine and also on the surface of the absorptive cells provides a massive sur-
face area for the cell to absorb nutrients(Doherty and Charman, 2002). Some of
the nutrients such as vitamins, minerals and water do not need to be digested
in advance of absorption and they can be directly absorbed into the cell (Basu
and Donaldson, 2003). In the intestine most of the digestion occurs in the duo-
denum and absorption takes place in the jejunum and upper ileum (Barnes and
Tappenden, 2017). Undigested foods are then transported to the large intes-
tine and eliminated in the faeces Nutrients are transported into and out of the
cell via specific transporters and different mechanisms that are explained in the
following sections.

2.3.3 Overview of transporter mechanism

Only very few and smaller molecules can pass through the cell membrane with-
out a transport protein requirement. Even for those that can easily diffuse via
the phospholipid bilayers, transport proteins can speed up the process. Trans-
port proteins are able to facilitate nutrient movement either by passive diffusion
or active transport (Berk, Zipursky, and Lodish, 2000).Different kinds of trans-
port mechanisms are described as follows:

Active transport
Active transport or uphill transport occurs against the concentration gradi-

ent from a low concentration area to a high concentration area and requires en-
zyme or energy. This kind of transport uses the energy of ATP hydrolysis(from
ATP to ADP) in order to transport the ions against their concentration gra-
dient. Primary active transport, transports the ions over the cell membrane
which depends directly on ATP, whereas secondary active transport involves
the movement of ions as a result of the electrochemical gradient generated by
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primary active transport so does not use ATP directly(Berk, Zipursky, and
Lodish, 2000).

Passive transport
On the other hand, passive transport moves the ions or molecules down their

concentration gradient from a higher to lower concentration region. In this case
ions do not need energy to be transported from one side to the other side of
the membrane(Berk, Zipursky, and Lodish, 2000). Different kinds of passive
transport are as follows: In simple diffusion ions and small molecules can
easily pass through the membrane down their concentration gradient without
the requirement of energy or any transport protein. In facilitated diffusion so-
lutes can move across the membrane from higher concentration regions to lower
concentration areas, however they need to go through the channels known as
membrane channel proteins. Membrane proteins can be either always open or
have a gate to control the opening of the protein. These channels, known as
”gated channels”, are usually closed until they receive a chemical or electrical
signal. Another type of protein in the membrane is the carrier protein. In
this type of protein, a substance needs to bind the protein, then conformational
change occurs which moves the ion from outside to inside the cell (Whittam
and Wheeler, 1970). Osmosis is the last type of passive transport in which
solvent molecules (usually water) move from a lower to higher solute concen-
tration through the membrane (Cath, Childress, and Elimelech, 2006).

Figure 2.8: Different types of carrier proteins, A) Uniporter,
B) Symporter C) Antiporter

There are three different types of carrier proteins (figure 2.8):In a uniporter
only one ion or molecule can transport across the cell at a time from higher to
lower concentration. No energy is required in this type of transporter. GLUT2
is an example of a uniporter in the basolateral surface of the small intestine
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epithelium. Cotransporters accelerate the movement of an ion/ions against
its concentration which is driven by the movement of another ion/ions down its
concentration gradient. If two molecules both transport in the same direction
the transporter is called a symporter and if they move in an opposite direc-
tion it is called an antiporter (Srivastava, 2002). SGLT1 is an example of a
symporter carrier protein (Wolfersberger, 1994).

2.3.4 Epithelial cell transport

As mentioned before, most absorption occurs in the epithelial cells of the small
intestine. Ion transport can take place across the cell either through the apical
or basolateral membrane and lots of transporter proteins embed in the plasma
membrane on either side of the cell in order to facilitate nutrient transport.
Plasma membrane with its protein composition and based on the different trans-
port mechanisms described before, can selectively transport ions across the cell
in order to keep ion concentration within a reasonable range (Palmer, 2017).
Each transporter is responsible for the movement of a particular ion into or out
of the cell and impairment of any of their mechanisms has effects on the whole
cell function and homeostasis (Macara et al., 2014). Transporters for specific
nutrients are described in the following sections.

2.3.4.1 Absorption of Monosaccharides

Carbohydrates as a main source of energy in the body need to be absorbed
into the blood capillaries in the form of monosaccharides. Monosaccharides in
the intestinal lumen enter the epithelial cell from its apical membrane, either
through facilitated diffusion or via an active transport mechanism. Fructose,
which can be found as a simple sugar in fruits, is absorbed into the cell via fa-
cilitated diffusion. Glucose and galactose move into the cell through secondary
active transport. Monasaccharides then leave the cell via facilitated diffusion
by passing across the basolateral membrane of the absorptive cell (Crane, 1960;
Levin, 1994; Gray, 1975).

Glucose
Carbohydrates are the main source of energy in the body and glucose is

one of the most important monosaccharides (Thorens, 1996; Jéquier, 1994).
Glucose can get into the cell from the lumen via the cotransporter SGLT1 by
binding to the protein against its concentration gradient. The required energy
is provided by sodium binding to the SGLT1 cotransporter and moving down
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its concentration gradient, bringing glucose with it. Once 2 sodium molecules
bind to the protein, one glucose molecule attaches to the protein as well and
is carried through into the cell (Wright et al., 1992). Glucose leaves the cell
through GLUT2 which is a passive process from higher concentration to lower
concentration of glucose. GLUT2 is a low affinity and high capacity transporter
in the basolateral membrane (Bell et al., 1990). A few years ago it was suggested
that GLUT2 can be translocated into the apical membrane and enhance glucose
absorption in the face of high glucose loaded in the lumen (Helliwell et al., 2000a;
Helliwell et al., 2000b; Kellett and Helliwell, 2000).

2.3.4.2 Absorption of amino acids

Active transport is the most important mechanism for transporting amino acids
into the cell. Most of the proteins in the small intestine are absorbed and, as
with monosaccharides, sodium dependent active transport is the main route.
Sodium dependent transporters are located in the apical membrane and amino
acids leave the cell via the basolateral membrane without depending on sodium
gradient (Richmond, Girdwood, et al., 1962; Wu, 1998).

2.3.4.3 Absorption of lipids

Unlike carbohydrates and proteins, lipids are mainly absorbed into the cell
through simple diffusion and more than 90% of intestinal lipids can be ab-
sorbed by adults. Lipids can break down to either monoglycerides and fatty
acids. Short chain fatty acids can dissolve in the intestinal chyme and enter
the cell without the requirement of any transport protein. On the other hand,
long chain fatty acids and monoglycerides are not water soluble and cannot
easily mix with chyme, therefore bile salts help them to become more water
soluble by forming micelles. Micelles form tiny spheres around the fatty acids;
the hydrophobic side interacts with the fatty acids and monoglycerides and the
hydrophilic area interacts with the intestinal chyme. They move towards the
brush border region and on arrival, fatty acids and monoglycerides simply dif-
fuse into the epithelial cell while the micelles stay in the intestinal lumen. Inside
the enterocyte they all combine again in order to form triglycerides. Triglyc-
erides, along with phospholipids and cholesterol then form chylomicrons which
are huge particles unable to pass through the small pores of blood capillaries.
They are therefore absorbed into the lacteals instead and later on into the lym-
phatic vessels (Phan and Tso, 2001; Iqbal and Hussain, 2009).
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2.3.4.4 Absorption of electrolytes

Electrolytes are minerals that conduct electrical charge and dissolve in body
fluids (urine,sweat,blood etc.). They can regulate water and pH levels inside
the body, so sufficient amounts of electrolyte need to be absorbed from our diet
in order to keep the body functioning well. The most well known electrolytes
are sodium, potassium, chloride, calcium, magnesium, phosphate and bicarbon-
ate.

Sodium
Sodium as probably the most important electrolyte in the body, can be

absorbed via different mechanisms: secondary active transport with glucose,
facilitated diffusion or simple diffusion through tight junctions of the epithelial
cells. (Chang and Leung, 2014; Fordtran, Dietschy, et al., 1966). A well-
known sodium transporter is SGLT1 which is a secondary active transporter.
The driving force for this transporter is provided by the sodium concentration
gradient and the low sodium concentration inside the cell is generated by the
Na+/K+-ATPase pump. SGLT1 has 3 binding sites; 2 sodium ions attach
to the protein along with one glucose molecule, conformational change then
occurs, the protein faces the intracellular area and both the sodium and glucose
are released to the cell (Wright et al., 1992; Wright, Hager, and Turk, 1992;
Wright, 1993; Wright, 2001).

Another epithelial sodium channel and also the predominant sodium regu-
lation pathway in the intestine and colon is the ENaC which allows the trans-
portation of sodium from the intestinal lumen into the epithelial cell. ENaC is
an electrogenic protein channel in which the movement of ions is based on the
electrochemical gradient. ENaC exists in the apical membrane of the epithelia
and can balance the salt and water in the body (Butterworth, 2010; Hanukoglu
and Hanukoglu, 2016). ENaC consists of three subunits: α, β, γ and all of them
are required for localization of the channel in the plasma membrane (Edelheit
et al., 2011). Sodium can also enter the cell through the NHE3 transporter.
NHE3 is an antiporter in the apical membrane that exchanges one hydrogen
for one sodium (Hoogerwerf et al., 1996). There are a few other pathways for
sodium in the basolateral membrane. The Na-K-2Cl co-transporter or NKCC
transports 1 sodium, 1 potassium and 2 chloride at a time in the same direction
usually from blood to the cell (Fulvio and Alvarez-Leefmans, 2010). Another
cotransporter in the basolateral membrane is electrogenic NBC which is re-
sponsible for the movement of one sodium and one bicarbonate in the same
direction (Romero, 2001).
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The main route for sodium to leave the cell is through the sodium potas-
sium pump (Na/K ATPase) in the basolateral membrane. Na/K ATPase
pumps 3 sodium ions out of the cell and takes 2 potassium inside the cell. The
pump controls the concentration gradient of sodium and potassium by main-
taining a higher concentration of sodium outside the cell and lower potassium
concentration inside the cell (Pirahanchi and Aeddula, 2019).

Different values have been reported for the intracellular sodium concentra-
tion in the epithelial cell based on different experimental conditions but the
average reported value for intracellular is around 45 to 70 mM (Nellans and
Schultz, 1976; Okada, Irimajiri, and Inquye, 1976) Sodium can also be trans-
ported across the cell membrane where they bind the transporter with amino
acids.

Chloride
The cystic fibrosis transmembrane regulator, known as CFTR, is a voltage

gated channel located in the apical membrane of the epithelial cell and encoded
by the CFTR gene. CFTR is responsible for transferring chloride to the intesti-
nal lumen down its electrochemical gradient. Cl− conductance is activated by
cAMP dependent phosphorylation (Riordan, 1993; Sheppard and Welsh, 1999).
Mutation in the gene can change the channel function and cause cystic fibrosis
which is an important genetic disorder (Riordan et al., 1989). The average re-
ported value for chloride ions inside the epithelial cell is 50 to 70 mM (Frizzell
et al., 1973; Nellans, Frizzell, and Schultz, 1973; Okada, Irimajiri, and Inquye,
1976). Another pathway for chloride in the apical membrane is through anion
exchanger AE1 which is encoded by SLC4 gene family. AE1 is a symporter
capable of exchanging 1 sodium with 1 bicarbonate which can be operated in
either direction(Bonar and Casey, 2008). The CLC gene family has nine differ-
ent genes for chloride which can function in the plasma membrane of the cell.
The voltage gated CLC-2 channel is one of the chloride transporters in the ba-
solateral membrane of the epithelial cell (Pena-Munzenmayer et al., 2005) that
moves the chloride down its electrochemical gradient usually from the cell to
the interstitial space between the cell and blood capillaries(Jentsch et al., 2002).
Chloride can also enter into the epithelial cell through NKCC transport in the
basolateral membrane along with sodium and potassium.

Potassium
Cell membrane is more permeable to potassium compared to other elec-

trolytes (Schilling et al., 1983) and potassium usually exits the cell via potassium
channels since the intracellular potassium is higher than extracellular potassium
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in the lumen. The reported range for potassium is between 120 to140 mM inside
the epithelial cell (Okada, Irimajiri, and Inquye, 1976; Vogalis, 2000). In the
apical membrane, potassium gets depleted to the lumen through the BK chan-
nel. The BK channel or Kca1.1 is a voltage gated channel which depends on
Ca+2 and mediates apical potassium secretion (Mitra and Morad, 1985; Ben-
ham and Bolton, 1986). There are some potassium channels responsible for
K+ movement in the other side of the cell. The KCNQ1 is a voltage gated
potassium channel which is localized in the basolateral membrane. KCNQ1
transports potassium out of the cell into the interstitial space down the elec-
trochemical gradient (Abbott, 2014; Jespersen, Grunnet, and Olesen, 2005).
The IK channel is another voltage gated channel which is mostly activated in
the presence of calcium (Loganathan et al., 2010; Furness et al., 2003). As
described in the sodium section, in the basolateral membrane potassium enters
the cell through Na/K ATPase in exchange with sodium,in order to regulate
the intracellular concentration of potassium.

Calcium
Calcium is absorbed in the intestine through either transcellular or para-

cellular transport and it has a very low intracellular concentration compared
to extracellular concentration; intracellular concentration is around 100 to 200
nanomolar (Bronner, 2003). Absorption of calcium in the intestine is a bit com-
plex however the L-type channel Cav1.3 is one of the apical routes for calcium
absorption from the lumen based on the electrochemical gradient. Cav1.3 opens
in response to changes in membrane potential which are mainly generated by
sodium absorption through SGLT1 (Morgan et al., 2003). Calcium later leaves
the cell via the Ca2+ pump in the basolateral membrane (Radhakrishnan et al.,
2016). Calcium can also be released from the endoplasmic reticulum by acti-
vation of IP3 from the sweet taste receptor in the apical membrane of the cell
(Amundson and Clapham, 1993; Tsien and Tsien, 1990)

2.3.4.5 Absorption of vitamins

Vitamins are organic molecules that are mainly absorbed in the small intestine
and are vital for the proper functioning of the body. Fat soluble vitamins are
A,D,E and K which enter the cell from the intestinal lumen via simple diffusion
with micelles (same as lipids) and then combine with chylomicrons and get
absorbed into the lymphatic vessels. Some water soluble vitamins from the diet
like vitamin B and C can be transported into the cell through simple diffusion
whereas other vitamins like B12 get moved from the lumen to the enterocyte
via active transport(Said, 2004; Steenbock and Black, 1924).
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2.3.4.6 Absorption of water

The small intestine absorbs great amounts of water every day. A healthy adult
absorbs 1 to 2 liters of dietary water daily and also around 7 liters as secre-
tions from different organs in the gastrointestinal tract. Water transport is
based on osmosis and depends highly on the movement of electrolytes, espe-
cially sodium. The osmotic gradient is formed by the osmolarity of the ions
inside and outside the cell. (Chang and Leung, 2014; Fordtran, Dietschy, et al.,
1966). Water transport across the cell plays a very significant role in the whole
function of the body. It can control the cell volume, nutrient transportation
and waste removal from different organs(Lodish et al., 2000; Chang and Le-
ung, 2014). Protecting tissues and regulating body temperature are some of
the other functions of water transport inside the body. The main mechanism of
water movement across the cell is based on osmosis carried out via water chan-
nel proteins called aquaporin(AQP) (Verkman, 2013; Verkman, 2005; Reuss,
2012). Water moves from the place with lower solute osmolarity to the place
with higher solute osmolarity (Zeuthen, 2010; Zeuthen et al., 2013; Gillham and
Sidebotham, 2007).

2.3.4.7 pH

Acid-base balance, referred to as pH balance, is critical in the function of the
body. Acidity and alkalinity of pH can cause impairment and disease (Hamm,
Nakhoul, and Hering-Smith, 2015; Häussinger, 1988). pH in epithelial cells can
be controlled by transportation of H+ and HCO3− across the lipid bilayer in
either side of the epithelial cell. The sodium hydrogen exchanger (NHE3) and
anion exchanger AE1 are two transporters responsible for pH regulation in the
apical membrane along with the sodium bicarbonate transporter NBC in the
basolateral membrane.

2.4 Mathematical Modeling of Transport

Epithelia in general separate the intracellular environment from the extracel-
lular, which can play a role in cell volume regulation, electrolyte homeostasis
and sometimes direct secreted fluids to the right destination in order to enhance
digestion or absorption. During the last century, mathematical modeling of ep-
ithelial transport has given better insight into nutrient transport and improved
the understanding of complex mechanisms of absorption. Some of the previous
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works regarding the modeling of epithelial transport and GI related cell models
are described as follows:

2.4.1 Models of epithelial transport

As mentioned earlier, there are specific transporters for each ion and during
the last few decades a number of models have been generated to describe the
single transporter behavior. None are modeled for the intestine, however the
structure is the same as in any of the other organs. Therefore in order to build
a composite model of glucose absorption, the individual models of transporters
can be collected and used in the model. They are later combined to create an
integrated composite model and validated with the existing experimental data.
Since the general mechanism of the channels and basic features are similar in
any kind of epithelial cell, it is possible to use models of epithelial cells in other
organs and make some changes in the specific parameters which relate more to
the intestinal epithelial cell.

Figure 2.9: First cell model with a membrane at both sides
of the cell introduced by Koefoed-Johnsen and Ussing (Koefoed-

Johnsen and Ussing, 1958).

Probably the first mathematical model of electrolyte transport via the cell
was introduced more than 6 decades ago on frog skin (Koefoed-Johnsen and
Ussing, 1958). They generated a model of sodium and potassium transport
through apical and basolateral membranes (figure 2.9). They found that the
electric asymmetry in the isolated skin is caused by the sodium transportation
across the epithelial cell. They studied the effects of sodium and potassium
concentration of the bathing solution on the skin potential. Their observation
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led to the discovery of more complex mechanisms and behavior of ion chan-
nels such as active transport, and for the following decade it was used as a
basic structure for this kind of modeling. Around the same time, other studies
applied the active sodium transport theory to mammalian intestinal epithelia
either in vivo (Curran and Solomon, 1957) or in vitro (Curran, 1960) which
explained sodium and water movement. In 1964, a cell model of sodium depen-
dent glucose transport was suggested by Schultz et al. (Schultz and Zalusky,
1964) in distal rabbit ileum. A three compartment model of intestinal transport
was generated a few years after the KJU model. They focused on isotonic wa-
ter transport across the membrane via solute-coupling (Curran, Macintosh, et
al., 1962). Another work on the ”standard gradient” model of osmotic flow was
developed in 1967 based on the mentioned model (Diamond and Bossert, 1967).

In 1970, an electric model of epithelium with low resistive junctional mem-
brane was proposed through solving some differential equations for calculat-
ing the potential and current (Shiba, 1971). A few years later, Sandy et al.
presented a model of active transepithelial Na and K transport in the renal
collecting tube (Helman and O’Neil, 1977). Later in the 1970s, intracellular
recording techniques were used to measure both the membrane conductance
and ion concentration inside the cell during the transport phenomena, lead-
ing to electrical models constructed in the form of circuit diagrams such as an
epithelial model of rabbit urinary bladder (Lewis et al., 1977). In 1988, Horis-
berger and Giebsch used the Koefoed-Johnsen and Using model circuit diagram
approach to study the intracellular sodium and potassium concentration and
membrane conductances in the collecting duct of Amphiuma (Horisberger and
Giebisch, 1988). In 1979, Lew et al. expanded the KJU model and generated
the model of fluxes across tight epithelia which contain a chloride transport
model along with sodium and potassium (Lew, Ferreira, and Moura, 1979). In
1988, a model was proposed by Harvey et al. for a Na+/H+ exchanger and
its role in ph regulation of frog skin epithelial cells (Harvey and Ehrenfeld,
1988). A model was generated in proximal tubule epithelium which contained
the equation of concentrations of sodium, potassium, chloride, bicarbonate and
hydrogen along with hydrostatic pressure and electrical potential (Weinstein,
1983). A more complete kinetic model of rat proximal tubule was presented in
1994. Figure 2.10 is a schematic diagram of their model describing the reab-
sorption of bicarbonate to the cell (Thomas and Dagher, 1994).
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Figure 2.10: Schematic diagram of transport system in the
proximal tubule containing both apical and basolateral mem-

brane of the cell Thomas and Dagher, 1994.

