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It has been suggested that glucose absorption in the small intestine depends on

both constitutively expressed SGLT1 and translocated GLUT2 in the brush border

membrane, especially in the presence of high levels of luminal glucose. Here, we present

a computational model of non-isotonic glucose uptake by small intestinal epithelial cells.

The model incorporates apical uptake via SGLT1 and GLUT2, basolateral efflux into the

blood via GLUT2, and cellular volume changes in response to non-isotonic conditions.

The dependence of glucose absorption on luminal glucose, blood flow rate, and inlet

blood glucose concentration is studied. Uptake via apical GLUT2 is found to be sensitive

to all these factors. Under a range of conditions, the maximum apical GLUT2 flux is

about half of the SGLT1 flux and is achieved at high luminal glucose (> 50 mM), high

blood flow rates, and low inlet blood concentrations. In contrast, SGLT1 flux is less

sensitive to these factors. When luminal glucose concentration is less than 10 mM,

apical GLUT2 serves as an efflux pathway for glucose to move from the blood to the

lumen. The model results indicate that translocation of GLUT2 from the basolateral to the

apical membrane increases glucose uptake into the cell; however, the reduction of efflux

capacity results in a decrease in net absorption. Recruitment of GLUT2 from a cytosolic

pool elicits a 10–20% increase in absorption for luminal glucose levels in the a 20–100

mM range. Increased SGLT1 activity also leads to a roughly 20% increase in absorption. A

concomitant increase in blood supply results in a larger increase in absorption. Increases

in apical glucose transporter activity help to minimise cell volume changes by reducing

the osmotic gradient between the cell and the lumen.

Keywords: glucose absorption, nutrient absorption, type 2 diabetes, epithelial transport, CellML, OpenCOR

1. INTRODUCTION

Glucose absorption via the small intestine is the primary source of metabolisable energy in humans
and other animals. The process of glucose absorption has been studied for many years (McCance
and Madders, 1930; Wertheimer, 1934); however, there remain open questions about the pathways
and transporters involved in different species and under different conditions (Karasov, 2017).

Until about two decades ago, SGLT1 had been known as the only glucose absorption pathway
in the cell (Ferraris, 2001). The classical model of intestinal glucose absorption is adequate when
the glucose concentration in the lumen is low. However, SGLT1 is saturated around 30 mM of
glucose whereas glucose absorption is not saturated even at 100 mM of extracellular glucose
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(Kellett and Helliwell, 2000) and instead is similar to simple
diffusion (Fullerton and Parsons, 1956; Debnam and Levin,
1975). The responsible mechanism for the diffusive process of
glucose absorption has been a matter of debate. One of the first
theories was a paracellular flow or solvent drag which was based
on the association of glucose absorption with water absorption
(Fullerton and Parsons, 1956; Pappenheimer and Reiss, 1987).
According to this theory, SGLT1-mediated absorption of glucose
from lumen to the cell and efflux into blood builds up an
osmotic gradient for water absorption which allows transport
of glucose and other nutrients through the tight junction along
with water (Pappenheimer, 1987; Pappenheimer and Reiss, 1987).
This theory was controversial since a number of studies found
that paracellular glucose absorption is negligible (Ferraris et al.,
1990; Ferraris and Diamond, 1997; Lane et al., 1999). Following
the detection of GLUT2 in the brush border membrane of
the diabetic rat (Corpe et al., 1996) another theory has been
proposed according to which the recruitment of GLUT2 to
the apical membrane of epithelial cell in case of high luminal
glucose provides the additional absorptive capacity observed
in experiments (Kellett and Helliwell, 2000; Au et al., 2002;
Affleck et al., 2003; Gouyon et al., 2003). Imaging studies have
also shown translocation of GLUT2 from the basolateral to the
apical membrane as a rapid, reversible response to a glucose
stimulus (Cohen et al., 2014). Other studies have suggested that
short term upregulation of SGLT1 may play a role in increasing
glucose absorption in response to a stimulus (Sharp et al.,
1996; Cheeseman, 1997; Stearns et al., 2010; Koepsell, 2020).
Thus, the mechanisms by which enterocytes can rapidly increase
absorption in response to a glucose stimulus are still a matter
of controversy. In this situation, mathematical models will be
useful for interpreting data and exploring the implications of the
different hypotheses.