In 1984, Latta et al. presented a general mathematical method for nu-
meric solution of epithelial transport models. The method was based on mass
conservation and retaining electroneutrality between the cell and extracellular
compartment (Latta, Clausen, and Moore, 1984). The first attempt at an elec-
troneutral antiporter model was suggested in 1987 by Heinz et al (Heinz, 1978).
Their approach was later used by Weinstein to generate a kinetic model for
Na+\H+ transporter(Weinstein, 1994). Their results were fitted to experimen-
tal data(Aronson, Suhm, and Nee, 1983). In the 1990s, Strieter et al. proposed
a mathematical model to study the effect of luminal flow rate and pH changes
on sodium and potassium transport in rabbit cortical collecting duct (Strieter
et al., 1992). In 1992, a study was conducted in which a cloned Na/glucose co-
transporter from the small intestine (Parent et al., 1992) was assessed in terms of
a kinetic model. The steady-state and presteady-state cotransporter properties
were described by a 6-state ordered kinetic model. Eskandari et al. revised a six
states kinetic model from Parent et al. by providing updated values of kinetic
parameters and examined the reverse mode of the Na+/glucose cotransporter
(SGLT1) (Eskandari, Wright, and Loo, 2005). In 1992, Weinstein proposed a
model to analyze volume regulation in epithelial cells which contain two trans-
porter NaCl and KCl (Weinstein, 1992). In 1996, Sorensen et al. showed the
existence of chloride channels in the apical membrane of mitochondria-rich cells
from toad skin and used Goldman–Hodgkin–Katz to calculate the chloride cur-
rent (Sørensen and Larsen, 1996). A decade after the first mathematical model,
another computational model was introduced relying on the main scaffold of
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the ion transport model and using the Goldman–Hodgkin–Katz flux equation
and Hodgkin–Huxley model in order to calculate the ion fluxes and membrane
potential differences across each membrane of the cell. The model includes wa-
ter transport and volume of the cell as well as fluxes for Na+, Cl− and K+

in the airway epithelia (Novotny and Jakobsson, 1996). The model was fur-
ther developed by Falkenberg and Jakobsson investigating pH and bicarbonate
behavior based on their specific ionic transporters (Falkenberg and Jakobsson,
2010). Another development was made less than 10 years ago using an ohmic
model for solving the ionic currents (Warren, Tawhai, and Crampin, 2010). A
transport model in macula densa cells was proposed in 1998 with the presence of
NKCC channels in the apical membrane (Lapointe, Laamarti, and Bell, 1998).
In 2002, Weinstein developed a mathematical model of rat collecting duct with
the ability to predict urinary solute flows (Weinstein, 2002). In 2005, the same
team generated another model for rat early distal convoluted tubule (DCT)
mainly focused on the thiazide-sensitive NaCl cotransporter (TSC) along with
a few other transporters (Weinstein, 2005). Weinstein developed another ki-
netic model in 2010 with a focus on the Na+-K+-2Cl− cotransporter (NKCC2)
and the K+-Cl− cotransporter (KCC4) within the nephron of rat kidney in
the ascending Henle limb (Weinstein, 2009). Shelly et al. also generated com-
prehensive computational modeling of epithelial fluid and ion transport in the
parotid duct following the ohmic model and other mechanistic equations con-
sidering the presence of water transport across the cell (Fong et al., 2016). A
few years ago, solute transport and oxygen consumption along the nephrons
was modeled computationally by Layton et al. (Layton, Vallon, and Edwards,
2016). In 2017, Edwards et al. proposed a model for cell volume regulation
in the proximal tubule of rat kidney. They studied the effect of expression of
basolateral K+ and Cl− channel and Na+/HCo3− cotransporters on cell vol-
ume (Edwards and Layton, 2017). Figure 2.11 shows the schematic diagram of
their model. The most recent computational modeling of epithelial solute and
water transport along a human nephron was carried out in 2019 by the same
group and was based on steady state condition and looked at luminal fluid flow,
hydrostatic pressure, luminal fluid solute concentrations, cytosolic solute con-
centrations, epithelial membrane potential, and transcellular and paracellular
fluxes (Layton and Layton, 2019).
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Figure 2.11: Rat proximal cell model with transporter in both
sides of the cell membrane Edwards and Layton, 2017.

These numerous existing models of electrolyte and water transport across
the cell contain useful information for generating our model. Other examples
of transport across epithelial cells can be found in the literature (Lea, 2015;
Palmer, 2017)

2.4.2 Models of intestinal absorption

As the small intestine is the place where most absorption takes place, having
enough information and the ability to predict some of the values such as in-
tracellular ions concentration, cell volume and ions flux during absorption can
be very useful. As mentioned before, the small intestine contains many villi,
micro villi, crypts, cell membrane and transporters, and plays a significant and
crucial role in both the absorption process and production of mucus with its
anti-microbial characteristics and ability to protect the cells from pathogens.
Malfunction or failure of any of these functions can break down the whole
system and cause disease, therefore understanding the individual function at
cell level and how they work in concert together has been a place of interest
in systems biology for many years. Due to the numerous complexities in the
small intestine absorption process, in vitro models for studying absorption via
the epithelial cell have many limitations. Mathematical modeling can help to
improve the understanding of these complexities and predict some values un-
der different simulation states, however there are unfortunately there are few
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mathematical models of nutrient uptake and particularly a lack of models of
intestinal glucose uptake (as a main source of energy) at a cell level. Integrated
models should include all of the transporters and ions involved in the absorption
process. Thorsen et al. generated likely the first composite model of glucose
uptake in the enterocyte (figure 2.10). This was a very basic model involving
only a few ion transporter channels and ion diffusion from both sides of the
cell. They had a combination of mechanistic and empirical transporter model
without incorporating the effect of water movement and cell changes (Thorsen,
Drengstig, and Ruoff, 2014). Another model of glucose uptake describing cell
volume changes in response to water transportation, was valuable research. It
did not, however, include all of the other ion transporters in the model and the
model was based entirely on Michaelis–Menten kinetics (Naftalin, 2014)(figure
2.12). There are some valuable works in the modeling of glucose homeostasis,
and how glucose circualate between different organs (Nyman et al., 2011; Ced-
ersund and Strålfors, 2009), however they did not study the cell level modeling
and some facts such as ion flux through each transporter or cell volume calcu-
lation and only focused on glucose without considering the effect of other ions
transport on glucose absorption. Uluseker et al. made a closed loop multi level
model of glucose homeostasis which contains equations for concentrations in
gut, liver, muscle and adipose tissue (Uluseker et al., 2018). Dalla Man et al.
introdeced a model of glucose-insulin system in the postprandial state in normal
and diabetic patients (Dalla Man, Rizza, and Cobelli, 2007) which is based on
another model about glucose absorption and effect of age and sex on postpran-
dial glucose metabolism (Basu et al., 2006). A hierarchical whole model body
which explaining the link between insulin signaling and glucose homeostasis in
another example of a mathematical model in this case that contains collection
of ODEs (Nyman et al., 2011).
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Figure 2.12: Thorsen model of glucose transport in small in-
testine Thorsen, Drengstig, and Ruoff, 2014.

2.5 Physiome Project

In the delivery of optimum health care, organ and organism physiology needs
to be comprehended in terms of subcellular level and tissue properties. For ex-
ample the understanding of cystic fibrosis disease requires knowledge of cellular
ionic current mechanisms and signal transduction pathways, along with larger
scale of tissue structure and the spatial variation in protein expression and phys-
iology of whole respiratory and digestive system. Reductionist removal of some
of details at the molecular level creates challenges for the physiologist in re-
lating integrated whole organ function to the underlying biophysically detailed
mechanisms that exploit the molecular knowledge. In order to have a bet-
ter understanding of physiological systems, multi-scale computational modeling
can be carried out. The International Union of Physiological Sciences (IUPS)
therefore formed the Physiome Project in 1997 as an international collabora-
tion to provide a computational framework for understanding human physiology
(Hunter, 2004).

The Physiome project is a quantitative explanation of the physiological dy-
namic of functioning organisms either in healthy or pathophysiological condi-
tion. The main goal of the physiome project is to provide a better insight into
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physiology. the word “Physiome” consists of two words: The term “physio”
referring to nature and “ome” meaning a whole body, and it is built based
on information and structure (genome, proteome, and morphome). The phys-
iome project then is generated to explain the physiome through the databasing
of observations and examines them via logical, mathematical and quantitative
modeling at any hierarchical level (Figure 2.13). The main project extends be-
yond the scientific definition and, includes education, archiving, dissemination
and databasing. One of the main goals is to have all of the processes, models, ki-
netics and concepts available in an open-source format which can be accessed by
anyone through the Internet (Bassingthwaighte, 2000). The Physiome project
provides an ability to breakdown complex multiscale problems and to zoom in
on the behavior of specific parameters within the computer based model. It
allows us to study different parameters in different species or organelles at any
level and bring them together in order to have a composite model of whole body.

Figure 2.13: Diagram of physiome database Bassingth-
waighte, 2000.

The Physiome project also provides tools in order to facilitate its main goals.
Another goal of the Physiome Project is develop standards for the exchange of
information between models. One of these standards, dealing with time varying
but spatially lumped processes, is CellML and, as mentioned previously, an aim
of the physiome project is to develop open source tools for generating and visu-
alizing standards-based models and running model simulations. OpenCOR is
an interface which provides a modeling environment for CellML models (Garny
and Hunter, 2015).
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2.5.1 CellML/Open standards

CellML
CellML is an XML-based language that represents biological and mathe-

matical models (Cuellar et al., 2003; Miller et al., 2010). The aim of CellML is
to store and exchange models. CellML contains MathML in order to illustrate
equations and makes use of the Resource Description Framework (RDF) for the
description of metadata. It allows the sharing of the models and components
within the models and enables us to reuse components using the import feature.
Therefore, models inside the PMR can be used again in other new models. This
is a key feature that we will use in this project to make use of existing models. It
hides details of the components and unnecessary parameters and makes it eas-
ier to run the system. Practical applications of CellML were discussed in other
studies (Cooling, Hunter, and Crampin, 2008; Nickerson and Buist, 2008). The
modular hierarchical nature of CellML makes it an ideal format for encoding
epithelial transport models as the actual transporters can be archived and man-
aged independently and then assembled to fit the epithelial model requirements.

Physiome model repository
The Physiome Model Repository (PMR) is a place to collect and manage
CellML models (Yu et al., 2011) as part of the IUPS Physiome project (Hunter
and Borg, 2003; Hunter, 2004). A number of models exist in the PMR and
all of our work can be found there for reuse or expansion purposes. In the
PMR, CellML models are annotated, exchanged, and reused. PMR supports
the distributed version control system (DVCS) by which users can keep track
of the changes made to avoid confusion. It means that developers can easily
contact one another and benefit from collaboration. PMR presents models in
two views: workspaces and exposures. Exposures make provision for viewing
the models in many ways such as documentation; model curation and metadata;
mathematics; source view; and open with OpenCOR. A recent revision history
of PMR has been discussed in Miller et al., 2011.

OpenCOR
OpenCOR is a mathematical modelling environment that encodes CellML mod-
els (Garny and Hunter, 2015). It is independent and open source platform.
Editing, simulation, and analysis of CellML models can be carried out by Open-
COR. All of the features come through plugins. OpenCOR is an open source
platform that can solve and analyze models with ODEs or DAEs in CELLML
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format. OpenCOR has been developed based on modularity therefore reusabil-
ity and expansion are easier and more accessible for all users. This modeling
environment can be run on Windows, Linux and OSX. OpenCOR has edditing
and simulation tabs, and different ODE solvers can be chosen from the Solver
tab. The PMR section allows users to find the existing models in PMR directly
from OpenCOR (Garny and Hunter, 2015). Our models are all developed and
implemented in the OpenCOR platform.

SED-ML
Simulation Experiment Description Markup Language (SED-ML) annotates,

stores, and reproduces mathematical models in the biomedical domain. It de-
fines the protocols for a simulation such as time steps, plotted graph, and end
point. SEDML implements the Minimum Information about a Simulation Ex-
periment (MIASE) where specific guidelines are followed with a view to sharing,
exchanging and publishing research work (Waltemath et al., 2011; Bergmann
et al., 2015). Some of the simulation protocols of our models are available in
SED-ML file and can be found in the PMR.

Example of epithelial cell model
Alan Hodgkin and Andrew Huxley generated a model in 1952 which is known

as HH model and is one of the best models of nerve fiber electrophysiology based
on membrane ion channels. The HH model won the Nobel prize for “concerning
the ionic mechanisms involved in excitation and inhibition in the peripheral
and central portions of the nerve cell membrane”. It describes the fluxes and
currents through sodium, potassium and leak channel along with membrane
potential (Figure 2.14).

Figure 2.14: A schematic diagram of Hodgkin-Huxley model
including the sodium channel, potassium channel, leak chan-

nel(for chloride and other ions) and membrane potential.
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The HH sodium channel has two different kinds of gates; m gate and h
gate. There is a short period of time during which both of the gates are open
and allow sodium to pass through the channel. Each of the gates is modeled
individually and then import into sodium channel. CellML imports sodium
channel, potassium channel and leak channel models to the new model and
encapsulates them in order to enhance the modular approach of generating
a composite model and keeping them in the group. Units and parameters are
imported to the top level model file. With the aid of mapping, common variables
in different components are connected. The environment component comprises
independent variables that are common to all components, which in this case,
are voltage and time. The layout of the model components is shown in Figure
2.15.

Figure 2.15: A schematic diagram of HH top level model,
depicts the import of unit and components, mapping and en-

capsulation hierarchy.

2.6 Necessity of glucose absorption model

Glucose, as a main source of energy, plays a critical role in the physiological
function of the body. Glucose also functions as a signal molecule participating
in energy metabolism including insulin secretion, glucose utilization, and gluco-
neogenesis. Dietary glycemic carbohydrate is an effective macro nutrient in food
that produce glucose, and has a vital role in controlling glucose homeostasis.



2.6. Necessity of glucose absorption model 39

Different kinds of enzymes and feedback mechanisms can increase the absorp-
tion of nutrients from food. Carbohydrate digestion, which leads to glucose
release along with its absorption into cells, is very important for carbohydrate
assimilation. Glucose absorption plays a significant role in glucose bioavailabil-
ity (Zhang et al., 2015).

The regulatory effect of carbohydrate on the expression and function of
pancreatic and brush border enzymes during the digestion and absorption of
carbohydrate shows the existence of a sugar sensing mechanism (specifically
glucose). This also indicates the role of glucose as a single molecule in regulat-
ing its digestion and absorption (Dyer et al., 2007). Sugar sensing is a complex
mechanism comprised of sugar transport, sugar metabolites, receptors on cell
membranes, and secretion of gut hormones, as well as involvement of the va-
gal afferent nerves (Breen et al., 2013). Sugar sensing is the starting point of
GI activity modulation in the feedback mechanisms of the ileal brake and gut-
brain axis. In this process, free glucose as a result of carbohydrate digestion,
stimulates hormone secretion in the intestine, and hormones can either directly
or indirectly regulate GI activity such as digestion, nutrient absorption, gastric
emptying and intestinal motility which affect the healthy appetite control (Côté
et al., 2014). The ileal brake describes the condition of GI activity (slow con-
traction, secretion inhibition) which happens when undigested nutrients arrive
at the ileum under normal physiological conditions. Ileal brake is known as a
primary inhibitory feedback mechanism that controsl transport of food along
the GI tract in order to optimize nutrient digestion and absorption (Van Citters
and Lin, 1999). Therefore, a well functioning glucose absorption process is very
vital for the body and it is one of the principle topics of interest among scientists
in the last few decades. Mathematical modeling and systems biology can im-
prove our knowledge by understanding of complex mechanisms, predicting the
values of parameters that are difficult to measure experimentally and finding
solutions to reduce the likelihood of diseases caused by impairment of glucose
absorption process. During the last century many mathematical modeling of
glucose absorption and its mechanism in different organs have been developed
(König, Bulik, and Holzhütter, 2012; Palumbo et al., 2013; Weinstein, 2015; Riz
and Pedersen, 2015) however there is not many studies on modeling of glucose
absorption in the epithelial cell of small intestine. Although intestinal glucose
absorption has been studied for over a decade, it still remains controversial and
there is no accurate and clear explanation of the entire process. In the last fifty
years scientists have tried to understand mechanism of individual transporters
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in the intestinal epithelium (or other epithelial cells as they are similar in general
concept) which has provided information on sugar absorption, the location of
transporters in the cell membrane, the mechanism of each glucose transporter,
and the driving force for the process etc. However it is not insufficiently clear
how the whole intestine works together to perform absorption with a range of in-
testinal lumen concentrations and how the process is controlled (Naftalin, 2014).

SGLT1 is known as a sodium dependent transporter for glucose in the apical
membrane of the cell (Ferraris, 2001), and GLUT2 in the basolateral membrane
is a means for glucose to leave the cell. These two transporters can explain glu-
cose absorption very well at low luminal concentration, however at high glucose
concentrations, and when SGLT1 is saturated, they are not able to explain
the high intracellular glucose concentration (Kellett and Brot-Laroche, 2005)
as was shown in a cell line experiment (Zheng et al., 2012). In 1987, Pappen-
heimer et al. introduced a diffusion pathway for glucose through tight junctions,
called solvent drag, which leads to higher glucose inside the cell (Pappenheimer
and Reiss, 1987). They believed that moving of nutrient through tight junc-
tion along with water is the main route of glucose absorption. (Pappenheimer,
1987; Madara and Pappenheimer, 1987; Pappenheimer and Reiss, 1987). About
ten years later comprehensive review was done by Ferraris and Diamond which
accepted the presence of solvent drag and water movement between the tight
junction however according to them the contribution of paracellular glucose ab-
sorption is negligible compare to active mediated transporter SGLT1 (Ferraris
and Diamond, 1997). In 1996, Corp et al. studied the diabetic rat and detected
presence of the GLUT2 in the brush border membrane which was inhibited by
phloretin (Corpe et al., 1996). In 2000 another theory has been raised up about
the recruitment of GLUT2 in the apical membrane of epithelial cell in case of
high luminal glucose presence, therefore it can take more glucose into the cell
(Kellett and Helliwell, 2000) which was seen later in other studies (Anita et al.,
2002; Affleck, Helliwell, and Kellett, 2003; Gouyon et al., 2003).

In 2005, an experiment showed the existence of apical GLUT2 even in normal
jejunum in vivo (Kellett and Brot-Laroche, 2005). However, other researchers
completely ignore the presence of GLUT2 in the apical membrane and have at-
tributed the detection of apical GLUT2 in western blot to contamination with
basolateral membrane (Röder et al., 2014). A recent study concluded that up-
regulation of GLUT2 to apical membrane is necessary for the glucose absorption
process, however the intracellular glucose concentration is always higher that
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the two extracellular areas on either sides of the cell, therefore apical GLUT2
always takes glucose out of the cell. They also brought up the osmoregulator
property of apical GLUT2 which can prevent excessive increase in cell volume
in the face of high luminal concentrations (Naftalin, 2014). Accordingly, there
is still controversy about the existence, role, function and translocation mech-
anism of apical GLUT2. In the next few chapters we are going to introduce a
mechanistic mathematical model of glucose absorption through small intestine
epithelial cells in an attempt to answer some of the controversial questions in
this field, such as existence of apical GLUT2, its role in cell volume regulation
and its translocation mechanism into apical membrane.
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Chapter 3

Cell Model Construction

3.1 Model equations

In the following chapter there is a representation of a computational model of
glucose uptake in the epithelial cell of the small intestine from the intestinal
lumen. A single cell model contains three different compartments. The apical
compartment, which was treated as an infinite bath with constant concentra-
tion. The enterocyte compartment with all the ions inside the cell, which was
considered once under an iso-osmotic and once under non iso-osmotic condition.
In iso-osmotic condition the volume of the cell was a constant value however in
non iso-osmotic condition the cell volume is changing with the water transport
through the apical and basolateral membranes. Cell volume changes affect the
ion concentration inside the cell (equations 3.46-3.49). The basolateral com-
partment which physiologically is the interstitial space between the cell and
blood capillaries, however we treated that region as a blood compartment due
to the lack of any specific transporters in that compartment and the fact that
ions usually transport to the blood through diffusion. The model solves a time-
dependent system of equations for the concentrations of each ion transporting
via the cell (specifically glucose). The cell model contains Na+,Cl−,K+, H+,
HCO3

− and Ca2+. Water flux also was calculated, as well as membrane poten-
tial in either side of the cell based on the movement of electrically charged ions.
The behavior of all channels is similar in general features and mathematical
equations, however some values such as density and conductance can vary in
different tissues and cell types. The mathematical description will be used in all
of the following chapters. List of the transporters and their role can be found
in table 4.1.
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3.1.1 Ohmic currents

The current of charged ion through channels in the membrane potential are
similar to currents in an electrical circuit since they both have linear I-V rela-
tionship. Current in an electrical circuit is calculated by the Hodgkin-Huxley
model which is a conductance based model. Electrical conductance ‘G’ is de-
fined per area for each channel.

I = GA(Vm − V) (3.1)

Where Vm is a membrane poteintial which is defined later for apical mem-
brane and basolateral membrane as Vmc and Vsc repectively. Figure 3.1 shows
a schematic diagram of the model which contains all the transporters. Vmc

and Vsc denote apical and basolateral membrane potential.“m”,“i” and “s” de-
notes mucosal or apical, intracellular or enterocyte and serosal or basolateral
compartment respectively. The direction for positive current is defined from
outside to inside the cell in both sides of the cell. “A” is referred to the area of
the membrane and assumed to be identical in either apical or basolateral mem-
brane. Nernst potential is used to calculate the potential of an ion of charge z
across a membrane by using the concentration of ion inside and outside the cell.

V = (
RT
zF

) ln
[ion outside cell]
[ion inside cell]

(3.2)

Where R is the universal constant of gas, T is the temperature, F is Fara-
day’s constant, and z is the valence of an ion. The flux J of specific species can
be calculated by division of the current of that species by the product of ion’s
valence and Faraday number.

Chloride channels
The main route for Cl− to get out of the epithelial cell is the cystic fibrosis

transmembrane conductance regulator which is localized in the apical membrane
of the cell. The current equation is expressed by:

ICFTR = GCFTR A(Vmc − VCl
m ) (3.3)

another chloride transporter channel is CLC2 which is located in basolateral
membrane and the mathematical expression for the current is exactly same as
for CFTR

ICLC2 = GCLC A(Vsc − VCl
s ) (3.4)



3.1. Model equations 45

VCl
m and VCl

s are the Nernst potentials for chloride in apical and basolateral
membrane respectively, they are given by the following equations:

[VCl
m = (

RT
zF

ln(
[Cl]m
[Cl]i

)) (3.5)

VCl
s = (

RT
zF

ln(
[Cl]s
[Cl]i

)) (3.6)

Where z is the valence of chloride ion. [Cl−] is chloride concentration.

Figure 3.1: Schematic of enterocyte showing the relevant
transporters in the apical and basolateral membrane along with
the apical (lumen) and basolateral (interstitium) extracellular

domains.

Sodium channels
ENaC is the sodium transporter in the apical membrane and the sodium

current is calculated by:

IENaC = GENaC A(Vmc − VNa
A ) (3.7)

VNa
A is again the Nernst potential for sodium and given by:

VNa
A = (

RT
zF

ln(
[Na]m
[Na]i

)) (3.8)

where z is the valence of the sodium ion.
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Potassium channels
There are both simple voltage-driven potassium channels as well as calcium-

dependent potassium channels. In the basolateral membrane KCNQ1 or any
other potassium channel with the open probability of 1 is responsible for potas-
sium transportation and they are not dependent on calcium. The equation is
the same as for other ohmic currents and given by:

IKCNQ = GKCNQ A(Vsc − VK
B ) (3.9)

Nernst potential for potassium is as following:

VK
B = (

RT
zF

ln(
[K]s
[K]i

)) (3.10)

BK or Kca1.1 is a potassium channel located in the apical membrane which
is a calcium activated channel. There can be a number of calcium-dependent
potassium channels, but they are all considered as one channel. Unlike the pre-
vious voltage-gated channels presented earlier, the calcium-dependent channel
is not always open, but rather has a calcium-dependent open probability given
by the Hill function:

PBK = (
1

1 + (
Km

BK
[Ca]i

)η
) (3.11)

where Km
BK is [K] at half-maximal rate of the reaction of the transporter,

[Ca] is calcium concentration and η is the Hill coefficient. Therefore the current
through the potassium channel in the apical membrane is calculated by:

IBK = GBKPBK A(Vmc − VK
A ) (3.12)

Paracellular current
The model also considered the movement of ions through the area between

the cells with the positive current from apical to basolateral direction. The driv-
ing force is the difference between apical and basolateral membrane potential
defined as Vms. Current equation and Nernst potential are given by:

In
p = Gn

p A(Vms − Vn
p ) (3.13)

Gn
p denotes the conductance per unit area for ion “n′′ (Na+,K+,Cl−).

3.1.2 Na-K-ATPase (Na/K pump)

In our model, flux through Na-K-ATPase is calculated based on an equation
suggested by Thorsen et al. (Thorsen, Drengstig, and Ruoff, 2014) in which the
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turnover rate was the polynomial fitted to the experimental data (Gadsby and
Nakao, 1989). Flux of sodium and potassium is 3 and 2 times of that of the
following flux respectively.

JNaK = (
TONaKnNaK

6.023 × 1017 × (
1.13 × [Na]1.36

i

(KNai
o.5 )1.36 + ([Na]1.36

i )
× 1.3 × [K]s

(KKs
o.5) + ([K]s)

)) (3.14)

JNaNaK = 3 × JNaK

JKNaK = 2 × JNaK
(3.15)

where nNaK is the number of proteins in the cell membrane which was re-
ported in a range of 30-50 million (Jørgensen, 1986) and K0.5 is the substrate
concentration for half-saturation in Gadsby study. Based on their experiment,
the turnover rate (cycles per unit of time) of Na-K-ATPase is sigmoid shaped.
TONaK - the turnover rate - is a polynomial fitted to the experimental data
from Gadsby and Nakao study (Nakao and Gadsby, 1989):

TONaK = 5.46 × 104 × V4
sc − 2.43 × 102 × V3

sc − 2 × 103 × V2
sc + 160 × Vsc + 51

(3.16)
According to the relationship between flux and current which stated before,

INaNaK and IKNaK can be calculated by multiplying the flux of each epecies by
the product of ion’s valence and Faraday number..

3.1.3 The Na-K-2Cl co-transporter (NKCC)

NKCC is localized in the basolateral membrane of the epithelial cell which
usually takes one sodium, one potassium and two chloride ions. Benjamin and
Johnson first suggested the flux calculation for this cotransporter (Benjamin
and Johnson, 1997), a simplified version of that was later presented by (Palk,
2012), “O” and “I” denote outside and inside state with the assumption of
simultaneous binding and unbinding of corresponding ions. Se = [K]e[Na]e[Cl]2e
shows the ions outside the cell and Sc = [K]i[Na]i[Cl]2i shows the ions inside the
cell, so the model can be shown as follows:

O + Se
k+1⇀↽
k−1

I
k+2⇀↽
k−2

O + Sc (3.17)

By setting the resulting scheme of equation to steady state mode and assum-
ing the outside ions are supplied at a constant rate J, the same rate at which
the inside ions are removed, They found a steady state flux:
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J = (
k+1 k+2 Se − k−1 k−2 Sc

k+1 Se + k+2 + k−1 + k−2 Sc
) (3.18)

The steady state flux through cotransporter is the rate which ions are sup-
plied on the outside of the cell and removed from inside the cell. The simplified
equation was recently used in Shelly’s computational model of ion transport
(Fong et al., 2016). steady state flux is as follow and is positive directed into
the cell:

uNKCC = (
γ1 − γ2 × SC

γ3 + γ4 × SC
) (3.19)

Parameters γ1 to γ4 are reported by Palk (Palk, 2012) to best approximate
the original model by Benjamin and Johnson (Benjamin and Johnson, 1997)
and SC is the product of ion concentrations inside the cell as mentioned before.
Therefore the flux is represented by:

JNKCC = uNKCC × A × αNKCC (3.20)

αNKCC is the density of the transporter protein in the membrane.

3.1.4 SGLT1

In Parent’s model which was a proposed six state kinetic model, sodium ions
first bind to the empty carrier facing outside the cell, then glucose binds to
the transporter, then conformational change occurred and protein face down to
the cell and from there glucose and sodium ions release to the cell and carrier
changes to empty mode again and get ready for binding more ions from outside
the cell. The sodium flux was described as follows (Parent et al., 1992):

JSGLT1
Na =

2nSGLT1

6.023 × 1017 × (
ε[Na2]m[G]m + φ[Na2]m + γ

α + β[G]m + χ[Na2]m[Na2]m[G]m
) (3.21)

[Gm] is the glucose concentration in lumen, α, β, χ, ε, φ, γ are functions of
the rate constants and membrane potential, detailed information and expres-
sions can be found in the original paper. Since 1 glucose is transported for 2
sodium ions therefore the glucose flux through SGLT1, JSGLT1

G , is half of the
sodium flux, JSGLT1

Na .
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Figure 3.2: Six state model for Na+/glucose cotransporter
Parent et al., 1992.

JSGLT1
G =

1
2

JSGLT1
Na (3.22)

3.1.5 Glucose transporters

Except SGLT1 the other route for glucose to move across the cell membrane in
either sides of the cell is GLUT2. For calculating the flux we used the simple 4
state model which is described by (Pradhan et al., 2013). In the 4 state model,
protein at the begining faces to the inside the cell, then glucose (S1) binds to
the empty site and orientation of the carrier is changed to the other side of
the membrane. From there glucose (S2) is released out of the cell and protein
gets back to the empty state and ready for the next binding. The values of
kinetic parameters which described in different studies for glucose transporter
(GLUT1) (Lowe and Walmsley, 1986; Gould, 1997), therefore the flux of glucose
via GLUT2 is described as follows:

JGLUT =
Ctot

D
(

K23K41[glucose]i
KS

− K32K14[glucose]s
KS

) (3.23)

Where Ctot is the total number of the carrier protein and the denominator
expression D is given by:

D = (1+
[glucose]i

KS
)(

K23[glucose]s
KS

+K41)+ (1+
[glucose]s

KS
)(

K23[glucose]i
KS

+K14)

(3.24)
KS is the dissociation constant of the solute carrier complex, dissociation

constant is a type of equilibrium constant which describes the affinity between
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the ligand (glucose) and a protein. Relation between ligand and protein can be
described as follows:

C1 + S1
k12⇀↽
k21
= CS1 (3.25)

Then the corresponding dissociation constant is defined as KS:

KS =
K21

K12
=

C1S1

CS1
(3.26)

Figure 3.3: 4 state model illustraion of solute transport medi-
ated by a simple carrier Pradhan et al., 2013.

3.1.6 Acid transporters

H+ and [HCO3]− can bind to the other transporters and move across the mem-
brane. Movement of [H]+ and [HCO3]− play a significant role in the regulation
of intracellular pH. The Sodium-Hydrogen exchanger(NHE3) is a cotransporter
which takes sodium in to the cell and hydrogen out of the cell, also the anion
exchanger (AE1) is another antiporter which takes chloride inside the cell and
bicarbonate out of the cell. These two both are located in the apical membrane.
In the basolateral membrane, NBC is a unitransporter that takes sodium and
bicarbonate into the cell.

NHE3
Flux equations for sodium and hydrogen in Weinstein kinetic model are

given by the following equations (Weinstein, 1995). The Figure 3.4 shows the
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carrier, X, can be empty or binding to one of the sodium, hydrogen or ammonia
denoted A,B and C respectively. Ka, Kb and Kc are the equilibrium constants.
The carrier protein can face internally
or externally which are shown in the model by subscript int and ext respectively.

JNHE3H = (
χT

σ
)(PNaPH(αextNa βintH − αintNa βextH)+

PHPNH4(βintH γextNH4 − βextH γintNH4))
(3.27)

JNHE3Na = (
χT

σ
)(PNaPH(αintNa βextH − αextNa .βintH)+

PNaPNH4(αintNa γextNH4 − αextNa γintNH4))
(3.28)

where σ is:

σ = (1 + αextNa + βextH + γextNH4).(PNa.αintNa + PH.βintH + PNH4.γintNH4)+

(1 + αintNa + βintH + γintNH4).(PNa.αextNa + PH.βextH + PNH4.γextNH4)

(3.29)

Pi shows the permeation coefficients for the ions. χT is the total carrier
which shows a summation of all ions concentrations binding to the carrier in
both the intracellular and extracellular direction. α, β and γ are the normalized
concentrations of the carrier (binding to Na+,H+ and NH4+ respectively) which
are calculated by dividing the concentration of each substance by equilibrium
constants. For simplicity, it is assumed no NH4+ inside or outside of the cell.

αextNa =
[Na]m
KNa

αintNa =
[Na]i
KNa

(3.30)

βextH =
[H]m
KH

βintH =
[H]i
KH

(3.31)

γextNH4 =
[NH4]m

KNH4

γintNH4 =
[NH4]i
KNH4

(3.32)
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Figure 3.4: Schematic diagram for NHE model (Weinstein,
1995)

AE
AE1 is the anion exchanger seating in the apical membrane of epithelial cells

which exchange one chloride with one bicarbonate. As with NHE3, Weinstein
suggested the 6-states kinetic model for AE1 which operated with sequential
translocation(Weinstein, 2000), known as the “ping-pong” mechanism (Gunn
and Fröhlich, 1979). Figure 3.5 depicts that the empty carrier, X, can be
oriented either toward the external (X’) or internal (X”) side of the membrane,
where either HCO−

3 or Cl− can be bound.

JAE1HCO3 = (
χT

σ
)(PHCO3i βintPClm γext − PHCO3m βextPCli γint) (3.33)

Where PHCO3i and PCli are the translocation constant for inside the cell to
outside of the mucosal membrane and PHCO3m and PClm are the translocation
constant for mucosal to inside the cell. β and γ are the normalized concen-
trations of the carrier (binding to HCO3 and Cl respectively) and χT is total
carrier. JAE1Cl is exactly same as JAE1HCO3 but in the opposite direction. Bi-
carbonate leaves the cell and at the same time AE1 pump chloride into the cell
in order to ensure there is no change in electrostatic charge between inside and
outside of the cell.

βext =
[HCO3]m
KHCO3m

βint =
[HCO3]i
KHCO3i

(3.34)
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γext =
[Cl]m
KClm

γint =
[Cl]i
KCli

(3.35)

σ = (1 + βext + γext).(PHCO3i .βint + PCli .γint)+

(1 + βint + γint).(PHCO3m .βext + PCls .γext)
(3.36)

Figure 3.5: Schematic diagram for AE1 transporter Weinstein,
2000.

NBC
NBC is a sodium-bicarbonate cotransporter in the basolateral membrane of

the epithelial cell which transports one Na+ and three HCO3− all in the same
direction down the voltage gradient. The current through the NBC channel is
modeled by Østby et al (Østby et al., 2009), which looks like an ohmic current
as follows:

INBCNa = GNBC A(Vsc − ENBC) (3.37)

ENBC is a reversal potential of NBC which is given by:

ENBC = (
RT

zNBCF
ln(

[Na]s[HCO3]
2
s

[Na]i[HCO3]2i
)) (3.38)

Where ”zNBC” is the effective valence of the NBC cotransporter and equal to
2 and other parameters described before. The current of HCO3 through NBC
is three times higher than the sodium current.
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INBCHCO3 = 3 × INBCNa (3.39)

Flux is the division of current by the product of ion’s valence and Faraday
number. pH is calculated with a differential equation based on the difference
between flux of acid load (JE) and acid extrusion (JL).

dpHi
dt

= (
ρ

β
)(JE − JL) (3.40)

Where ρ is the surface to volume ratio of the cell and β is the buffering
power which is a function of intracellular bicarbonate β = 2.3.[HCO3]i. For a
particular type of cell, JE and JL are calculated based on the protein exchangers,
channels and pump that exist in the apical or basolateral membranes (Butler
and Noble, 2014). Therefore all together this gives the equation for pH as follow:

dpHi
dt

= (
ρ

β
)(JHCO3NBC − JHNHE3 − JHCO3AE1) (3.41)

3.1.7 Water flux

Water is transported through the water channel aquaporin, AQP, and results
in cell volume changes (figure 3.1). The cell is considered as a cuboidal shape
with a constant area at the apical and basolateral surface. The volume of the
cell, vcell, is therefore calculated based on water flux through both membranes.

dvcell
dt

= VW(Jw
s − Jw

m) (3.42)

VW is the partial molar volume of water. Water flux Jw is usually governed
by the osmotic gradient and hydrostatic pressure gradient (Hoffmann, Lambert,
and Pedersen, 2009; Jiang and Sun, 2013), however in this model we assumed
there to be no hydrostatic pressure gradient and osmotic gradient was taken as
the only driving force of Jw.

Jw
m = LA A[∑[n]m + (

ψm

vcell
)− ∑[n]i − (

χi

vcell
)]

Jw
s = LB A[∑[n]i + (

χi

vcell
)− ∑[n]s]

Jw
P = LP A[∑[n]m + (

ψm

vcell
)− ∑[n]s]

(3.43)

where LA and LB are the hydraulic conductances of the apical and basolat-
eral membranes, and LP is the conductance via the paracellular pathway. χ−

shows the negatively charged impermeable moles inside the cell, and ψ repre-
sents uncharged impermeable species. Σ[n] is the sum of concentrations of all
ions (Na+, Cl−, K+, H+,HCO3−, Ca+ and glucose in each compartment).
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3.1.8 Membrane potential

Based on the conservation of charge, the summation of all ionic currents through
the apical or basolateral membrane divided by the cell capacitance gives the
membrane potential. It includes all the currents via electrogenic ion channels
and paracellular pathway. Electroneutral transporters do not play any role in
the net flux of charge (AE1, NHE3 and NKCC). A positive ion entering the cell
at either the apical or basolateral membrane is treated as a positive current. C
is membrane capacitance.

C
dvmc

dt
= (INaSGLT1 + IBK + IENaC + ICFTR + INa

P + IK
P + ICl

P ) (3.44)

C
dvsc

dt
= (IKCNQ + ICLC2 + IKNaK − INaNaK + INBCNa − INBCHCO3

−INa
P − IK

P − ICl
P )

(3.45)

3.1.9 Ionic balance equations

Intracellular ion concentrations are calculated based on the summation of all
the inlet and outlet fluxes divided by the cell volume. The flux Jm of species m
is equal to the current Im of that species divided by the product of ion’s valence
and Faraday number. Expressions for the individual currents are described
before. The ionic balance for HCO3 is not explicitly outlined as the ion does not
change any channel opening probability, but does contribute to the intracellular
pH equation (3.41).

d[Na]i
dt

= (
1

vcell
)(JNaSGLT1 − JNaNaK + JENaC + JNaKCC + JNaNBC + JNaNHE3

−[Na]i(
dvcell

dt
))

(3.46)

d[glucose]i
dt

= (
1

vcell
)(JmGLUT2 + JGlSGLT1 − JsGLUT2 − [glucosei](

dvcell
dt

)) (3.47)

d[K]i
dt

= (
1

vcell
)(JKNaK + JNaKCC + JKCNQ + JBK − [K]i(

dvcell
dt

)) (3.48)

d[Cl]i
dt

= (
1

vcell
)(2 × JNaKCC + JClAE1 − JCFTR − JCLC2 − [Cl]i(

dvcell
dt

)) (3.49)
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3.2 Computational Simulation

As mentioned in the previous chapter, the model was implemented in OpenCOR
which is an open source environment that can be used to generate, simulate
and study models of computational biology based on ODEs or DAEs encoded
by CellML language. The next chapters show the mathematical modeling of
glucose transport along with some other ions implemented in OpenCOR. The
model contains several transporters and each of them is implemented sepa-
rately in OpenCOR. OpenCOR encapsulates model details in terms of a hier-
archical approach. Each transporter in Figure 3.1 is defined in an individual
CellML model which includes all the parameters required for solving the equa-
tions mainly for flux/current through that specific channel. Each model can not
be run individually and they need to import to the top level of the simulation to
work in concert and deliver results. Different components require different vari-
ables and inputs that can be entered from other components and connected to
the parameters by mapping. For instance, membrane potentials are defined in
separate components as well as other transporters, and each transporter needs
to map with the appropriate potential at either side of the cell in order to
produce results. However, to make sure the individual transporter is working
properly before we import it to the top level cell model, some of the values
(e.g. membrane potential or time) can be defined in the same component to
test the model without the requirement of connecting it to other parameters in
different components. Implementing each channel separately and then import-
ing it to the final model, introduces the modularity approach of our modeling
in OpenCOR. This provides simplicity for understanding the complex model,
focusing on specific parameters or channels in the whole model, and also further
expansion in the same model or reuse in other protein cell models.
The solvers panel in OpenCOR contains a few simple methods such as the for-
ward Euler method or Runge-Kutta method, also CVODE method is also avail-
able in the solvers options. CVODE is used for solving initial value problems for
ordinary differential equations. It solves both stiff and nonstiff systems given
in explicit form y’ = f(t,y) using variable-coefficient Adams and BDF methods.
The Runge-Kutta-Fehlberg integrator is primarily designed to solve non-stiff
and mildly stiff differential equations when derivative evaluations are inexpen-
sive. It should generally not be used when the user is demanding high accuracy.
It is a variable time step method. Forward Euler method is a fixed time step
method to solve ordinary differential equations. Our model contains only or-
dinary differential equations and algebraic equation and the CVODE method,



3.2. Computational Simulation 57

backward differentiation formula(BDF) and also Newton’s method were used to
solve the system. For the numerical integration of ODEs we used the backward
differentiation formula (BDF) and also the Newton method for iteration. The
equations are solved over the time course of the simulation. In the simulation
panel of OpenCOR it is possible to set the starting point and ending point along
with point interval which is the interval between data points on the variable of
integration (time). In our model we usually start from 0 and test the end time
for several different durations within a point interval of 10 seconds.
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Chapter 4

Computational Modelling of
Glucose Uptake in the
Enterocyte

4.1 Introduction

Almost all of the nutrients, electrolytes and water from food are absorbed into
blood capillaries through the mucosa of the small intestine. Most absorption
processes in the small intestine are driven by an electrochemical gradient of ions
across the boundary of epithelial cells (enterocytes) lining the lumen. Trans-
porter proteins embedded in the apical membrane carry ions and nutrients into
the enterocyte. Other transporters in the basolateral membrane then the ions
into the interstitial space from where they enter capillary blood by diffusion.
Carbohydrates are the main source of energy in the body. They break down
to monosaccharides like glucose, which is the most important carbohydrate
fuel in the cell. Therefore the uptake and transport of glucose through the
small intestine epithelial cells is a vital aspect of human nutrition. Subse-
quent transport and metabolism of the absorbed species triggers responses such
as hormone release, appetite regulation and growth via complex physiological
feedback pathways. A mechanistic understanding of these pathways and how
they are disrupted in disease is lacking, partly due to the difficulties of mak-
ing experimental measurements in the luminal and capillary compartments. A
validated computational model of the absorption pathways can overcome these
difficulties by providing quantitative predictions of concentrations and trans-
port rates in the lumen and cell compartments (Hunter and Borg, 2003; Ingalls,
2012).