A model of sodium/potassium homeostasis in the enterocyte
during SGLT1-mediated absorption was developed by Thorsen
et al. (2014). This model was limited to iso-osmotic conditions
and did not consider short term changes in apical glucose
transporters in response to a glucose stimulus. Maintenance of
cell volume is very important for the appropriate function of the
body. Cell volume regulation usually depends on the transport of
the solute to the extracellular compartment and cell permeability
to water. The main 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 andmaking the cell volume smaller (Zeuthen et al., 2007).

Another model examined the role of apical GLUT2 in sugar
absorption, water transport, and cell volume regulation (Naftalin,
2014). Glucose absorption by SGLT1 causes the intracellular
glucose concentration to exceed the luminal concentration.
Consequently, the cytosol becomes hyperosmolar leading to a
large increase in cell volume. The presence of GLUT2 in the
apical membrane causes glucose to leak back into the lumen

out of the cell, reducing intracellular osmolarity and moderating
volume changes. In this model, the primary pathway for glucose
absorption is apical SGLT1 and basolateral GLUT2, with apical
GLUT2 mainly serving as an osmoregulator.

In the current model, we extended our previous work (Afshar
et al., 2019) to include non-isotonic transport and developed a
validated model of glucose uptake in the small intestine based
on a mechanistic model for all relevant transporters. While
similar in approach to the Naftalin (2014) model, the inclusion
of individual transporters allowed us to keep track of all ionic
species (Na+, K+, Cl−, and H+) and investigate the effect of
changing the activity of individual transporters. This integrative
model is implemented in CellML and simulated using OpenCOR
environment. We adopted a modular compositional approach to
construct the model.

2. METHODS

2.1. Model Construction
In our previous study, the mathematical model of glucose
uptake by the enterocyte was constructed and included the
relevant transporters from the literature (Barrett and Keely,
2015). The model was isotonic through all compartments and
water movement through the apical and basolateral membranes
or paracellular pathways was not considered. Here, we extended
the model by adding water transport and considered the cell
volume changes during the absorption process. Figure 1 shows
a schematic diagram of a 3-compartment model of an epithelial
cell in the small intestine with the relevant transporters for
glucose absorption.

The model allows us to predict membrane potentials,
intracellular concentrations of glucose and electrolytes (Na+, K+,
HCO−

3 , Cl
−), and the fluxes of these species. The composition

and volume of the cell compartment are not fixed and can change
due to water absorption from or secretion into the extracellular
compartments. The mucosal (intestinal lumen) compartment
was treated as an infinite bath of constant composition. The
blood (serosal) compartment has a finite, fixed volume. To
maintain a fixed serosal volume, outlet blood flow was variable
and equal to a constant inlet blood flow plus water flux across
the basolateral cell membrane. Ion and glucose concentrations
in this compartment are also variable and determined by
transcellular fluxes across the basolateral membrane, paracellular
fluxes between the cells, and the blood flow rate. Transcellular
and paracellular water movement is based on the osmolarity
difference between the two involved compartments, which leads
to changes in cell volume. Flux balance and electric charge
conservation laws yield the governing equations of the model.

All equations for ions’ fluxes and concentrations are described
in the Supplementary Material. The models and their associated
parameters can be found at the following link: https://models.
cellml.org/workspace/58c.

2.2. SGLT1 and GLUT2 Models
Glucose flux through SGLT1 was described using a 6-state kinetic
model for SGLT1 (Parent et al., 1992) with parameter values
from Wright et al. (2011). An alternating conformation model
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FIGURE 1 | Schematic representation of enterocyte showing the transporters relevant to glucose transport in the apical and basolateral membranes along with the

apical (lumen) and basolateral (interstitium) extracellular domains.