Many studies in the past few decades have focussed on mathematical mod-
elling of the glucose-insulin control system in order to study how metabolism
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and the regulatory system are disrupted in diseases like diabetes (reviewed in
Palumbo et al., 2013). At the cellular level, models of glucose uptake and trans-
port in the kidneys (Weinstein, 2015), glucose homeostasis in the liver (König,
Bulik, and Holzhütter, 2012) and glucose sensing (Riz and Pedersen, 2015) have
been developed. In contrast, mathematical modelling of glucose uptake by the
enterocytes lining the small intestinal mucosa has attracted little attention. The
first model of glucose transport in the enterocyte was developed by Thorsen et
al. (2014). The model focussed on the regulation of Na,K-ATPase in entero-
cytes during glucose absorption. It considered SGLT1 as the sole pathway for
glucose entry into the cell at the apical membrane and studied how the intra-
cellular Na+ concentration can be maintained in the face of SGLT1-associated
Na+ influx. One limitation of the model is the absence of a GLUT2 pathway
for glucose entry at the apical membrane. The role of apical GLUT2 is still a
matter of controversy with some studies indicating its presence and importance
for glucose uptake (Zheng et al., 2012; Kellett and Brot-Laroche, 2005) while
others have suggested SGLT1 as the dominant or sole pathway (Gorboulev et
al., 2012; Röder et al., 2014). Differences in experimental conditions and data
interpretation are partly the reason for lack of consensus (Koepsell and Gor-
boulev, 2012; Kellett, 2012). In this work, we developed a mathematical model
that includes apical GLUT2 and parameterised it against published experimen-
tal data. We then used the model to examine the relative contributions of
SGLT1 and GLUT2 in published cell culture data on glucose uptake (Zheng
et al., 2012). Finally we assessed the impact of increased glucose transporter
expression on uptake rates in diabetes.

The Thorsen model incorporated a mixture of mechanistic transporter mod-
els (e.g. SGLT1, basolateral GLUT2), empirical flux expressions (e.g. NaK-
ATPase, an effective Na-Cl co-transporter) and diffusive membrane fluxes for
Na+, K+ and Cl. We modified this framework to explicitly incorporate mech-
anistic models of all relevant transporters. In particular, we replaced the Na-
Cl co-transporter in the original model with individual models for the anion
exchanger 1 (AE1) and Na+ /H+ exchanger (NHE3) proteins at the apical
membrane and incorporated ENaC and CFTR channels for apical Na+ and Cl-
transport. This makes it possible to use the model to study scenarios where the
expression and/or function of these transport proteins is altered, for example
in gene knockout/mutation studies or the use of channel inhibitors and agonists.

The model is implemented in the open source, extensible markup language
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(XML)-based CellML modelling environment used to represent mathematical
models of biology based on ordinary differential and algebraic equations (Cuel-
lar et al., 2003). We adopted a modular, compositional approach to model
construction by reusing CellML models of individual transport proteins en-
coded in an online, curated repository (Physiome Model Repository (PMR,
models.physiomeproject.org)) to facilitate the sharing of models (Yu et al.,
2011). The complete model, including parameter values, simulation software
and simulation conditions, can be downloaded from PMR with the following
link: https://models.physiomeproject.org/workspace/572.

Figure 4.1: Schematic of enterocyte showing the relevant
transporters in the apical and basolateral membrane along with
the apical (lumen) and basolateral (interstitium) extracellular

domains.

4.2 Methods

4.2.1 Model Construction

We constructed a mathematical model of the epithelial cell of a small intestine
(enterocyte) that incorporates the relevant transport proteins identified in the
literature (Barrett and Keely, 2015) and diffusion pathways (Figure 4.1). The
membrane localisation and function of these transporters and the source of the
original mathematical models are listed in Table 4.1. The apical (luminal) and
basolateral (interstitial) surface of the cell are in contact with distinct extracel-
lular compartments. Transport of substances occurs across the membranes as

models.physiomeproject.org
https://models.physiomeproject.org/workspace/572
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well as directly between the extracellular compartments across the paracellular
junctions. The variables to be solved in the model are chemical species (Na+,
K+, H+, Cl−, HCO−

3 , glucose) concentrations in each compartment and the
two membrane potentials. Flux balance and electric charge conservation laws
yield the governing equations of the model. Water transport is not included and
hence we limit ourselves to modelling iso-osmotic transport. Model equations
are provided in section 3.1.8 and 3.1.9.

Figure 4.2: Figure shows the modularity of CellML model.
Encapsulation hierarchy (purple), the CellML model imports
(blue) and the other key parts (units, parameters,components

and mappings) of the top level CellML model.

Reuse of models and components within models is possible through the use
of the import element that enables encapsulation of other CellML files within
a CellML model and facilitates a modular, compositional approach to the con-
struction of complex models. The application of this approach in the enterocyte
model is shown in Figure 4.2. Existing models of the individual transporters
were imported into the top level model file (modular_model.cellml). Units
and parameters for all components as well as initial conditions for specific sim-
ulations were specified in separate .cellml files and also imported into the top
level file. The models were encapsulated as a group into the enterocyte compo-
nent in which the overall balance equations for the chemical species and electric
currents were coded. The mappings element links variables that are common
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between the different components, e.g. glucose concentrations in GLUT2.cellml,
SGLT1.cellml and enterocyte. The environment component comprises inde-
pendent variables that are common to all components, which in this case, is
solely time.

The model was coded and simulated in OpenCOR (Version 0.5)(Garny and
Hunter, 2015). The CVODES solver was used with the BDF integration method
and Newton iterations. All of the models including their parameters can be
downloaded from PMR with the following link:

https://models.physiomeproject.org/workspace/572

4.2.2 Comparison with Experiments

The model was validated against published experimental measurements of glu-
cose uptake in the human enterocyte-like cell lines Caco-2 and IEC6 Zheng et
al., 2012. In the experiments, the cells were cultured on impermeable surfaces
for 10 – 15 days in high glucose (25 mM) medium. To measure glucose uptake,
varying concentrations (0.5 – 50 mM) of glucose were introduced into the the
apical chamber in a buffer solution with a baseline composition 130 mM NaCl,
4 mM KH2PO4, 1 mM CaCl2. The osmolarity of the buffer was maintained dur-
ing the measurements by modulating the NaCl content such that if the glucose
concentration was x mM, NaCl concentration was 130 − x/2 mM. After expo-
sure to the glucose stimulus for different durations (30 – 600 s), cells were lysed
and intracellular glucose and protein concentrations were measured. Since the
measurements were reported in nanomole glucose per milligram (mg) protein,
the data were converted to concentration units (millimole per litre, mM) by do-
ing the unit conversion from nanomole/m3 to mM and also multiplying by the
cellular protein concentration (mg protein per ml cell volume). The conversion
factor a (protein density) was used as a fitting parameter in a non-linear Gener-
alized Reduced Gradient optimization to match model outputs to the data. The
optimization was done using the Microsoft Excel Solver (Microsoft Office 2013)
by minimizing the least square error between model predicted and measured
intracellular glucose concentration.

In the simulations, the apical compartment was treated as an infinite bath
of constant composition based on the experimental conditions. Since the cells
were cultured on an impermeable substrate, the volume of the basolateral com-
partment (Vs) was not measured. In the simulations, Vs was fixed at different

https://models.physiomeproject.org/workspace/572
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multiples (m = 0.1, 1, 10) of the cell volume (Vcell) and also as an infinite bath
to generate a range of predictions. This allowed us to account for the uncer-
tainty in the actual volume of the basolateral compartment. For finite values
of Vs, the concentration of the basolateral compartment cannot be regarded as
constant and was instead determined by the flux of glucose/ions across the ba-
solateral membrane. Since the experiments were conducted under iso-osmotic
conditions, there is no water transfer between the compartments and hence Vs

and Vcell were held fixed for the duration of each simulation. As it mentioned
before this investigation neglects the effects of the AQP channel and paracellular
water transport.

Transporter Location Role Chemical Species Source of the mathematical model
SGLT1 Apical Cotransporter 1 Glucose, 2 Na+ Parent et al., 1992

NaK ATPase Basolateral Exchange Pump 3Na+, 2K+ Thorsen, Drengstig, and Ruoff, 2014

GLUT2 Apical and
Basolateral Uniporter Protein Glucose Pradhan et al., 2013

NHE3 Apical Antiporter 1 Na+, 1 H+ Weinstein, 1995
AE1 Apical Antiporter 1 Cl−, 1 HCO−

3 Weinstein, 2000
BK Apical Channel K+ Fong et al., 2016

CFTR Apical Channel Cl− Fong et al., 2016
CLC-2 Basolateral Channel Cl− Fong et al., 2016
ENaC Apical Channel Na+ Fong et al., 2016

IK Basolateral Channel K+ Fong et al., 2016
NBC Basolateral Cotransporter 1 Na+, 3 HCO−

3 Østby et al., 2009
NKCC1 Basolateral Cotransporter 1 Na+, 1 K+, 2 Cl− Palk et al., 2010

Table 4.1: List of transporters used in the model along with
their locations and roles

4.3 Results

4.3.1 Steady state and dynamic responses

The model was first checked for physiological consistency by determining intra-
cellular concentrations and membrane potentials in the absence and presence of
a glucose stimulus. Steady state values of the model variables were computed
with no glucose in the extracellular compartments. In these simulations, the
composition of the apical and basolateral compartments were identical and held
constant (140 mM Na+, 5.4 mM K+, 140 mM Cl−). Results were consistent
with reported values (Table 4.2).

Next, the dynamic response to an apical glucose stimulus was determined.
The model was initialised in the steady state described in Table 4.2 and a
time dependent, extracellular glucose stimulus previously used in the literature
(Thorsen, Drengstig, and Ruoff, 2014) was applied at t = 60 s. The stimulus
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Ion Model Result Reported Value Reference

Na+ (mM) 53 45-65 Nellans and Schultz, 1976

K+ (mM) 121 120-140 Nellans and Schultz, 1976

Cl− (mM) 66 50-70 Nellans, Frizzell, and Schultz, 1973; Frizzell et al., 1973

Apical (lumen-cell)
membrane potential (mV) -28 −36 ± 0.5 Rose and Schultz, 1971

Basolateral (interstitium-cell)
membrane potential(mV) -35 −40.5 ± 0.8 Rose and Schultz, 1971

pH 7.17 7.2 Shimada and Hoshi, 1987

Table 4.2: Reported values for intracellular ions concentration
from simulated model and literature

consists of a step increase followed by an exponential decay. Other extracellu-
lar variables were maintained at the same values used for the previous set of
simulations. (Figure 4.3A). Other extracellular variables were maintained at
the same values used for the previous set of simulations. The stimulus causes a
depolarisation of both membranes (Figure 4.3B). Membrane potentials recover
rapidly to baseline after around 100 seconds and mirror the time course of the
stimulus. Transient changes in the transepithelial potential difference (≈ 1.4
mV increase) are of the same direction and comparable magnitude to values re-
ported in the literature (1.9 ± 0.1 mV (Rose and Schultz, 1971)) while changes
in the apical potential (≈ 12 mV increase) are higher than values reported in
the same study (6 ± 0.5 mV)(Figure 4.3B-C). Intracellular ion concentrations
and pH all exhibit a slower transient response than the membrane potentials
that lasts for approximately 200-300 seconds.

4.3.2 Comparison with the Thorsen et al (2014) model

Since our model is similar to that developed by Thorsen et al (2014), we com-
pared the responses of both models with the parameters in table 4.3, and same
glucose stimulus as in Thorsen’s model. However, since the implementation
of our model is compeletely different from Thorsen’s model therefore different
steady state was obtained. Table 4.4 shows the channels and their mathemati-
cal description in Thorsen’s model. Model outputs were normalised against the
steady state values of the Thorsen model and are shown in Figure 4.4. A few
observations may be made: in the absence of a glucose stimulus, steady state
values of the membrane potentials in our model are around 30% lower while the
transepithelial potential is around 80% higher. Steady state values for concen-
tration of chloride, potassium and glucose are 5 − 10% lower than the values in
the previous model whereas for sodium it is about 10% higher. In response to
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Figure 4.3: Dynamic response of the model to an extracel-
lular glucose stimulus. The stimulus consists of a step increase
followed by an exponential decay (A). Apical and basolateral
membrane potentials (B), transepithelial potential (C), and in-
tracellular concentrations of glucose (D), sodium (E), potassium

(F), chloride (G) and pH (H) are shown.

a glucose stimulus, our model has a larger change in membrane potentials and
intracellular glucose, but smaller changes in sodium and potassium. Chloride
responses are of almost the same magnitude in both models. The duration of
the transients are similar in both models, except for glucose where our model
has a similar rise time, but a slower decay (around 2 times slower).
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Figure 4.4: Comparison of model responses against the model
of Thorsen et al (2014). Each variable has been normalised
against the corresponding steady value from the Thorsen model.

4.3.3 Comparison against cell culture data

Finally, model predictions were compared against measurements carried out in
cell culture studies (Zheng et al., 2012). The experiments used Caco-2 and IEC6
cell lines as described previously in section 4.2.2. While Caco-2 expresses both
SGLT1 and GLUT2, IEC6 cells do not express GLUT2. We therefore used the
same model for both of the cell lines however we turned off the expression of
GLUT2 in the apical membrane to simulate this cell..

Model predictions of the intracellular glucose concentrations are in good
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Parameter Value in our Model (Figures 3 & 4) Value in our Model (Other figures) Unit
nSGLT1 18 × 107 4 × 107 -
nAGLUT2 0 42 × 107 -
nBGLUT2 14 × 106 14 × 107 -

Vcell 6 × 10−16 2 × 10−15 m3

Capacitance 1 × 10−5 1 × 10−5 µF

Table 4.3: Parameter values used in the simulations

Protein Flux Equation

SGLT1 JSGLT
Na = −2nSGLT

1.672·1014 (
ε[Nam]2[Gm]+φ[Nam]2+γ

α+β[Gm]+χ[Nam]2+[Nam]2[Gm]
)

Na-K-ATPase JNaK = VNaK(ψsc) · nNaK · 1.13[Nac]1.36

(KNac
0.5 )1.36+[Nac]1.36 ·

1.3[Ks]

KKs
0.5+[Ks]

Coupled NaCl JNaCl = 2VNaCl
max ([Nam][Clm]−[Nac][Clc])

2K1K3+K3[Nam]+K4[Clm]+2[Nam][Clm]

GLUT2 JGLUT =
VGc

maxKGs
0.5[Gc]−VGs

maxKGc
0.5[Gs]

(KGc
0.5+[Gc])(KGs

0.5+[Gs])
· nGLUT

Diffusive Flows JD
i = −PiziFψ

RT ( [iout]−[iin]exp(ziFψ/RT)
1−exp(ziFψ/RT) ) · A

Table 4.4: Flux equation through transporters in Thorsen’s
model (Thorsen, Drengstig, and Ruoff, 2014)

agreement with the measurements over the entire range of time points and api-
cal glucose concentrations for both cell lines (Figure 4.5). As shown in Figure
4.5(A-B) at 30 and 60 seconds of exposure, intracellular glucose concentrations
in both cell lines have a tendency to saturates in the presence of high levels of
apical glucose. IEC6 still has the same behaviour for longer exposure times (300
and 600 seconds) whereas concentrations in Caco2 do not saturate with increas-
ing glucose concentration in the apical compartment (Figure 4.5(C-D)). Bands
for the model predictions represent the range of values for basolateral volume
that were generated at different multiples of the cell volume (Vs = mVcell). The
protein density parameter a are quite close to each other for Caco-2 cell line
and varies for IEC-6 cell line to fit the four exposure durations (Table 4.5).

Together, these results indicate that the model is able to reproduce a range
of independent experimental observations. Next we present applications of the
validated model to address questions about glucose uptake pathways in health
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and disease.

Figure 4.5: Intracellular glucose concentrations for a range
of extracellular glucose concentrations in Caco2 and IEC6 cells
and exposure times (A: 30 s, B: 60 s, C: 300 s, D: 600 s). Exper-
imental data points and error bars were digitally extracted from
Zheng et al (2012)(Mean ± SD - n ≥ 3). Bands for the model
predictions represent the range of values generated by setting

Vs = mVcell , m = 0.1, 1, 10, 100, ∞.

4.3.4 Role of apical GLUT2 in glucose uptake

In the original study of Zheng et al, the experimental data in Figure 4.5A-D
were interpreted as indicating the presence of GLUT2-mediated uptake at the
apical membrane (Zheng et al., 2012). We investigated if an alternative expla-
nation was possible whereby SGLT1 expression levels in the model could be
tuned to reproduce the same trends in intracellular glucose concentration. In
Figure 4.6A-D, the data for Caco-2 cells at the 600 s time point are compared
to the model with varying levels of apical GLUT2 and SGLT1. The baseline
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model with normal expression of SGLT1 and apical GLUT2 provides a good fit
to the data over the full range of apical glucose concentrations (Figure 4.6A).
When apical GLUT2 is turned off with no changes in SGLT1 expression (Fig-
ure 4.6B), model predictions of intracellular glucose are low compared to the
data for apical glucose concentrations higher than 10 mM. In addition, model
predictions saturate after around 20 mM of apical glucose while the data shows
an increasing trend. A higher expression of SGLT1 was also examined and can
provide a better match to the data in the absence of apical GLUT2. With
no apical GLUT2 and 2-fold levels of baseline SGLT1 (Figure 4.6C) the model
overpredicts the data at low apical glucose concentrations (< 10 mM) and un-
derpredicts the data at apical glucose concentrations > 40 mM. When SGLT1
levels are increased to 3 times the baseline value, the model overpredicts the
data over the whole range, except at a apical glucose of 50 mM (Figure 4.6D)
In order to explain these results, the contribution of SGLT1 and GLUT2 to
the apical glucose flux is shown in Figure 4.7 following 600 s of exposure to
apical glucose. It is seen that for apical glucose concentrations up to around
25mM, the flux through SGLT1 is higher than GLUT2 flux but after that it
starts to saturate, while the GLUT2 flux continues to increase and get higher
than SGLT1 flux. This behaviour looks similar to the previous experimental
study Kellett and Helliwell, 2000 which at the apical glucose concentration of
50 mM the glucose flux through GLUT2 is about 2 times higher than flux via
SGLT1, Thus, varying the level of SGLT1 in the absence of apical GLUT2 is
unable to capture the shape and magnitude of the experimental measurements
since transport through SGLT1 saturates at an apical glucose concentration of
about 25 mM. This suggests that apical GLUT2 is essential to account for the
data from Zheng (Zheng et al., 2012).

4.3.5 Glucose uptake in diabetes

In diabetes, expression levels of SGLT1 and GLUT2 in the small intestine are
reported to be increased 3–4 fold compared to non-diabetic controls in both
human and animal studies (Fedorak et al., 1991; Burant et al., 1994; Dyer et al.,
1997; Dyer et al., 2002). Then it is expected to higher rates of glucose absorption
to the blood. However, the magnitude of the effect is not known. We used our
developed model to study the effect of a 3-fold elevated SGLT1 and GLUT2
expression levels on glucose flux into the basolateral compartment. Figure 4.8
shows the ratio of steady state glucose flux into the basolateral compartment,
normalized to the flux at baseline conditions over a range of apical glucose
concentrations. For apical glucose concentrations up to 50 mM, 3-fold increase
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Figure 4.6: Intracellular glucose concentration versus extra-
cellular glucose concentration in Caco2 in the presence/absence
of apical GLUT2 with different number of SGLT1 transporter
A) Output of model with apical GLUT2 B) Model does not
have apical GLUT2 C) model does not have apical GLUT2 and
the number of SGLT1 is doubled D) model does not have api-
cal GLUT2 and the number of SGLT1 is 3-fold higher. Ex-
perimental data points and error bars were digitally extracted
from Zheng et al (2012). Bands for the model predictions rep-
resent the range of values generated by setting Vs = mVcell , m =

0.1, 1, 10, 100, ∞.

in SGLT1 levels causes a small increase in the basolateral flux over the whole
range of apical glucose concentration. This increase is less than 1.1 times the
baseline value. On the other hand increasing the level of GLUT2 by 3-fold
increases the basolateral flux to almost 3 times the baseline value. This increase
is observed over the whole range of glucose concentration. The result shows
that higher levels of GLUT2 in diabetics may lead to a proportional increase
in glucose absorption. In contrast, increases in SGLT1 cause a much smaller
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Figure 4.7: Glucose Flux through SGLT1 and GLUT2 in 600
seconds of simulation along with total apical flux of glucose

increase in absorption. However, SGLT1 may indirectly increase absorption
rates since studies have shown that apical GLUT2 expression is dependent on
SGLT1 activity (Kellett and Helliwell, 2000).

4.4 Discussion

We have developed a computational model of glucose transport in the entero-
cyte that includes the full set of relevant transporters. The model is able to
reproduce measurements reported in the literature and can be used to answer
physiologically relevant questions about glucose uptake rates and mechanisms.
In addition, the capabilities of the CellML framework were exploited to compose
existing validated models of individual transporters to create the final model,
which provides greater confidence in the implementation and facilitates model
reuse and sharing.