FIGURE 2 | Glucose flux through SGLT1 (left panel) and apical GLUT2 (right panel) under varying conditions of luminal and intracellular glucose (Gi). Fluxes are

expressed per cm of intestinal length using parameters specified in section 2.3.

was used for GLUT2 with parameter values from Lowe and
Walmsley (1986). Glucose flux through the transporters for a
range of extra- and intracellular glucose concentrations is shown

in Figure 2. The SGLT1 flux was calculated with constant values
of the apical membrane potential (−65 mV) and luminal sodium
(150 mM). Varying these values had minimal impact on the
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TABLE 1 | Vmax and Km values for SGLT1 and GLUT2 determined by fitting to the

flux values in Figure 2.

SGLT1 GLUT2

Intracellular

glucose (mM)

Vmax

[µmol/(min.cm)]

Km

(mM)

Vmax

[µmol/(min.cm)]

Km

(mM)

2 0.104 1.8 0.577 12

5 0.098 1.85 0.274 15

10 0.081 1.85 0.144 20

20 0.064 1.85 0.072 30

30 0.053 1.85 0.058 43

TABLE 2 | Reported values for ions, concentrations in blood.

Ion Blood concentration (mM) Reference

Gl < 7.8 NIfHaC, 2012

Na+ 135–145 Pierro et al., 2012

K+ 3.5–5.5 Posencheg and Evans, 2012

Cl− 97–107 Pfortmueller et al., 2018

flux. Equivalent Vmax and Km values were determined by fitting
a steady Michaelis-Menten expression to each line in the plots
(Table 1). The values are consistent with those reported in the
reviews by Karasov (2017) and Koepsell (2020). TheVmax andKm

values are derived quantities not directly used in the modelling
here, but provided a check that the model parameter values
are reasonable.

2.3. Model Validation
The model was validated against the published intestinal loop
data of the uptake of sodium, glucose, and water measured in
dogs (Collin et al., 1978). In the experiments, a 75 cm loop
of intestine was isolated and infused luminally at a rate of 2.9
ml/min with a solution containing 100 mM glucose and 90 mM
sodium chloride. Measurements of water, sodium, and glucose
fluxes were reported. The composition of the infusate was used
as the fixed mucosal concentration in the model. Concentrations
of ions in the inflowing blood were kept close to the literature
values (Table 2).

For the model parameters, we estimated a range based on
information in the literature. Based on the anatomy of the dog’s
small intestine (diameter 1 cm, number of villi 23 per mm2)
(Kararli, 1995), villus dimensions (height 0.75 mm, diameter
0.4 mm) (Kuzmuk et al., 2005), and the typical surface area of
an enterocyte (42 µm2) (Thorsen et al., 2014), the number of
epithelial cells in the experimental segment was estimated to be
1.3 × 109. Using an estimate of 35–122 ml/(100 g · min) for the
intestinal blood flow rate (Granger et al., 1980), the flow to the
blood compartment of each cell is 1–4 ×10−17 m3/s. The blood
volume of the mucosa is around 4.7 ml/100 g (Rieke and Everett,
1957), and the mass of mucosa is about 0.35 g/cm of the intestine
(Robinson et al., 1977). By dividing the volume by the number
of cells, the volume of the blood compartment for each epithelial
cell is 1–4×10−16m3.

Baseline values for the blood volume and perfusion rate per
cell were set at 1× 10−16 m3 and 1× 10−17 m3/s in this work. In
addition, the blood volume is held constant by setting the outlet
blood flow to be equal to the sum of the inlet blood flow andwater
flux across the basolateral membrane.

3. RESULTS

3.1. Model Response to Glucose Stimulus
We first examined the response of the model to a step change
in luminal glucose concentration. For these simulations, ions’
concentrations in the luminal and blood compartments were
initialised at 150 mM Na+, 5 mM K+, and 150 mM Cl−. The
luminal compartment was considered an infinite bath (constant
ion concentration) while the volume of the blood compartment
was treated as finite and ions’ concentrations were allowed to
vary. Luminal glucose was fixed at zero for t = 0–5,000 s
and changed to 50 mM for t = 5,000–10,000 s. Inflowing
blood glucose was fixed at 4 mM for the entire simulation. The
aim of these simulations is to test the stability of the model
equations and the numerical scheme, i.e., to check if they reached
reasonable steady state values in response to a perturbation in
the initial conditions. They should not be taken as indicative of a
physiological response.