4.4.1 Comparison with existing models

Our model differs from the Thorsen, Drengstig, and Ruoff, 2014 model in some
important respects. One of the differences between the two models is in the the
treatment of sodium and chloride transport at the apical membrane. Thorsen
et al postulate electro neutral one-for-one fluxes of these ions to account for
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Figure 4.8: Normalized steady state basolateral glucose flux
versus different stimulus of glucose in the lumen when number
of SGLT1 is 3 fold higher(green), number of GLUT2 is 3 fold
higher(blue) and number of both SGLT1 & GLUT2 are 3 fold

higher(red)

the sodium-hydrogen (NHE3) and chloride-bicarbonate (AE1) exchangers and
use Goldman-Hodgkin-Katz (GHK) diffusion to model ENaC and CFTR. In
contrast, our model takes a more general approach by incorporating the indi-
vidual transport pathways at the apical membrane (Figure 4.1). We examined
the implications of these modelling choices in Figure 4.9. Figure 4.9A shows
the ratio of the AE1 flux to NHE3 flux for the simulation conditions of Figure
4.4. In the Thorsen model this ratio is equal to 1, whereas the ratio lies in the
range 7 - 8 in our model.

Our decision to explicitly model AE1 and NHE3 offers some advantages
and testable consequences. First, our model produces the intracellular pH as
an output since H+ concentration is a variable in the model and this provides
an additional consistency check (Eq.3.41). Second, our model can be used to
investigate conditions in which the expression/function of AE1 and NHE3 are
altered, e.g. impaired absorption in NHE3 knockout mice (Schultheis et al.,
1998), reduced chloride absorption and pH imbalance in AE1 mutations (Noo-
nan et al., 2005).
Thorsen et al. used sodium and chloride diffusion through both apical and
basolateral membrane of the cell. We replaced them with ENaC and CFTR
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Figure 4.9: Sodium flux and Chloride flux through NHE3 and
AE1 compare to NaCl co-transporter flux in the Thorsen model

transporters for sodium and chloride flux in the apical membrane respectively.
Figure 4.9B shows the ratio of sodium and chloride flux through transporters
in our model to the sodium and chloride flux through diffusion in the Thorsen
model. It is seen that Chloride flux via CFTR is around 4 times higher than
Cl− diffusion and also sodium via ENaC has around 2 times higher flux com-
pared to Na+ diffusion in Thorsen model. Thus the contributions of individual
transport pathways are significantly different between the models while still
providing similar steady state predictions (Figure 4.4). By incorporating indi-
vidual transporters our model offers the flexibility to study effects of drugs or
diseases that influence the function of these transporters.

4.4.2 Parameter choice and data fitting

Published values from the literature were used for the majority of transport
protein kinetic parameters in our model, with a great deal of information for
ohmic models provided by Fong et al., 2016. However, we used a different num-
ber of transporters in order to obtain a better fit to the experimental data. The
total cellular protein density (a) was used as a fitting parameter to match the
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model predictions of intracellular glucose with the data of Zheng et al., 2012.
For both cell types, the fitted value increased with the duration of glucose ex-
posure (Table 4.5. Since [glucosei]pred = a [glucosei]expt, this indicates that
measured uptake increased at a slower rate with exposure time than predicted
by the model. Possible reasons could include desensitisation or inactivation
of transporters and variations in cell protein density between different experi-
ments. Also, the fitted protein densities are lower than indicative values for the
mammalian cells (0.1 – 0.2 g/ml, Milo, 2013).
The actual values of a do not hold much significance since they depend on
the cell volume, which were not estimated in the experiments and were as-
signed arbitrary, realistic values (volume = 1400µm3) (Crowe and Marsh, 1993;
Buschmann and Manke, 1981; MacLeod et al., 1991). Given these caveats, the
model produces reasonable fits without the requirement of fine tuning.

Exposure duration
(seconds)

a (g protein/ml)
Caco2

a (g protein/ml)
IEC6

30 0.021 0.009
60 0.026 0.013
300 0.032 0.035
600 0.03 0.047

Table 4.5: Best fit values of the protein density (a) used to
generate the simulated curves in Figure 4.5 for different exposure

times and both cell lines.

It was also necessary to make an assumption about the volume of the ba-
solateral compartment in the comparisons with Zheng et al., 2012 as explained
before. Rather than treat this as a fitting parameter, we generated a range of
model predictions by varying the parameter from small (0.1 times the cell vol-
ume) to large (an infinite compartment) values. The model predictions varied
by <5% at short exposure durations and about 50% at long durations (Figure
4.5) and bracketed the experimental observations in all cases, except few short-
est exposures for Caco2. This once again points to the robustness of the model
predictions.

4.4.3 Role of apical GLUT2 in glucose uptake and effect
of time

Figure 4.10 shows that in the model for both cell lines at short exposure times
the glucose uptake has a tendency to be saturated (in 30 and 60 seconds), in
longer term (>300 seconds) Caco2 shows non-saturation glucose uptake (Figure
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4.10 A) however IEC6 has a greater tendency to level off even at higher api-
cal glucose concentration Figure 4.10 B). It has been reported that increasing
the glucose concentration in the lumen can cause the apical translocation of
GLUT2 Scow et al., 2011 however, in our model results do not require acute
translocation of GLUT2 to the apical membrane. Also Western blots experi-
ments showed higher level of GLUT2 expression in higher extracellular glucose
concentration Kellett and Brot-Laroche, 2005; however, in our model density
of apical GLUT2 was the same in different concentrations and exposure times.
This shows that apical GLUT2 is crucial in order to explain the behaviour of
intracellular glucose absorption.

According to Figure 4.8, in diabetic patients GLUT2 plays much more im-
portant role in the increased glucose absorption compared to SGLT1 regarding
the number of transporters. This is in fact a very interesting finding which
could be a potential subject of future research into the role of glucose trans-
porter expression levels in diabetic patients.

In summary, we have developed an integrative model of glucose uptake in
the enterocyte that incorporates mechanistic descriptions of all relevant trans-
porters and validated it against published measurements and models with min-
imal parameter tuning. The work utilises the CellML modelling framework and
the Physiome Model Repository to provide a portable, publically available im-
plementation that facilitates sharing, reuse and extension of the model. We
expect that the model will provide insight into transport pathways and guide
the design and interpretation of experiments to generate and test hypotheses.
We have used the model to determine the relative contribution of SGLT1 and
GLUT2 to glucose absorption under a range of conditions. We have also evalu-
ated the consequences of altered SGLT1 and GLUT2 expression in diabetes on
glucose absorption rates. Potential applications in the future can include pre-
dictive modelling of the effect of drugs such as SGLT1 and GLUT2 inhibitors
on glucose uptake and ion transport. This model of cellular uptake can be
coupled with models of blood flow and metabolism to develop a more com-
plete predictive framework of glucose homeostasis in the body (Nickerson et al.,
2015).
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Figure 4.10: Model output - Intracellular glucose concentra-
tion versus Extracellular glucose concentration in a) Caco2 cell
line and b) IEC6 cell line. Bands for the model predictions rep-
resent the range of values generated by setting Vs = mVcell , m =

0.1, 1, 10, 100, ∞.
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Chapter 5

Computational Modelling of
Non-Isotonic Glucose Uptake in
the Enterocyte

5.1 Introduction

As noted in chapter 2, carbohydrate is recognized as an essential nutrient in
the body which can produce the energy required for healthy function. Glucose
absorption via small intestine has been studied for many years (McCance and
Madders, 1930; Wertheimer, 1934), however it is still not clear exactly how this
process is accomplished. The mechanism of glucose absorption, especially in the
presence of high luminal glucose, has been a fascinating topic for many years.
The Thorsen’s model, as one of the pioneer models of glucose uptake in the
epithelial cell of small intestine, had the limitation of being developed under
iso- osmotic conditions and did not take in to account water movement and
cell volume changes (Thorsen, Drengstig, and Ruoff, 2014). Maintenance of cell
volume is very important for appropriate function of the body, and cell volume
regulation usually depends on transport of the solute to the extracellular com-
partment and cell permeability to water. The principal driver of cell volume
change is the change in osmolarity. The osmolarity difference between the cell
and the extracellular compartment can cause the cell to swell by gaining water
or shrink by losing water(Argyropoulos et al., 2016). Glucose transport across
the cell can change the osmolarity leading to changes in water transport and cell
volume, for instance glucose loaded in the lumen can increase the osmolarity of
the lumen over that of the cell thus causing more water to leave the cell and
making the cell volume smaller (Zeuthen, Zeuthen, and MacAulay, 2007).

One of the latest models on this topic examined the role of apical GLUT2 in
sugar absorption, water transport and cell volume regulation (Naftalin, 2014).
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In this model, SGLT1 is the only transporter in the apical membrane that can
take glucose into the cell and results higher glucose inside the cell than the
lumen. In that case, upregulation of GLUT2 in the apical membrane of the cell
causes the reflux of glucose back to the intestinal lumen which leads to reduced
glucose absorption. GLUT2 is the only way out for the glucose to leave the cell,
but glucose also transport between the luminal fluid and interstitial fluid via the
intercellular junctions. Water flows is produced by the osmotic pressure gen-
erated across the membrane boundaries between adjacent compartments and
leads to volume changes in the cell. The volume changes are controlled by
independent apical and basolateral hydraulic coefficients. In this model, in-
tracellular osmolarity is always higher than lumen osmolarity, therefore water
enters the cell from the lumen which leads to an increase in the cell volume.
Naftalin showed in his model that within high luminal glucose, apical GLUT2
always removes glucose from the cell, so does not let the intracellular glucose
increase a lot, whereas a lack of apical GLUT2 leads to higher intracellular glu-
cose concentration and therefore higher cell volume. Additionally, there is no
mechanistic model for the transporters in his model and the entire model was
based on Michaelis–Menten kinetics (Naftalin, 2014).

In the current model, we developed a validated model of glucose uptake
in the small intestine based on a mechanistic model for all of the transporters
without using the Michaelis–Menten kinetic. The model is more realistic by
not having the limitation of iso-osmotic conditions as were present in chapter 4
and includes water transport across the cell membrane. Additionally, The rate
of change in cell volume is calculated based on the difference of the input and
output of water flux through the membrane. As mentioned previously in section
3.1.7, this water flux is driven by the osmotic gradient across the membrane.
Osmolarity or osmotic concentration is basically the sum of all solute concen-
tration in the related compartment. Water movement and volume changes are
regulated by hydraulic coefficients in both membranes. Water flows across the
apical and basolateral membranes via water channels called aquaporins (AQP)
(Verkman, 2013). Our model was considered both hyperosmolar and hypoos-
molar conditions where the cell osmolarity was lower and higher than lumen
osmolarity respectively. The model investigated the effect of apical GLUT2 on
glucose absorption and cell volume regulation. Absorption of glucose in to the
cell through apical GLUT2 can increase the osmolarity of the cell and decrease
the osmotic gradient between cell and lumen, therefore less water leaves the
cell and the cell volume change is lower compared to a situation where apical
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GLUT2 not present in the membrane. The output of the model was checked un-
der steady state conditions and also compared with existing intestinal loop data
(Collin, Kelly, and Phillips, 1978). As with the model in chapter 4, this integra-
tive model is implemented by CellML language and performed by OpenCOR
environment. We adopted a modular, compositional approach to construct the
model.

5.2 Methods

5.2.1 Model construction

In chapter 4 the mathematical model of the enterocyte was constructed under
isotonic conditions (Afshar et al., 2019) and included all of the related trans-
porters from the literature(Barrett and Keely, 2015) as mentioned before in
chapter 3. The mentioned model was isotonic through all of the compartments,
so the cell volume changes as an effect of water movement through the apical
and basolateral membranes was not considered. As it is not physiologically ac-
curate to neglect the impact of water movement, therefore in the current model
we developed the isotonic model and added water transportation and consid-
ered the cell volume changes during the absorption process. Figure 3.1 shows a
schematic diagram of a 3 compartment model of an epithelial cell of the small
intestine along with intestinal lumen area and blood capillaries.

The model permits us to predict membrane potentials, intracellular concen-
trations of glucose and electrolytes (Na+, K+, HCO−

3 , Cl−), and also the fluxes
of these species. The composition and volume of the cell compartments are not
fixed and can be changed during nutrient and water movement. The mucosal
compartment was treated as an infinite bath of constant composition. The vol-
ume of the blood compartment was assumed to be of a finite value during the
simulation, but outlet blood flow was variable based on inlet blood flow plus
water fluxes through the blood compartment. For a finite value of blood com-
partment volume, the composition of the basolateral compartment cannot be
considered as constant and was instead determined by the flux of glucose/ions
across the basolateral membrane and the blood flow rate, so the concentration
of ions in the blood also varied during the simulation. Water transport occurs
through AQP channels on both sides of the membrane along with the paracellu-
lar diffusion via tight junctions. Water movement through each side of the cell
is based on the osmolarity difference between the two involved compartments,
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which leads to changes in cell volume and overall gives us the possibility of hav-
ing a composite model for glucose absorption in the enterocyte. Flux balance
and electric charge conservation laws yield the governing equations of the model.

All the equations for ion fluxes and concentrations are described previously
in Chapter 3. The models and their associated parameters can be found in the
PMR with the following link:

https://models.cellml.org/workspace/58c

The model was validated against the published intestinal loop data of nutri-
ents and water uptake (Collin, Kelly, and Phillips, 1978). In their experiment,
the jejunal absorption of water, glucose and sodium with intestinal pacing were
studied. Enough information was provided in order to calculate the absorp-
tion rate of water, glucose and sodium. The research was carried out on four
female mongrel dogs by isolating 75 cm loop of intestine. The infusion rate
of the solution was 2.9 ml/min and it consisted of 100 mmol/liter glucose and
90 mmol/liter sodium chloride which was used as luminal concentration in our
model. Output fluxes in the experiment were calculated on the basis of mmole
of emerged component in 5 mins so the final results were divided by 5 in or-
der to have the output flux per minute. Concentration of ions in the blood
compartment were kept close to values considered reasonable in the literature(
Table 5.1).

Ion Blood Concentration (mM) Reference

Gl < 7.8 (Clinical Excellence et al., 2012)

Na+ 135-145 (Pierro, Coppi, and Eaton, 2012)

K+ 3.5-5 (Posencheg and Evans, 2012)

Cl− 97-107 (Pfortmueller et al., 2018)

Table 5.1: Reported values for ions concentration in blood

5.2.2 Parameter values

We estimated a range for model parameters based on information in the litera-
ture.

https://models.cellml.org/workspace/58c
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5.2.2.1 Number of epithelial cells

In a study in 1967 (Altmann and Enesco, 1967), the rat intestine was removed
and the length was divided into 10 equal segments. The percentage of epithelial
cells and the total number of cells in each segment were calculated in their study
and shown in Table 5.2. The total number of epithelial cells can be calculated as
a product of percentage of epithelial cells and the total number of cells Therefore
with the values listed in Table 5.2 the estimation for the number of epithelial
cells in the small intestine is around 3.4 − 4.4 × 109.

5.2.2.2 Blood flow

Based on a study in 1980 (Granger et al., 1980), the villi accounts for 24-37%
of total intestinal flow and from the same paper the rat total intestinal flow is
between 40-150 (ml/min100g) Therefore the minimum and maximum values
for blood flow in the villi is 9.6 and 55.5 (ml/min100g) respectively. However
those values were related to 100 grams of tissue. The mass of Rat small intestine
is around 4% of bodyweight (Miller, 1971), and the body weight of an adult
rat is around 100 grams (Altmann and Enesco, 1967), so the mass of small
intestine is around 4 grams and as mentioned before contains 3.4 − 4.4 × 109

epithelial cells, therefore in 100 grams it will be 8.5− 11× 1010. By dividing the
total blood flow in 100 grams by the number of epithelial cells in 100 grams the
estimation of blood flow in the villi for each epithelial cell is calculated around
0.87 − 6.5 × 10−16 in the unit of m3/min.

5.2.2.3 Blood volume

According to the research in 1957 (Rieke and Everett, 1957), the blood volume
of mucosa is around 4.7ml/100g and from our calculation we have the number
of epithelial cells in 100 gram, so by dividing the volume by the number of cell,
estimation of inlet blood volume in each epithelial cells is achieved as follows:
4.2− 5.5× 10−17 m3. In our model blood outflow is varied as a function of inlet
blood flow and water flux, in order to keep the volume constant.

% Epithelial cells
in rat intestine 43.3-55.3 Altmann and Enesco, 1967

Total number of epithelial
cells in Adult rat intestine 7695 Altmann and Enesco, 1967

Total Intestinal blood flow 40-150 (ml/min/100g) Granger et al., 1980

Table 5.2: Reported values for number of epithelial cells in
the rat small intestine, and intestinal blood flow in blood.
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5.2.3 Calculation of absorbed fluxes

In the intestinal loop research of Collin et al. (Collin, Kelly, and Phillips,
1978), they measured the outlet flux from the jejunal section.They also had the
inlet solution composition along with its infusion rate. Therefore, the absorbed
amounts of sodium, glucose and water were calculated from the information
outlined in their paper based on the inlet and outlet flux.

Absorbed flux = Inlet flux − Outlet flux (5.1)

Inlet flux = Solution composition × Infusion rate (5.2)

5.3 Results

5.3.1 Model output

The model was first run without any glucose stimulus in the lumen in order to
check the physiological consistency of steady state values of the model variables.
Figure 5.1 presents some of the results after 3000s of simulation. In this sim-
ulation, the concentration of ions in apical and basolateral compartments are
kept similar to one other (150 mM Na+, 5 mM K+, 150 mM Cl−). Figure 5.1-B
shows the intracellular glucose concentration in a steady state mode where there
was no glucose load in the intestinal lumen and the amount of glucose in the cell
consequently leaves the cell quickly and decreases from 9 mM to below 1 mM.
The other panels in Figure 5.1 present the membrane potential in both sides of
the cell, and the intracellular concentration of sodium, potassium, chloride and
pH. They are all close to the physiologically accepted range (Table 5.3). Figure
5.1-G shows the water fluxes through apical and basolateral membranes and
panel H depicts the cell volume. This model can predict more realistic values
for ion or glucose concentrations inside the cell as well as cell volume changes by
considering water movement during the absorption process. The current model
is more realistic compared with the model under iso-osmotic conditions (chapter
4) and the results are closer to the actual transport process that occurs in the
body.

5.3.2 Comparison with intestinal loop data

After the accuracy and correctness of the model was checked, the next step
was to validate the model. Therefore, the model predictions were compared
with measurement accomplished in the intestinal loop study (Collin, Kelly, and
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Figure 5.1: (A) Apical and basolateral membrane potential
versus time, (B),(C),(D),(E) Intracellular concentration of glu-
cose, sodium, chloride and potassium vs time (F) Intracellu-
lar pH vs time (G) Water fluxes through apical and basolateral

membrane vs time (H) Cell volume changes vs time.

Phillips, 1978). The lumen concentration was 90 mM NaCl, 100 mM glucose
and 6 mM potassium. In order to get a better match with the experiments, the
number of glucose transporters - apical GLUT2 and Basolateral GLUT2 - were
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Ion Model Result Reported Value Reference

Na+ (mM) 44.6 45-65 Nellans and Schultz, 1976

K+ (mM) 113 120-140 Nellans and Schultz, 1976

Cl- (mM) 67.8 50-70 Nellans, Frizzell, and Schultz, 1973; Frizzell et al., 1973

Apical (lumen-cell)
membrane potential (mV) -25 −36 ± 0.5 Rose and Schultz, 1971

Basolateral (interstitium-cell)
membrane potential(mV) -32.5 −40.5 ± 0.8 Rose and Schultz, 1971

pH 7.26 7.2 Shimada and Hoshi, 1987

Table 5.3: Reported values for intracellular ions concentration
from simulated model and literature.

increased from 42× 107 and 14× 107 to 48× 108 and 11× 108 respectively. As
there was not enough information about blood volume or the inlet blood flow in
the experiment, we considered 3 different values for inlet blood flow to generate
a range of prediction (1 × 10−16, 5 × 10−16, and 1 × 10−15). This allowed us
to account for uncertainty in the actual value of inlet blood flow in the blood
compartment as showed by the error bars in Figure 5.2. Figure 5.2 shows the
comparison between model output and intestinal loop data. Model predictions
were in reasonable agreement with the intestinal loop data. Glucose absorption
rates in the model and sodium absorption rates in the model were less than
30% lower and the sodium absorption rate was less than 30% higher than the
values in the experiment (Figure 5.2-A and B), however they have some overlap
according to their error bars. Water absorption rates were very similar in the
model and the experiment (Figure 5.2-C ). They all were simulated for 5000s.
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Figure 5.2: A) Glucose rate B) sodium absorption rate and
C) Water absorption rate through the cell comparison with in-
testinal loop data. Error bars in the model are due to different
values for inlet blood flow. Error bars in the experiments are

Mean ± SE with 6 tests (Collin, Kelly, and Phillips, 1978)

5.3.3 Role of apical GLUT2 on volume regulation

In the next step, we used the generated model to address questions about the
role of apical GLUT2 in the cell volume regulation. In this section we studied
two different scenarios for concentration in the lumen where the lumen osmolar-
ity is higher or lower than the cell osmolarity. Since the lumen is assumed to be
an infinite bath, therefore the absence or presence of apical GLUT2 has no ef-
fect on lumen osmolarity. The volume of the cell, intracellular glucose, sodium
and chloride concentration, and Apical water flux were plotted in Figure 5.3
under different glucose stimuli in the lumen with the presence and absence of
apical GLUT2 in order to explain the hyperosmolar lumen. Under the condi-
tions, without apical GLUT2, when the glucose concentration in the lumen is
increased, it leads to higher osmolarity in the lumen and causes the cell to lose
more water(Figure 5.3-E), therefore the volume of the cell becomes lower. At
20 mM of luminal glucose, the cell volume is around 2 × 10−15 m3 and intra-
cellular glucose is about 13 mM (Figure 5.2-A&B). By increasing the luminal
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glucose from 20 to 100 mM, the cell volume in the absence of apical GLUT2
is decreased around 20% to a value of 1.54 m3 whereas with apical GLUT2
the cell volume showed the same behavior with around only a 10% decrease in
value (around 1.73 m3)(Figure 5.3-F). Water fluxes are almost the same in the
absence and presence of apical GLUT2, however they are slightly higher with
the presence of apical GLUT2 (Figure 5.3-E & J).