Figure 3 and Table 3 show the dynamic response and steady
state values of ions and glucose concentrations, cell volume,
and water fluxes in the absence and presence of GLUT2 in the
apical membrane.

Figure 3A represents the volume of the cell. Figures 3B–D
show the intracellular concentration of sodium, chloride,
potassium, and glucose. The other panels in Figure 3 present
the water flux through the apical and basolateral membranes,
and the last panel depicts the glucose concentration in the
blood. Change of the cell volume after applying the stimulus
is less in the presence of apical GLUT2. Potassium and
chloride concentrations did not change much by having glucose
stimulus in the lumen, but sodium concentration increased after
applying the glucose stimulus; however, all the aforementioned
concentrations did not considerably change in the presence
of apical GLUT2. Intracellular glucose concentration with the
GLUT2 transporter located in the apical membrane increased
more under the luminal stimulus, which shows that more glucose
entered the cell through apical GLUT2. Water fluxes across the
apical and basolateral membranes both showed a very rapid
response to the stimulus and they both reached the same value
at the steady state.

The blood glucose concentration (Figure 3H) before the
luminal stimulus is lower in the presence of apical GLUT2. In
this case, since there is a constant influx of glucose into the
blood compartment (inflowing blood at 4 mM), basolateral and
apical GLUT2 provide a pathway for glucose to move from the
blood to the lumen. Since the blood compartment has a finite
volume, this leads to a rapid depletion of glucose both from
the cell (Figure 3E) and blood. Without apical GLUT2, there is
no pathway for glucose to enter the lumen (reverse transport
through SGLT1 is not considered) and hence concentrations in
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FIGURE 3 | Model behaviour in the absence of luminal glucose (t < 5, 000 s) and following a step change to 50 mM luminal glucose (5, 000 ≤ t < 10, 000 s) of the

simulation. (A) cell volume; (B) intracellular concentrations of sodium; (C) chloride; (D) potassium; (E) glucose; (F,G) apical and basolateral water flux; (H) blood

glucose.

the cell and blood compartment equalise around 3.9 mM. When
the luminal glucose concentration is raised to 50 mM, uptake by
apical GLUT2 and/or SGLT1 and efflux by basolateral GLUT2
causes a rise in the blood glucose levels. This is more pronounced
in the presence of apical GLUT2.

3.2. Comparison With Intestinal Loop Data
Next, model predictions were compared with measurements
from an intestinal loop study carried out in dogs (Collin et al.,

1978). Since the experiments used a continuous infusion of the
mucosal surface, the lumen concentrations in the simulations
were fixed at the experimental values (90 mM NaCl, 100 mM
glucose, and 6mMpotassium). The number of apical GLUT2 and
basolateral GLUT2 were both fixed at 2 × 109, and the number
of SGLT1 at 1 × 108. As there was not enough information
about blood volume or inlet blood flow in the experiment, we
considered three different values for inlet blood flow (6× 10−18,
1× 10−17, and 3× 10−17 m3/s) to account for uncertainty in the
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actual value of inlet blood flow. Figure 4 shows that the steady
state model predictions are in reasonable agreement with the
intestinal loop data. The mismatch in the absorption rates of

TABLE 3 | Steady state model predictions with and without apical GLUT2 with

luminal glucose = 50 mM compared to literature values.