Figure 5.3: Cell volume, Intracellular glucose, sodium, chlo-
ride concentration, apical water flux changes in time in the
absence of apical GLUT2 (A-E) and in the presence of apical
GLUT2 (F-J). The simulation was run under four different lu-

minal glucose concentration (20, 50, 80, 100 mM)

Having more glucose in the lumen causes some changes in intracellular
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sodium and chloride concentration, and as with the cell volume behavior, the
changes are less in the presence of apical GLUT2 (Figure 5.3-C,D,H and I).
Increasing the luminal glucose from 20 to 100 mM in the absence of apical
GLUT2 leads to around a 30% decrease in sodium concentration and about an
8% increase in chloride concentration, on the other hand, with apical GLUT2
in the membrane, sodium concentration is decreased around 20% and chloride
increased less than 5%. In this scenario, as there is no any GLUT2 in the apical
membrane of the cell, less glucose would be able to enter the cell and SGLT1
would not be able to take more glucose in above a certain concentration. Dur-
ing the luminal glucose changes the intracellular glucose is increased only about
20% and low magnitude (from 13 to 17 mM)(Figure 5.3-B), whereas when glu-
cose concentration in the lumen becomes higher than in the cell, apical GLUT2
takes glucose into the cell and increases the intracellular glucose concentration
around 65% based on the luminal changes (from 18 to 49.5 mM)(Figure 5.3-G).

Figure 5.4 illustrates the other scenario where lumen osmolarity is lower
than cell osmolarity and water is absorbed to the cell from the lumen and then
leaves the cell to blood. In this case the luminal glucose concentration is kept
constant at 3 mM which is lower than intracellular glucose concentration. Also
by decreasing the luminal NaCl concentration from 130 to 40 mM, lumen osmo-
larity becomes smaller therefore more water is able to enter the cell and water
flux changes from 1.2 × 10−7 to 1.2 × 10−6 µmol/sec (Figure 5.4-E & J). In-
creased water flux leads to bigger changes in cell volume (from 2.1 to 3.6 m3).
The changes of cell volume by decreasing NaCl concentration in the absence
and presence of apical GLUT2 are similar (around 40%)(Figure 5.4-A & F).
Without any apical GLUT2 in the cell membrane, SGLT1 would be the only
glucose transporter in that membrane and is unable to take glucose out of the
cell and GLUT2 in the basolateral membrane would not be able to take great
amount of glucose out of the cell, therefore glucose would be increased inside
the cell. Under these conditions, more glucose leaves the cell when the lumen
osmolarity is lower(around 30% decrease based on luminal changes from 130 to
40 mM)(Figure 5.4-B). Obviously by decreasing the NaCl concentration in the
lumen the amount of sodium and chloride inside the cell would be lower (Figure
5.4-C,D,H and I), and there is no significant difference in the values of sodium
and chloride concentration with the presence or absence of the apical GLUT2.
On the other hand, the presence of apical GLUT2 caused a dramatic decrease
in intracellular glucose concentration compared to the model without apical
GLUT2. Osmolarity also affected both model glucose concentrations similarly,
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although the magnitude of changes in the absence of apical GLUT2 were higher
(Figure 5.4B & G)

Figure 5.4: Cell volume, intracellular glucose, sodium, chloride
concentration, apical water flux changes in time in the absence of
apical GLUT2 (A-E) and in the presence of apical GLUT2 (F-
J). The simulation was run under four different luminal NaCl

concentration (40, 70, 100, 130 mM)
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5.4 Discussion

5.4.1 Comparing with existing model

In the Naftalin model, SGLT1 brings glucose into the cell. At high luminal
glucose concentrations the intracellular glucose concentration rises above the
luminal concentration, consequently apical GLUT2 takes the glucose out of the
cell and decreases the glucose influx through apical GLUT2, and this leads to in-
creases in paracellular glucose flux without any effect on SGLT1 rate. However,
the transluminal or transepithelial glucose flux was not changed significantly.
According to Naftalin’s model, the presence of GLUT2 in the apical membrane
can increase GLUT2 backflux to the lumen, decrease the influx of glucose across
the apical membrane and increase the paracellular glucose influx, however the
net effect of apical GLUT2 on luminal glucose absorption is almost negligible
(Naftalin, 2014). In our model, when the glucose concentration in the lumen
is higher than the intracellular concentration then apical GLUT2 can take the
glucose into the cell. As with the Naftalin model, presence of apical GLUT2
does not affect the glucose rate through SGLT1, however unlike his model, it
increases the glucose uptake rate. In Naftalin’s model, water direction is from
lumen to cell and from there to blood. This could be the consequence of higher
osmolarity in the cell and blood however this was not explained clearly. Based
on their model, the presence of more glucose in the lumen leads to higher cell
volume and as apical GLUT2 in their model removes glucose from the cell,
therefore the cell volume changes are smaller in the presence of apical GLUT2
(Naftalin, 2014). In our model, when the lumen osmolarity is higher than cell
osmolarity, water moves from the enterocyte to the lumen which reduces cell
volume. By having more glucose in the lumen, lumen osmolarity becomes higher
which leads to lower cell volume, however this change in cell volume is smaller
in the presence of apical GLUT2. Both the models mentioned confirm the pres-
ence and role of apical glut2 in regulating cell volume and reducing cell volume
changes, however in Naftalin’s model, with more glucose inside the cell, ente-
rocyte volume increases, whereas our model demonstrates the opposite. Our
model shows under the condition of a hyperosmolar lumen, by having more
glucose in the lumen more water leaves the cell leading to a smaller enterocyte
volume.

Figure 5.5-A shows the model output of cell volume versus luminal glucose
concentration from 0 to 50 mM and Figure 5.5-B shows the same results from
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the Naftalin model under similar concentrations in the apical compartment. Un-
der these conditions, as mentioned previously, lumen osmolarity is higher than
the cell osmolarity in our model. As the lumen is considered to be an infinite
bath, its osmolarity is always constant and never drops lower than that of the
cell, therefore in this case water always leaves the cell. Additionally SGLT1 is
unable to take large amounts of glucose inside the cell, therefore the intracellular
glucose concentration never goes higher than the luminal glucose concentration.
In our model, cell volume is decreased by the luminal glucose increase, and as it
is shown, the presence of apical GLUT2 can reduce the magnitude of changes in
cell volume. In Naftalin’s model the osmoregulatory effects of apical GLUT2 are
the same as for our model, however, cell volume increases with the glucose stim-
ulus in the lumen (Figure 5.5-A & B). As previously mentioned, in his model,
water always enters the cell which may be a result of higher osmolarity in the
cell; however, in reality there is a situation post meal consumption that leads to
a higher osmolarity in the lumen. Therefore, it is not realistic to assume only
a uni-directional flow for water transport when it can be changed based on the
osmotic pressure. According to Naftalin’s model, when there is more glucose in
the lumen, SGLT1 distribution increases so that more glucose may enter into
the cell until a point where the intracellular concentration exceeds the glucose
concentration in the lumen. Therefore, lumen osmolarity becomes less than the
cell, and water enters the enterocyte. In this case, since glucose concentration
is more than that of the lumen, apical GLUT2 acts as a way out to the lumen
in order to avoid cytosolic glucose accumulation by SGLT1. His assumption
about SGLT1 is opposite of the findings in this study (see Chapter 4) and other
research in the literature (Kellett and Helliwell, 2000) which showed that after
certain luminal glucose concentration SGLT1 is unable to take more glucose.
Increasing the number of SGLT1 can not explain the glucose absorption behav-
ior, and is unable to solely increase the intracellular glucose concentration more
than the luminal glucose concentration. Besides, Naftalin also had the coupled
water flow with sodium and glucose transport into the cell which was not con-
sidered in the current model. All of these differences between the current model
and the Naftalin’s model may lead to different behaviors of cell volume through
increasing the luminal glucose concentration.

The other key role of apical GLUT2 in our model besides volume regulation
is to increase the level of intracellular glucose. Figure 5.3-B & G illustrates that
without apical GLUT2, SGLT1 is unable to take as much glucose inside the cell
and the intracellular glucose concentration, does not go higher than a certain
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concentration level. At the same luminal glucose concentration intracellular
glucose concentration is lower in the absence of apical GLUT2 compared with
the presence of it. Therefore, at some points before the steady state, more water
leaves the cell and demonstrates that without apical GLUT2 the cell volume
becomes smaller. According to Naftalin’s model, the main result of the GLUT2
transporter in the apical membrane is cell volume regulation to avoid great cell
volume changes in the presence of high glucose stimulus in the lumen. In our
model, however, glucose concentration inside the cell becomes higher as a direct
effect of apical GLUT2 presence in the cell membrane. Although Naftalin did
not prove or disprove the role of apical GLUT2 in glucose absorption, he did
raise a novel theory that is studied more via our model.

Figure 5.5: Cell volume behavior in response to different lu-
minal glucose levels in (A) our model and (B) Naftalin’s model.

5.4.2 Role of apical GLUT2 in cell volume regulation

GLUT2 had not been suggested as an osmoregulator of intestinal epithelial vol-
ume until Naftalin’s study in 2014. The current model confirms the role of
apical GLUT2 in cell volume regulation which can reduce cell volume changes
in response to a high glucose loads in the lumen. This outcome is consistent
with Naftalin’s results (Naftalin, 2014). However, our model shows that api-
cal GLUT2 only plays an osmoregulatory role when the lumen is hyperosmolar
(Figure 5.3A,F) whereas when cell osmolarity is higher than lumen osmolarity
(hypoosmolar conditions), and intracellular glucose is higher than that of the
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lumen, by reducing lumen osmolarity, cell volume change is similar in the pres-
ence or absence of apical GLUT2. Under these conditions, apical GLUT2 also
does not affect intracellular sodium and chloride concentration and acts solely
as a way out of the cell for glucose in the apical membrane. Therefore, the
cell loses more glucose when apical GLUT2 is embedded in the brush border
membrane just as with Naftalin’s model. Control of cell volume is vital for cell
survival as cellular swelling or shrinkage can lead to cell fatality. Cell volume
can also affect some physiological processes such as transepithelial transport.
Therefore, cells usually react to volume changes by activating mechanisms to
regulate cell volume, and impairment or malfunction of this process can lead
to different kinds of diseases, consequently establishing the role of GLUT2 in
osmoregulation may help to control related diseases.
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Chapter 6

Translocation of GLUT2 in the
Apical Membrane

6.1 Introduction

At low glucose concentrations, the main route for glucose absorption from the
intestinal lumen to the cell is via SGLT1. Although high glucose loads in the
lumen lead to insertion of GLUT2 transporters in the apical membrane, both
SGLT1 and GLUT2 are responsible for glucose transport especially with a high
glucose stimuli in the lumen, and GLUT2 explains the diffusive transport of
glucose (Kellett and Helliwell, 2000; Kellett, 2001; Helliwell and Kellett, 2002).
Zheng et al. experiment on two different cell lines (IEC6 and CaCO2) showing
the role of apical GLUT2 in glucose absorption (Zheng et al., 2012), which was
further studied with mathematical modeling of glucose uptake in the enterocyte
and examination of the role of apical GLUT2 (Afshar et al., 2019).

In 2000, it was reported that a 4-fold increase in number of GLUT2 in the
brush border membrane is associated with protein kinase C (PKC) activation,
also that inactivation of PKC leads to the disappearance of GLUT2 in the brush
border. Therefore, it was concluded that PKC is possibly involved in the regu-
lation of the translocation of GLUT2 into the apical membrane (Helliwell et al.,
2000b). PKCβII is a conventional PKC isoform which is activated by free cal-
cium inside the cell (Hug and Sarre, 1993). In 2007, Morgan et al. confirmed
that GLUT2 translocation in the apical membrane is governed by a PKCβII-
dependent pathway (Morgan et al., 2007), however they believed that the main
process involved in PKC activation is the Ltype calcium channel (Helliwell et
al., 2000a; Kellett, 2001; Boudry, Cheeseman, and Perdue, 2007). In 2003,
Morgan et al reported the existence of Ltype calcium channel (Cav1.3) in the
apical membrane of rat small intestine which plays a significant role in calcium
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absorption (Morgan et al., 2003). Membrane depolarization by glucose absorp-
tion through SGLT1 can open the calcium channel in order to allow calcium
absorption via the apical membrane of the cell. The calcium influx can then
activate PKC which leads to GLUT2 trafficking into the apical membrane(Kel-
lett and Helliwell, 2000; Helliwell et al., 2000b; Helliwell, Rumsby, and Kellett,
2003; Morgan et al., 2003; Mace et al., 2007a; Morgan et al., 2007). Studies in
intestinal epithelium shows that there is an intracellular pool of GLUT2 that
can be translocated to the membrane in response to changes in luminal glucose
concentration (Leturque, Brot-Laroche, and Le Gall, 2009).

Several years after the first discovery of apical GLUT2 translocation based
on calcium entry through the Ltype channel, another mechanism was reported
as a second pathway responsible for calcium absorption into the cell (Mace et
al., 2007b; Mace et al., 2009). G protein-coupled receptors (GPCRs) contain
a number of protein families of receptors which detect the molecules in the ex-
tracellular compartment and activate a pathway inside the cell which leading
to cellular responses (Vassilatis et al., 2003). Sweet taste, one of the five basic
tastes, is sensed by GPCRs (Singh et al., 2011). The sweet taste receptor (T1R)
is a member of class C G-protein coupled receptors (Nango et al., 2016). Many
G-protein coupled receptors have a large extracellular ligand binding domain.
When the appropriate protein binds to this ligand, the receptor undergoes a
conformational change that is transmitted to the cytosolic region which acti-
vates the G-protein (Kim et al., 2017). Activated G-protein then binds to the
enzyme phospholipase C (PLC) which leads to a breakdown of PIP2. Hydrolysis
of PIP2 leads to IP3 and DAG release. IP3 then opens the Ca2+-release chan-
nels in the endoplasmic reticulum, ER, which control the calcium concentration
of the ER along with calcium leak and the ER calcium pump (Lemon, Gibson,
and Bennett, 2003). Intestinal epithelial cells contains endoplasmic reticulum
(ER) (Pollard et al., 2016) which is an internal membrane system. The ER
has several important functionality, including protein synthesis and processing,
lipid synthesis, compartmentalization of the nucleus, calcium (Ca2+) storage
and release, detoxification of compounds, and lipid transfer and signalling to
other organelles (Ma et al., 2017). All of these channels facilitate the movement
of calcium between the ER and the cytosol(Tsien and Tsien, 1990). There-
fore calcium that released from the ER due to sweet taste receptors along with
calcium from voltage dependent channels (Cav1.3), provide more intracellular
calcium for GLUT2 translocation. The calcium inside the cell can then acti-
vate PKCβII and subsequently GLUT2 translocation into the apical membrane
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(Helliwell, Rumsby, and Kellett, 2003; Mace et al., 2007b; Kellett et al., 2008;
Mace et al., 2009).

In the current model, we first constructed each described pathway for cal-
cium absorption. We then we combined these two pathways in order more
realistically to describe a calcium absorption mechanism which was completed
by PKC activation and GLUT2 translocation into the apical membrane. The
model was later validated via experimental results and was used to discuss
GLUT2 translocation, the numbers of GLUT2 transporters, and the role of
each pathway of calcium absorption.

6.2 Methods

6.2.1 Model construction

In previous chapters we showed the construction of an enterocyte mathematical
model considering the existence of GLUT2 transporter in the apical membrane
of the epithelial cell (Afshar et al., 2019). In that model, the numbers of the
GLUT2 transporters were assumed to be constant at all time and independent of
other parameters such as time, glucose concentration etc. In the current model
we focused on the mechanism of GLUT2 translocation in the apical membrane.
It has been suggested that GLUT2 is activated by the PKCβII mechanism
(Helliwell et al., 2000a). Since the activation of PKC β II depends on calcium
entry we first added the Ltype calcium channel in the apical membrane. In high
glucose concentrations glucose entry through SGLT1 depolarizes the membrane
which activates Cav1.3 in the apical membrane of the cell and causes Ca+2 to
enter the cell (Morgan et al., 2003). Another proposed pathway as mentioned
is through the sweet taste receptor which leads to calcium release from the en-
doplasmic reticulum. Figure 6.1 shows a schematic diagram of two different
pathways which are modeled in this chapter and are explained in the following
sections. Calcium and PKC concentration inside the cell are calculated as well
as all other relevant ions (Na+, K+, H+, Cl−, HCO−

3 , glucose) and membrane
potential in both sides of the cell (chapter 3). As in other chapters, the model
was constructed in the open-source and modular CellML framework and run
in the OpenCOR interface (version 0.6). The model used the CVODES solver
along with the BDF integration method and Newton iteration. All the individ-
ual models and the final modular integrated model can be found in the PMR
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through the following link:

https://models.cellml.org/workspace/58d
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Figure 6.1: Schematic of enterocyte showing the relevant
transporters in two pathways for calcium release. LType calcium
channel ( Cav1.3) and Ca2+ATPase are added in ithe apical and
basolateral membrane respectively. ER with its channels (Ca2+

leak channel, IP3 channel and ER Ca2+ pump) is added to the
model. All of the channels in the diagram except SGLT1 are in

addition to the channels shown in figure 4.1

6.2.2 Ltype calcium pathway

In order to model individual Calcium channels, the information was extracted
from the study of Miftakhov et al. (Miftakhov, Abdusheva, and Christensen,
1999). They created numerical simulation of the motility pattern of the small
bowel including the kinetics of the Ltype calcium channels which exist in the
CellML PMR. The simplified version of their equation for calcium current was
used in our model. They had dynamic variables of the channel and differential
equation of its value. In our model, as the channel response is fast compared
with other events, so the values of variables at steady state were used. The
final equation for calcium current through the Ltype calcium channel in the
apical membrane (Cav1.3) is as follows(figure 6.1):

ICav1.3 = (
GCav1.3A(Vmc − VCa

m )

1 + e−a.(Vmc−V0)
) (6.1)

https://models.cellml.org/workspace/58d
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Where a and V0 are constants parameters for the dynamic of the channel,
Gcav1.3 is the channel conductance, A is the membrane area, Vmc is the apical
membrane potential and VCa

m is the Nernst potential for calcium in the apical
membrane:

VCa
m = (

RT
zF

ln(
[Ca]m
[Ca]i

)) (6.2)

where R is the universal constant of gas, T is the temperature, F is Fara-
day’s constant, and z is the valence of the calcium ion. Flux through the Ltype

channel (Cav1.3), Jcav1.3, was calculated by division of current by multiplication
of Faraday’s constant and calcium valence.

Jafri et al. had a model of the Ltype calcium channel as a part of their
model of the cardiac calcium dynamic (Jafri, Rice, and Winslow, 1998). They
provided the plot which shows the steady state calcium current through the
Cav1.3 channel versus a range of membrane potentials. The graph was used
in our model in order to validate the model and fix some of the parameters.
Optimization was performed with the Microsoft Excel solver (Microsoft Office
2013) by minimizing the least square error between predicted value in the model
and values extracted from Jafri’s model. Validation caused the fixing of values
for “a”, “V0” and “Gcav1.3”. Figure 6.2 illustrates the fitting of our Cav1.3
channel model and the model from literature. Parameter values can be found
in Table 6.1.
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Figure 6.2: Ltype calcium channel (Cav1.3) model compared
to data from Jafri et al.

To have a more realistic model, calcium needs a way out of the cell, a cal-
cium pump was therefore added to the basolateral membrane of the cell. Plasma
membrane Ca2+ ATPase was modeled by a Hill equation (LeBeau et al., 1997;
Jafri, Rice, and Winslow, 1998; Warren, 2010). The function used a Hill co-
efficient of 2 (Sneyd et al., 2003) the 1996 study by Carmello which it was 3
(Camello et al., 1996) but similar to the other model created by Albrecht et al.
(Albrecht, Colegrove, and Friel, 2002). Equation 6.3 shows the Hill function for
the plasma membrane calcium pump which describe the flux.

JCP = (
VPM[Ca]i

2

K2
PM + [Ca]i

2 ).vcell (6.3)

Where VPM and KPM are the maximum pump rate and half saturation
constant for the pump respectively as extracted from table 3.4 in Warren’s
study (Warren, 2010). Therefore the calcium concentration in the cytosol is
calculated based on the flux through the Cav1.3 channel, Ca2+ATPase and the
Calcium buffering inside the cell denoted by β which defines that only a fraction
of calcium through the pump and Cav1.3 can change the free calcium. More
explanation is discussed at the end of section 6.2.3

d[Ca]i
dt

= (
β

vcell
).(Jcav1.3 − JCP) (6.4)
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β = (
1

1 + [Ke].[Be]
([K]e+[Ca]i)2

) (6.5)

[Ke] and [Be] are the dissociation constant and total concentration, respectively,
of the buffer. Intracellular calcium then activates PKC, so the following equa-
tion was added to the model to explain the PKC dynamic:

d[PKC]
dt

= (
1

vcell
).JPKC − Kd.[PKC] (6.6)

Where Kd is the degradation factor for PKC. and JPKC is the simple Michaelis–Menten
equation which shows the dynamic of PKC flux as follows:

JPKC =
Vmax[Ca]i
km + [Ca]i

(6.7)

Where Vmax is a maximum flux and Km is the Michaelis-Menten constant
which shows the concentration of the substrate when the flux is equal to half of
the maximal flux.

In 2002, Pinton et al. studied the dynamic of PKCβII recruitment by in-
creasing luminal glucose in a living β cell(Pinton et al., 2002). They showed
that an increase in the luminal glucose leads to a higher intracellular calcium
concentration which can elevate the PKCβII level in the cell. We used their
results of the PKC and Calcium dynamic in the face of glucose stimulus in
the lumen in order to parameterize our model and find the best possible value
for some parameters in the model. Equation 6.4 is solved to find the calcium
dynamic.



102 Chapter 6. Translocation of GLUT2 in the Apical Membrane

Figure 6.3: Intracellular Calcium concentration versus time in
response to 30mM glucose in the lumen in the Pinton experiment

and our model.

In Pinton et al.’s experiment, increasing the luminal glucose to 30 mM caused
around roughly a 5 fold increase in the calcium concentration inside the cell
(from 200 nM to around 1 µmol) In our Ltype calcium model, the parameteriza-
tion let us to find some of the parameters in equations 6.1 and 6.3 (“g”, VPM,
and KPM). The best results for calcium concentration were around a 2.5 fold
increase (from 200 nM to around 460 nmol)(Figure 6.3).

Pinton et al. also showed the PKC dynamic in the presence of 25 mM of
luminal glucose by using laser-scanning confocal microscopy in primary β-cells.
Again their results were used in order to parameterize and find the degradation
factor in Equation 6.6 and Michaelis–Menten kinetics parameters in equation
6.7.
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Figure 6.4: Rate of PKC augmentation in 300 seconds in the
Pinton et al. experiment and our model.

Figure 6.4 depicts the increase in PKC concentration from imaging results
and our model. It shows that glucose stimulation to 25mM in the experiment
causes around a 35% increase in the amount of PKC. After parameterization,
using Equation 6.6 provides similar results for the PKC increase in the face of
25mM glucose in the lumen.

6.2.3 Sweet taste receptor pathway

As one of the main goals of this study, we intended to add the sweet taste
receptor pathway to the model to see its effect on calcium absorption, PKC ac-
tivation and GLUT2 translocation into the apical membrane. The source of the
pathway that we used in our model was first introduced by Lemon et al. in 2003
by constructing a model of the G-protein cascade and this can be found in the
CellML PMR. In our model we made modifications in order to make the model
more realistic for sweet taste receptors as the original model was not generated
primarily for sweet taste receptors (Lemon, Gibson, and Bennett, 2003). The
model contains three parts; kinetics of ligand binding (sweet taste receptor),
activation of G-protein which leads to hydrolysis of PIP2 to the form of IP3,
and finally the calcium dynamics of the IP3 channel, leak current and calcium
pump through the endoplasmic reticulum (Figure 6.1).
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d[G]

dt
= ka(δ + ρr)([GT]− [G])− kd[G] (6.8)

Where [G] is the amount of active G-protein, δ is G-protein intrinsic activ-
ity parameter, ka and kd are G-protein activation and deactivation rate, [GT]
is the total number of G-protein molecules, ρr is the ratio of the amount of
ligand bound receptor to total receptor and is determined independently of the
G-protein kinetics.

ρr =
[glucose]m.[RS]

ξRT(K1 + [glucose]m)
(6.9)

Where ξ is fraction of mobile receptors, K1 is the nphosphorylated receptor
dissociation constant, RT is the total number of receptors and RS is the total
number of unphosphorylated surface receptors.

d[PIP2]

dt
= −(rh + rr)[PIP2]− rr[IP3] + rr[(PIP2)T] (6.10)

Where (PIP2)T is the constant total number of PIP2 molecules and rr is
the phosphorylated constant rate and rh is a kinetic parameter of hydrolysis of
PIP2 to form IP3 .

d[IP3]
dt

=
rh[PIP2]

NaVcell
− Kdeg[IP3] (6.11)

Where Na is Avogadro’s number and Kdeg is the IP3 degradation rate.

The receptor in the Lemon model was sensitive to a very low concentration
of ligand and it was initially built to detect uridine triphosphate. Several years
ago the Lemon model was reused and modified for bitter taste signaling in the
cell. This was closer to the concept of our model and therefore the initial pa-
rameters were extracted mainly from that model (Wang et al., 2014). Later, in
2014, Aaron constructed a model of glucose sensing by changing some of the
parameters in the previous studies (Smith, 2014). His approach was helpful
in our modeling of the sweet taste receptor pathway and some of his parame-
ters are used in our model. Glucose concentrations in the small intestine reach
higher concentrations compared with bitter compounds, therefore the unphos-
phorylated receptor dissociation constant, K1, (Eq. 6.9), was changed in our
model in order to make the model more realistic for glucose concentration.
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All the activation mechanisms including their mathematical equations are
described in Lemon’s model (Lemon, Gibson, and Bennett, 2003). The cell was
considered as a closed circuit without calcium fluxes into or out of the cytoplasm.
The only governing process for calcium is through endoplasmic reticulum; IP3
channel, Leak channel and calcium pump. Assuming these conditions, the total
concentration of calcium inside the cell is a constant value which is the total
concentration of calcium inside the cytosol plus calcium in the ER:

εr[(CaER)T] + [(Cacyt)T] = [CaT] (6.12)

Where εr is the ratio of ER volume to the cytosol volume, (Cacyt)T is the
free calcium in the cytosol, and (CaER)T is the total calcium in the ER:

[(Ca2+
ER)T] = (

KER

[BER]εr
)([(Ca2+)T]−

[(Cacyt)T]

γ
) (6.13)

where [BER] is the total concentration of ER buffer and KER is the ER buffer
dissociation constant and γ is a ratio of free to total calcium in the cytosol. In
Lemon’s model, calcium can only be exchanged between the ER and cytoplasm
(Only the sweet taste receptor pathway in figure 6.1) so the total amount of
calcium in the cytoplasm and ER remains constant, however in our model cal-
cium enters the cell through the apical cav1.3 and leaves the cell through the
basolateral calcium pump(figure 6.1).

As it mentioned, in this case the only governing process for calcium is
through endoplasmic reticulum; IP3 channel, Leak channel and calcium pump.
Therefore the calcium concentration inside the cell is an adaptation of the one
given by Li and Rinzel (Li and Rinzel, 1994) for simplified IP3 channel kinet-
ics which include rapid calcium buffering as described by Wagner and Keizer
(Wagner and Keizer, 1994):

d[Ca]i
dt

= β.[εr.(η1.m3
∞.h3 + η2).(CER − [Ca]i)−

η3.[Ca]2i
K2

3 + [Ca]2i
] (6.14)

m∞ =
IP3

d1 + IP3
.

[Ca]i
d5 + [Ca]i

(6.15)

Where CER is the concentration of calcium inside the ER which is assumed
to be constant because the buffer in the ER maintains free Ca2+ at a constant
level. η1, η2 and η3 are effective permeability constants for the IP3 channels,
membrane leakage and Ca2+ pumps, respectively. K3 is the pump dissociation
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constant and “h” is the fraction of IP3 channels that has not been inactivated
yet by Ca2+ binding. β, as previously mentioned, is the buffering function which
is calculated by eq 6.5. In order to modify the model we also used a simplified
equation for the calcium buffer in the cytosol (β). Lemon et al. considered
the endogenous stationary buffer and an exogenous mobile buffer, so they had
two terms for the calcium buffer inside the cell. We simplified the model and
used only one buffer in the cell which in this case, as shown in Equation 6.5,
presents the endogenous stationary buffer in the cell and has only one reaction.
The related equations and a more detailed description of the parameters can
be found in the original paper (Lemon, Gibson, and Bennett, 2003), parameter
values are shown in table 6.1.

Our model has both pathways described in sections 6.2.2 and 6.2.3 hence
the total concentration of calcium inside the cell is calculated by having the two
mentioned pathways in the correlated equation as follows:

d[Ca]i
dt

= (
β

vcell
).[JCaL − JCaP + εr.(η1.m3

∞.h3 + η2).(CaER − [Ca]i)−
η3.[Ca]2i

K2
3 + [Ca]2i

]

(6.16)
As previously noted, PKC is required to translocate numbers of GLUT2 in

the apical membrane, so the relationship between PKC and number of GLUT2
is considered, therefore, the rate of change of number of GLUT2 with respect
to time is proportional to quantity of both actual PKC and number of GLUT2
which is described as follows:

dnGLUT2

dt
= (K01).(PKC − PKCB)− (K02).(nGLUT2 − nGLUT2B) (6.17)

Where K01 and K02 are the rate constants and PKCB and nGLUT2B are the
amount of PKC and number of GLUT2 at the baseline condition i.e., there was
no glucose stimulus in the lumen. Live imaging of GLUT2 in 2014 shows that
glucose-induced translocation of GLUT2 to the apical membrane was accom-
plished in 14 minutes (Cohen et al., 2014) which helped us to find the values for
K01 and K02. The aforementioned paper had a different theory and approach in
their study. They showed that in high glucose exposure, GLUT2 is re-localized
from basolateral membrane to apical membrane. Therefore we did not con-
sider their study at this stage, however it contains much information regarding
GLUT2 translocation which can be useful in future work or some similar stud-
ies. Equations 6.18 and 6.19 describes the new equation for membrane potential
after adding the calcium channel to the system.
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Symbol Value Unit Definition

RT 14 × 104 - Total number of receptors

K1 0.3 M Unphosphorylated receptor dissociation constant

K2 0.0001 M Phosphorylated receptor dissociation constant

Kr 1.75 × 10−6 s−1 Receptor recycling rate

Kp 1 × 10−4 s−1 Receptor phosphorylation rate

Ke 6 × 10−3 s−1 Receptor endocytosis rate

ξ 0.85 - Fraction of mobile receptors

GT 1 × 105 - Total number of G-protein molecules

Kdeg 0.3 s−1 IP3 degradation rate

Ka 0.017 s−1 G-protein activation rate

Kd 0.15 s−1 G-protein deactivation rate

PIP2T 5 × 107 - Total number of PIP2 molecules

rr 10 S−1 PIP2 replenishment rate

σ 1.2 × 10−3 - G-protein intrinsic activity parameter

Kc 6 × 10−7 M Dissociation constant for Ca2+ binding to PLC

α 2.8 × 10−5 s−1 Effective signal gain parameter

Na 6 × 1023 - Avogadro’scons tant

εr 0.06 - Ratio of ER to cytosolic volume

d1 1.3 × 10−7 M IP3 channel kinetic parameter

d2 6.5 × 10−7 M IP3 channel kinetic parameter

d3 9.43 × 10−7 M IP3 channel kinetic parameter

d5 8.23 × 10−8 M IP3 channel kinetic parameter

a2 2 × 105 M−1s−1 IP3 channel kinetic parameter

Be 1.5 × 10−4 M Conc. of cytosolic endogeneous buffer

Ke 7 × 10−4 M Cytosolic endogeneous buffer dissociation constant

K3 4 × 10−7 M Pump dissociation constant

η1 0.06 s−1 Effective IP3 channel permeability

η2 2 × 10−4 s−1 Effective ER leak permeability

η3 2.5 × 10−8 M−1s−1 Effective Ca2+ pump permeability

a 250 V Ltype calcium channel parameter

V0 −0.011 V−1 Ltype calcium channel parameter

CaER 6 × 10−4 M Caclium conc. in the ER

gCaL 3 × 10−4 Sm−2 Ltype calcium channel conductance

K01 1 × 104 M−1s−1 Rate constant

K02 0.05 s−1 Rate constant

Kdpkc
3 × 10−8 s−1 Degradation factor of PKC

Km 2 × 10−5 M Half saturation constant

vmax 5 × 10−3 M Maximum rate

Kpm 1 M Half saturation constant

Vpm 2.5 × 10−8 Ms−1 Maximum pump rate

Table 6.1: Parameter values in the model
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C
dvmc

dt
= (ICaL + INaSGLT1 + IBK + IENaC + ICFTR + INa

P + IK
P + ICl

P ) (6.18)

C
dvsc

dt
= (ICap + IKCNQ + ICLC2 + IKNaK − INaNaK + INBCNa − INBCHCO3

−INa
P − IK

P − ICl
P )

(6.19)

6.3 Results

The model was first run with no glucose in the lumen and a similar composition
in the apical and basolateral compartments (140 mM NaCl, 5 mM K+) in order
to check whether the ion concentrations were in the physiological range. Table
6.2 shows that the steady state values of intracellular ion concentration with-
out any glucose stimulus in the lumen are consistent with the reported values
in the literature. Numbers of apical GLUT2 are at the baseline level in this case.

Ion Model Result Reported Value Reference

Na+ (mM) 52 45-65 Nellans and Schultz, 1976

K+ (mM) 106 120-140 Nellans and Schultz, 1976

Cl− (mM) 70 50-70 Nellans, Frizzell, and Schultz, 1973; Frizzell et al., 1973

Apical (lumen-cell)
membrane potential (mV) -31.1 −36 ± 0.5 Rose and Schultz, 1971

Basolateral (interstitium-cell)
membrane potential(mV) -37.2 −40.5 ± 0.8 Rose and Schultz, 1971

pH 7.23 7.2 Shimada and Hoshi, 1987

Table 6.2: Reported values for intracellular ion concentration
from simulated model and literature.

Once we discovered all of the required values for the model’s parameters and
made sure each part of the model was working properly, both mentioned path-
ways were combined to generate a comprehensive mechanism which considers
both the Ltype calcium channel and the sweet taste receptor pathway in order
to explain GLUT2 translocation and glucose absorption. Kellet and Helliwell,
in 2000, suggested that GLUT2 trafficking is controlled by PKCβII and is the
main route for glucose absorption. They carried out a western blot analysis
and showed that the amount of apical GLUT2 protein increased 2.2 ± 0.2 fold
from 0 to 100 mM intestinal glucose (Kellett and Helliwell, 2000). Therefore
we plotted the number of GLUT2 changes in the model in the presence of 0 to
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100 mM luminal glucose (Figure 6.5). The apical compartment considered as
an infinite bath with a composition of 149 mM Na+, 5 mM K+ and 126 mM
Cl− which was extracted from experiments (Mace et al., 2007b). Basolateral
compartment composition was chosen based on reasonable values for ion con-
centration inside the blood (135 mM Na+, 5 mM K+, 11 mM Cl− and 5 mM
glucose). Outflow in the blood compartment is changed as a function of inlet
blood flow and water flux, in order to keep the volume constant. Water trans-
port and cell volume changes are included in this simulation, however Kellett
and Helliwell eliminate the effect of osmolarity and water transport by adding
mannitol up to a maximum concentration of 100 mM at 0 mM glucose (Kel-
lett and Helliwell, 2000), therefore in the following plot the same approach was
applied to our model. We used the image processing program ImageJ and got
the pixel value at different luminal glucose concentrations which was defined as
expression level of GLUT2 in the experiment. Obtained values were multiplied
by a correction factor in order to change the pixel values to number of GLUT2.
The optimization was then done using the Microsoft Excel Solver (Microsoft
Office 2013) by minimizing the least square error between model predicted and
measured number of GLUT2 from the experiment, using a correction factor
as a fitting parameter. Western blot did not demonstrate a very clear trend
for number of GLUT2 increment and it was not possible to assign any type of
function to its behavior, but the amount of total increase from 0 to 100 mM
luminal glucose was a useful key that helped us to validate the model. Figure
6.5 shows the best fit of the number of GLUT2 prediction with our model and
experiment. The level of GLUT2 in the mentioned experiment was increased
around 2.2±0.2 (Kellett and Helliwell, 2000) and in our model it was increased
around 2.4 fold.
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Figure 6.5: Number of GLUT2 versus luminal glucose concen-
tration from 0 to 100 mM.

In another experiment in 2007, Morgan et al. showed that calcium concen-
tration in the intestinal lumen can regulate GLUT2 but not SGLT1. They car-
ried out an in vivo experiment on rat intestine with and without calcium in the
extracellular area, and added phloretin in each case in order to study the effect of
extracellular calcium concentration on glucose absorption through GLUT2 and
SGLT1 (Morgan et al., 2007). The perfusate contain 120mm NaCl, 4.5mm KCl,
1.0mm MgSO4, 1.8mm Na2HPO4, 0.2mm NaH2PO4, 1.25mm CaCl2, 25mm
NaHCO3. Figure 6.6 shows the results of the model and experiment for to-
tal glucose absorption rate and SGLT1 absorption rate. Absorption rate was
provided in the unit of (µM/min gr dry wt) in the experiment, whereas in the
model it was defined in µM/second. The values form the model were multi-
plied by dry weight percentage and number of the epithelial cell and divided by
the weight of small intestine. Total numbers of epithelial cell was used in this
case as a fitting parameter. Total absorption rate in control mode was around
30 and 40 (µM/min gr dry wt) in the model and experiment respectively and
glucose absorption rate after adding the inhibitor was about 18 in the model
and 13 (µM/min gr dry wt) in the experiment. Total absorption rate in the
Ca2+ deplete mode was around the same value in the model and the experi-
ment (24) and SGLT1 rate was similar to the control mode for both model and
experiment (Figure 6.6). Figure 6.6 depicts that Ca2+ deplete condition affect
the total absorption rate of glucose while phloretin-insensitive rate is unaffected
which represents the regulatory effect of calcium on GLUT2 but not the SGLT1.
Results from the model show similar trend to experimental.
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Figure 6.6: Total and SGLT1 glucose absorption rate in the
presence and absence of calcium in the system. Black bars and
hatched bars show the model and experiment results respec-

tively.

Model prediction under the same condition as figure 6.5 illustrates that
calcium concentration through the Ltype channel reaches a steady state level
between 20-30 mM of intestinal glucose. On the other hand, the calcium con-
centration through the sweet taste receptor is not significant below 30 mM of
luminal glucose but after that point, calcium concentration is increased. The
combination of the two pathways generates a higher calcium concentration in-
side the cell which is increased around 3 fold from between 0 to 75 mM of
intestinal glucose (Figure 6.7). Simulation was run for 20 minutes with 1.25
mM calcium in the lumen. The number of GLUT2 transporter is changed ac-
cording to the luminal glucose concentration which shows in the next figure.
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Figure 6.7: Intracellular calcium concentration vs luminal glu-
cose with only Ltype calcium channel (Cav1.3) pathway (dia-
mond), sweet taste receptor pathway (STR) (circle) and com-

bination of both pathways (triangle).

As previously explained, calcium concentration can activate PKC which
leads to GLUT2 translocation into the apical membrane. Therefore, the number
of GLUT2 follows the same trend as calcium concentration. Figure 6.8 was
plotted at the same time with figure 6.7 and same condition which shows that,
as with calcium concentration, the number of GLUT2 reaches a steady state
after 20-30 mM of intestinal glucose when the Ltype channel is the only involved
pathway in the translocation. The figure also demonstrates that when the sweet
taste receptor pathway gets activated, then the number of translocated GLUT2
does not level off even in higher luminal concentrations of glucose and increases
to about 2.4 fold (0.53 e9 - 1.27 e9).
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Figure 6.8: Number of apical GLUT2 vs luminal glucose con-
centration with only the Ltype calcium channel pathway (dia-
mond), sweet taste receptor pathway (circle) and the combina-

tion of both pathways (triangle).

According to the way in which that model is constructed, and previous
figures, the rate of glucose absorption is higher when the sweet taste receptor
is activated. Figure 6.9 shows the rate of glucose absorption through SGLT1,
GLUT2 with only the Ltype channel, GLUT2 with both calcium pathways, and
the total absorption rate. As explained previously, flux through SGLT1 reaches
a steady state after around 20-30 mM of intestinal glucose. However that is
not the case for flux through GLUT2 and this increases even at high luminal
glucose levels which is consistent with the glucose absorption results from the
experiment of Zheng et al (Zheng et al., 2012). As demonstrated in the figure
6.8 with all the conditions from previous figure, with both the pathways the
glucose absorption rate through SGLT1 is around 10(µmole/min.g dry wt) and
the glucose absorption rate through GLUT2 is around 19(µmole/min.g dry wt).
This behavior looks similar to the experiment from 2000 (Kellett and Helliwell,
2000) in which at an apical glucose concentration of 75 mM, glucose flux through
GLUT2 is about 2 times higher than flux via SGLT1.
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Figure 6.9: Glucose flux through apical GLUT2 with only
Cav1.3 (diamond), Glucose flux through apical GLUT2 with
both Cav1.3 and STR (triangle), Glucose flux through SGLT1
with both pathways for GLUT2 (square), Total absorption rate
of glucose (circle), all of the fluxes are ploted vs luminal glucose

concentration from 0 to 75 mM.

A study in 2007 showed that artificial sweetener (mainly sucralose) can in-
crease the number of apical GLUT2 which stimulates glucose absorption (Mace
et al., 2007b). In their experiment, there was 120mm NaCl, 4.5mm KCl, 1.0mm
MgSO4, 1.8mm Na2HPO4, 0.2mm NaH2PO4, 1.25mm CaCl2, 25mm NaHCO3

with 20 mM glucose stimulus in the lumen, and after reaching steady state 1
mM sucralose was added to the perfusate. Other concentrations are kept simi-
lar as figure 6.5. Sucralose activates G-protein and invokes the maximal Ca2+

response (Li et al., 2002).We tried to run the simulation under their experi-
mental conditions by adding 20mM glucose to the lumen and after reaching
steady state, we increased the G-protein activation rate,“ka”, (equation 6.8) by
10 times (to get a high impact of changing Ka on G-protein) in order to stim-
ulate the G-protein and capture the effect of its activation on absorption rate.
Figure 6.10 shows that in the experiment, by adding sucralose to the perfusate
the absorption rate was increased 2 fold, whereas in the model it increased only
about 15% . In the model by increasing the number of apical GLUT2 the flux is
increased but since the number of GLUT2 in basolateral membrane is constant,
glucose is accumulated inside the cell and shortly after reaches steady state and
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can not go higher, therefore it is one of the reason that we did not get the same
increase in absorption rate compared to the experiment. Additionally, in per-
fused rat intestine there was a delay between sucralose addition and maximal
increase in the rate, but in our model the augmentation occurred over a shorter
period.

Figure 6.10: Effect of sucralose on 20mM glucose absorption
rate in model and experiment.

6.3.1 Cell volume regulation

In previous chapters, the role of apical GLUT2 in cell volume regulation was
discussed while the number of GLUT2 was considered constant at all luminal
glucose concentrations, unlike this chapter in which there is a dynamic translo-
cation for apical GLUT2. Model prediction allows us to see the effect of both
kinds of translocation on model parameters such as ion concentrations, cell vol-
ume etc. Figure 6.11 shows intracellular glucose concentration and cell volume
when there is a dynamic translocation of GLUT2, constant number of GLUT2
and no translocation. Comparison with glucose concentration and cell volume
in all of the states in Figure 6.11 reveals that more glucose in the lumen leads to
higher osmolarity which makes more water leave the cell. Therefore, cell volume
becomes smaller by increasing the luminal glucose. When there is a constant
translocation of GLUT2, by increasing the luminal glucose from 20 to 100 mM
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the intracellular glucose is increased 66% (16.5 mM to 47 mM) which leads to
an 18% change in cell volume (Figure 6.11-C&D). In this case, the number of
GLUT2 is assumed to be equal to the maximum value of apical GLUT2 with the
dynamic translocation (at 100mM). On the other hand, with dynamic translo-
cation of apical GLUT2, applying the same stimulus to intestinal glucose causes
a 68% (from 15 mM to 47 mM) variation in intracellular glucose which leads to
a 15% change in cell volume. In panel C, at low luminal concentrations (20 and
50 mM), the number of GLUT2 is higher than with the same concentrations in
panel A, therefore more glucose enters the cell. In panel A, as the number of
apical GLUT2 is smaller than in panel C, the intracellular glucose concentration
is lower in panel A. Hence at some points before the steady state, more water
leaves the cell and, as shown in panel B, cell volume is smaller than panel D
when there is a higher amount of apical GLUT2, especially in lower luminal
glucose concentrations. By increasing the luminal glucose concentration to 100
mM, the numbers of GLUT2 becomes similar in both conditions (Figure 6.11
A&C), therefore the amount of glucose entering and the cell volume are quite
similar at high concentrations of extracellular glucose. In Figure 6.11 (E&F)
it is shown that blocking both pathways of calcium can decrease intracellular
concentration. In this case, by increasing the luminal glucose, intracellular glu-
cose concentration is increased around 43% (from 11.5mM to 20.2 mM) and cell
volume varies about 20%. Figure 6.11 (G&H) depicts the intracellular glucose
and cell volume in the absence of any apical GLUT2, hence only small amounts
of glucose can get into the cell and the intracellular concentration is increased
only about 30% up to 15mM. Under the same stimulus in lumen, cell volume
changes about 21%.

6.4 Discussion

According to Figure 6.6, calcium can control glucose absorption through api-
cal GLUT2 and also shows that it has no effect on glucose absorption through
SGLT1. In Figure 6.6, the model and experiment have similar results, however
in that study, the authors believes that the calcium Ltype channel (Cav1.3) is
the only pathway that can regulate the glucose absorption rate and GLUT2 in-
sertion into the apical membrane. The model shows two different mechanisms
combined perfectly in order to explain apical GLUT2 translocation. In 2000,
western blot revealed that the number of apical GLUT2 is increased around 2.2
fold by increasing the luminal glucose concentration from 0 to 100 mM (Kellett
and Helliwell, 2000) which is shown in Figure 6.5. In the same and several later
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Figure 6.11: Intracellular glucose concentration and cell vol-
ume vs time in the face of different luminal glucose concen-
trations (20-100mM) when there is dynamic translocation of
GLUT2 (A&B), constant number of apical GLUT2 (C&D),
when both calcium pathways are blocked (E&F) and in the ab-

sence of any apical GLUT2(G&H).

studies, the main reason for GLUT2 translocation in the apical membrane was
described as PKCβII activation through SGLT1. In their theory, glucose ab-
sorption through SGLT1, depolarizes the membrane potential which opens the
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Ltype channel to allows for more calcium inside the cell and it leads to PKC acti-
vation and finally GLUT2 translocation in the brush border membrane(Helliwell
et al., 2000a; Kellett, 2001; Boudry, Cheeseman, and Perdue, 2007). According
to the study of Kellet et al., SGLT1 absorption reaches a steady state after 20
mM of extracellular glucose (Kellett and Helliwell, 2000) and subsequent mem-
brane potential depolarization would not be possible and calcium concentration
can not increase much. Model prediction allowed us to plot the calcium con-
centration versus different luminal glucose levels. Figure 6.7 shows that, as the
calcium Ltype channel depends on SGLT1 absorption, after around 20 mM it is
not increased much, which leads to similar behavior in the expression level of
GLUT2 as depicted in Figure 6.8. Thus it can be seen that the calcium chan-
nel (cav1.3) is not able to transport sufficient quantities of calcium into the cell
and subsequently not enough translocated GLUT2 compare to the experiment
(Kellett and Helliwell, 2000). As previously mentioned, Kellet et al. pointed
out that GLUT2 trafficking correlates with the SGLT1-dependent activation of
PKCβII and also noted that SGLT1 saturates after around 20 mM which, as
we showed, leads to a saturated level of GLUT2 transporter as well. However
these results are inconsistent with western blot analysis which shows a 2.2 fold
increase in the number of GLUT2 transporters (Kellett and Helliwell, 2000).
There is a possibility that at the time of this study, the authors did not recog-
nize the presence of the sweet taste receptor pathway. However, based on their
own study, the requirement of having another pathway is necessary in order to
explain the GLUT2 translocation. Figure 6.7 shows that by having sweet taste
receptor pathways(STR), calcium concentration does not reach steady state at
certain luminal glucose concentrations and increased to more than 3 fold its
baseline value. Increased calcium concentration inside the cell leads to more
activation of PKC which ends with more GLUT2 translocation into the apical
membrane (Figure 6.8)

According to Figure 6.8 at 75 mM of luminal glucose when the Cav1.3 is
the only activated pathway, the number of GLUT2 is 0.88e9, and by activating
the STR pathway the total number of apical GLUT2 at that concentration is
increased about 39%, however at the same luminal glucose concentration, the
glucose flux through GLUT2 is increased only 14% when STR is activated as
well as Cav1.3 (Figure 6.9). GLUT2 construction in our model is a function
of luminal and intracellular glucose difference, whereas the lumen is considered
as an infinite bath. 39% increase in apical GLUT2 only leads to 14% increase
in glucose flux, so cannot expect doubling of GLUT2 to double the flux. In
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2007, Mace et al. studied the sweet taste receptor effect on glucose absorption
through apical GLUT2 in rat small intestine. They showed that at a control
level of 20 mM glucose by adding artificial sweetener(sucralose) to the per-
fusate, the number of GLUT2 is increased to the same number as in conditions
of 75mM glucose and no sucralose, which was shown previously by western
blot (Kellett and Helliwell, 2000). This therefore leads to 2-fold increase in
absorption rate (Mace et al., 2007b). We tried to reproduce their results un-
der the same conditions, however in our model this leads to only about 15%
increase in the absorption rate (Figure 6.10) as explained previously. We tried
to produce the same degree of change in absorption rate and realized that if
the number of basolateral GLUT2 is increased as much as apical GLUT2, then
we can expect the absorption rate to be doubled. This shows that adding su-
cralose may increase the expression level of basolateral GLUT2 as well as apical
GLUT2. Also, our model consider the case that there is an intracellular pool
of GLUT2 that can be translocated to the membrane in response to changes
in luminal glucose concentration (Leturque, Brot-Laroche, and Le Gall, 2009),
however there are some other theories which support the movement of already
embedded GLUT2 in apical membrane to basolateral membrane or vice versa
(Leturque, Brot-Laroche, and Le Gall, 2009) and it can be studied in the future
work.

Figure 6.11(A-D) shows that, although apical GLUT2 can regulate cell vol-
ume in the face of a glucose stimulus in the lumen, having a dynamic transloca-
tion does not make a huge difference in glucose concentration and cell volume,
especially with a high glucose stimulus, and this can be considered a constant
value for the sake of simplicity. On the other hand, this shows that the ab-
sence of apical GLUT2 leads to much less glucose inside the cell and bigger cell
volume changes in the case of luminal stimulus (Figure 6.11-G&H). Therefore,
it can be concluded that first, the dynamic translocation of apical GLUT2 has
almost the same volume regulatory effect on the cell as constant translocation,
and second, that according to the results of the model, increasing the expres-
sion level of apical GLUT2 to 2.2 fold does not make a huge difference in cell
volume and glucose concentration, however the necessity of having both path-
ways and dynamic translocation has been perfectly explained by the model.
Lastly, the western blot experiment demonstrated a 2.2 fold increase in the
number of GLUT2 between 0 and 100mM luminal glucose, showing that there
are great numbers of GLUT2 in the membrane even when there is no extracel-
lular glucose or, in other words, when there is no calcium entering the cell and
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no PKC activation. According to Figure 6.11-E by blocking the ltype calcium
channel and sweet taste receptor, the glucose concentration inside the cell is
decreased between 40 to 50% by increasing the glucose in the lumen from 20 to
100 mM, which can be useful in controlling the intracellular glucose and glucose
absorption rates by targeting PKC activation pathways in the cell.
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Chapter 7

Discussion and Future work

The main objectives of the current thesis were described in Chapter 1 and
were discussed separately in previous chapters. This chapter summarizes the
outcomes of this research by explaining the main findings and conclusions of
the research and potential for future work in this field in order to improve our
understanding of glucose absorption inside the small intestine.

7.1 Glucose transport

In Chapter 3 we introduced a mechanistic model containing different trans-
porters for sodium, potassium, chloride, water and most importantly glucose.
The model has three different compartments, namely of lumen, cell and blood,
however the lumen and blood compartments were assumed to be infinite so the
concentrations within these two compartments were not changed during the sim-
ulation. The model described the glucose transportation mechanism along with
the transport of other ions from the intestinal lumen to the epithelial cell from
which they then leave the cell to enter the blood. Results in this chapter showed
that the presence of the GLUT2 protein in the apical membrane of the cell is
necessary to explain the glucose absorption revealed in the experimental data
(Zheng et al., 2012). The model illustrated that the presence of apical GLUT2
can improve glucose absorption and increase intracellular glucose concentration
in the face of huge glucose loads in the lumen. The model is also able to predict
the concentration of other ions(e.g. Na+,K+, Cl−) inside the cell. In one of the
pioneer composite models of glucose absorption in the small intestine, instead
of using two different transporters for Na+/H+ exchange and Cl−/HCO3

−, one
simplified transporter was used solely solely for movement of sodium and chlo-
ride as H+ and HCO3

− were not included in their model (Thorsen, Drengstig,
and Ruoff, 2014). In our model, we used two separate transporters to generate
a more realistic model. We found that the ratio of AE1 flux to NHE3 in our
model is around 7-8 fold higher that the value of Cl−/Na+ in Thorsen’s paper
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which demonstrates that their assumption of a simplified transporter did not
hold accurate at least in a more general and complex model. We also used our
model to explore other alternative scenarios such as higher numbers of SGLT1
transporters versus presence/absence of apical GLUT2 to check if different num-
bers of SGLT1 alone can explain glucose behavior. Therefore, our model allows
us to interpret the data, form new hypotheses and guide experimental design.

In Chapter 5, water transporters were added to the previous model and re-
sulted in a more realistic model in terms of body physiology in which cell volume
is affected by the loss or absorption of water. In this version of the model, the
lumen compartment was still assumed to be infinite and water transport had no
effect on lumen concentrations. In the blood compartment, however, we consid-
ered blood volume to be constant but used blood flow and water transport to
control ion concentrations in the blood. The model is able to predict cell vol-
ume under different glucose stimuli along with other ion concentrations inside
the cell as in the previous chapter. The current model studied the role of apical
GLUT2 in cell volume regulation which showed that the presence of GLUT2 in
the apical membrane can decrease enterocyte volume changes in the face of a
huge glucose stimulus in the lumen. On the other hand, our mechanistic model
revealed that apical GLUT2 can work in either direction to take glucose into the
cell or out of the cell depending on glucose concentration differences between the
compartments and can explain glucose augmentation in the cell. One of the few
existing models in this area found that uphill glucose transport by SGLT1 can
increase intracellular glucose concentration to the point that it exceeds lumen
concentration which leads to back flux of glucose to the lumen and decreases
the glucose absorption rate (Naftalin, 2014). This finding is inconsistent with
our model which shows that SGLT1 is unable to take more glucose into the cell
above a certain level of luminal glucose and intracellular glucose never becomes
higher than luminal glucose concentration. Therefore the presence of apical
GLUT2 in the face of a high glucose load in the lumen can take more glucose
into the cell and directly increase the absorption rate. In Naftalin’s model,
the contribution of a passive glucose transporter such as GLUT2 in the apical
membrane reduced the transcellular glucose absorption and increased the para-
cellular glucose flow leading to higher glucose in the blood. Therefore, as a result
of a reduction in the concentration gradient across the basolateral membrane,
the intracellular glucose concentration increases somewhat but as an indirect
effect of apical GLUT2. In their model, water always enters the cell from the
lumen which physiologically can not be true, however, it has been reported in
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other studies that the small intestine always absorbs water from the intestine
even under condition of lower osmolarity compared with the lumen (Reid, 1901;
Pappenheimer, 1998; Zeuthen, Zeuthen, and MacAulay, 2007). As there was no
clear and proven mechanism of water transport in one direction, in our model
we studied its behavior based on osmotic pressure. Finding the exact mech-
anism of water transport and its directionality during the glucose absorption
can be the subject of future research. According to Naftalin’s research, apical
GLUT2 mainly accounts for cell volume regulation and cell volume is increased
by luminal glucose increase, however, in our model cell volume is decreased by
increasing the luminal glucose. We also showed that apical GLUT2 can directly
increase the intracellular glucose concentration and absorption rate. This find-
ing may be helpful in drug discovery and disease treatment, since activation
or inactivation of apical GLUT2 by using specific inhibitors can have a direct
effect on intracellular glucose concentration.

In Chapter 6, the dynamic of glucose translocation into the apical mem-
brane was studied, and different pathways involved in the process were de-
scribed. Our mathematical model revealed the contribution of each pathway in
intracellular calcium and PKC activation leading to the translocation of apical
GLUT2, and also showed that the Ltype calcium channel can not alone explain
the translocation of apical GLUT2. The current model demonstrates a more
realistic mechanism of GLUT2 expression in the apical membrane. Based on
the model, allocating a constant value for the number of GLUT2 at any lumi-
nal glucose concentration does not significantly change the intracellular glucose
concentration and cell volume compared with the situation of having dynamic
translocation of apical GLUT2. This shows that a simplified model can make
use of a constant number of apical GLUT2 instead of dynamic translocation. A
constant number of apical GLUT2 was assumed to be identical to the maximum
number of dynamic translocation at 100 mM luminal glucose therefore at high
concentrations, after reaching steady state, they both showed similar results for
volume and intracellular glucose either with constant or dynamic translocation.
The model shows it takes around 800 seconds for apical GLUT2 to complete the
translocation. Our model illustrates the necessity of the sweet taste receptor
pathway and shows that opening of the Ltype calcium channel does not lead
to an approximately 2.2 fold increase in the number of GLUT2 as was previ-
ously demonstrated by western blot experiment (Kellett and Helliwell, 2000),
however in their study the authors concluded that trafficking of apical GLUT2
is mainly a result of SGLT1-dependent activation of PKC through the Ltype
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calcium channel. Our model shows that, unlike the study of 2007 (Mace et al.,
2007b), although activation of sweet taste receptors at low luminal glucose con-
centrations increases the number of apical GLUT2, this process is not able to
double glucose flux and reaches a steady state after a while as the basolateral
flux of glucose remains unchanged. Model predictions illustrate that a 2 fold
increase in glucose flux can be obtained by increasing the number of basolateral
GLUT2, therefore studying the expression level of basolateral GLUT2 before
and after the activation of the sweet taste receptor can be examined in future
work and may provide a better understanding about the effect of sweet taste
receptors on glucose absorption flux. Sometimes in the food industry, natural
sugar is replaced by artificial sweetener under the assumption that artificial
sweetener is nutritionally inert and can not increase glucose level as much as
natural sugar. In our model we were not able to investigate the direct effect
of adding sucralose as an artificial sweetener, however as it is supposed to in-
crease G-protein activity, we introduced higher activation rates for G-protein to
simulate the effect of adding sucralose. Results showed that G-protein can not
increase intracellular glucose as much as the presence of high luminal glucose.
This is consistent with the food industry’s theory about artificial sweetener,
however since artificial sweetener was not a topic of interest in this study, it
was not formally considered in this model and remains a subject for future re-
search. It is well established that high level of glucose can lead to diseases such
as obesity and diabetes (Kellett and Brot-Laroche, 2005), and some insulin resis-
tant conditions are characterized by a high expression of apical GLUT2 (Corpe
et al., 1996; Ait-Omar et al., 2011). There is evidence that apical GLUT2 is
involved in different processes such as sugar sensing mechanism, endocrine hor-
mones, energy inside the cell and stress. Therefore, understanding the glucose
absorption process and translocation of apical GLUT2 can lead to further find-
ings on controlling the sugar delivery, disease treatment by moderate excessive
sugar absorption and insulin fluctuations, and other mentioned mechanisms.

7.2 CellML Implementation

The modular approach of the current model in an open source platform mod-
eling environment (OpenCOR), makes future work easier with regards to ex-
pansion, editing or reusability. In our modeling, we used some of the existing
models in the PMR, however different units were applied in different models
and parameters were sometimes defined in a completely different way. As well
as reusing the existing model, this approach makes it much easier for other users
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to generate models. It would be preferable if all CellML models were built in a
similar way and as consistent units. In general, the CellML language has made
this modeling easier and faster compared with complex coding in Matlab etc.,
however OpenCOR distribution packages include definition files for C, Fortran
77, Python and Matlab which allows us to export CellML to code. Features like
SEDML that can store all variables controlling the simulation and their output
in one or more files for that simulation or can export the results in CSV, lead
to smooth and fast progress in our modeling processes.

7.3 Future Works

• Glucose transporter expression was a key features parameter in our model-
ing. Information on this topic is lacking in the literature. Further study
of the expression of these transporters in either side of the cell may be a
useful subject of research as this will provide more accurate assumptions
for mathematical modeling of glucose absorption in the small intestine.

• Our cell model is assumed to be a single cell which is similar to other cells
along the whole of the small intestine, however the characteristics of the
small intestine vary in different sections of the intestine, therefore creating
a spatial model for the small intestine can overcome this simplicity and
provide a more realistic model of glucose absorption in each part of the
intestine.

• The model of villus structure is important as blood concentration changes as
we move from one side of the villus to the other side. This model may be
the subject of future work in order to provide more comprehensive and
realistic assumptions in the building an absorption model.

• The current model may be expanded in the future by having three finite
compartments of lumen, cell and blood to track ion and nutrients concen-
tration and volume changes at any time and in any environment.

• The current model assumed constant value for apical and basolateral mem-
brane area, different membrane area can be a topic for future work as
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small changes to the densities by changing the relative areas could have
interesting effects.

• Expanding the current CellML model of glucose absorption can be done by
adding other absorption processes such as protein and fat absorption in
order to have a more complete model of nutrient absorption in the small
intestine which can be connected to other composite models from other
organs and tissues to make an integrated model for the whole body.

• In the current model, we assumed a certain amount of glucose in the lumen,
however in a real intestine, complex carbohydrate is digested by brush
border membrane (BBM) enzymes and the glucose concentration close to
the surface is determined by enzyme processes which can be studied in
future work.

• This model may be expanded and coupled to feedback mechanisms and hor-
mone secretion which may be useful in other regulatory models.
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