Variable Model with

no apical

GLUT2

Model with

apical

GLUT2

Reported

value

Reference

Na+ (mM) 63 73 45− 65 Nellans and

Schultz, 1976

K+ (mM) 93 96 120− 140 Nellans and

Schultz, 1976

Cl− (mM) 43 42 50− 70 Frizzell et al.,

1973; Nellans

et al., 1973

Apical (lumen-cell)

membrane

potential (mV)

−38 −36 −36± 0.5 Rose and Schultz,

1971

Basolateral

(interstitium-cell)

membrane

potential (mV)

−51 −51 −40.5± 0.8 Rose and Schultz,

1971

pH 7.1 7.05 7.2 Shimada and

Hoshi, 1987

Number of transporters per cell: SGLT1 = 3 × 107 , apical GLUT2 = 108, basolateral

GLUT2 = 2× 108.

glucose, water, and sodium is around 20–25%, which is within
the uncertainty of the measurements and model, indicated by the
error bars in the figure.

3.3. Model Response to Varying Luminal
Glucose
In the next step, we examined the effect of apical GLUT2 on
the steady state response of the model as the luminal glucose
concentration was increased from 0 to 100 mM. In Figure 5, the
contribution of apical GLUT2 to different glucose concentrations
and glucose fluxes is shown. There is a clear distinction between
the behaviour at zero luminal glucose and at luminal glucose
values≥ 20mM.We first discuss the response for luminal glucose
in the range 20–100 mM.

As luminal glucose increases from 20 to 100 mM, the
osmolarity of the luminal bath increases and leads to water
efflux from the cell and hence a decrease in cell volume
(Figure 5A). This decrease is lower in the presence of apical
GLUT2 since glucose absorption through this transporter leads
to higher intracellular glucose concentrations (Figure 5B) and
lower osmolarity differences in the lumen. The increase in
intracellular glucose is significantly different between the two
scenarios: 82% with apical GLUT2 whereas without apical
GLUT2 it increases only 25%. There is a concomitant increase
in the blood glucose concentration (Figure 5C), although the
magnitude is smaller (25% in the presence of apical GLUT2
vs. 12% in the absence). Figures 5D,E show apical glucose

FIGURE 4 | Absorption rates of (A) glucose; (B) sodium; and (C) water through the cell in comparison with intestinal loop data. Error bars in the model represent

different values for inlet blood flow. Experimental bars are mean ± SE with 6 tests (Collin et al., 1978).

Frontiers in Physiology | www.frontiersin.org 6 December 2021 | Volume 12 | Article 699152

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Afshar et al. Modelling Enterocyte Glucose Absorption Pathways

FIGURE 5 | Model response to different luminal glucose concentration. (A) Cell volume; (B) intracellular glucose; (C) blood glucose; (D) apical GLUT2 flux; (E) SGLT1

flux; (F) basolateral GLUT2 flux. The simulation was run under five different luminal glucose concentration (0, 20, 50, 80, and 100 mM). Simulation parameters:

number of apical GLUT2 = 108, number of basolateral GLUT2 = 2 ×108, number of SGLT1 = 3 ×107, inflow blood glucose = 4 mM, inlet blood flow rate = 10−17

m3/s, and blood volume = 10−16 m3.

flux through GLUT2 and SGLT1. As expected, the GLUT2
flux increases with luminal glucose. The increase is by a
factor of 3 over the concentration range and levels off at
higher concentrations, showing that the transporter is close
to saturation (Figure 5D). The SGLT1 flux is 1.5-fold to 5-
fold larger than the GLUT2 flux over the entire concentration
range (Figure 5E). The difference as well as the absolute SGLT1
flux decreases with increasing luminal glucose. The decrease in

absolute flux is small (roughly 10%) and can be explained by
the lower glucose concentration difference between the lumen
and the cell in the presence of apical glucose. This decrease
leads to a small reduction in the driving force for SGLT1
mediated transport. Basolateral GLUT2 flux is higher in the
presence of apical GLUT2 due to the higher intracellular—blood
glucose concentration gradient (Figure 5F), which increases
from about 8–18 mM as luminal glucose concentration is
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increased. Note that the negative value of the basolateral flux
indicates efflux from the cell. The flux difference in the two
scenarios increases from about 10 to 30% with increasing
luminal glucose.

In the absence of luminal glucose, there is a blood-to-lumen
glucose concentration gradient and the presence of apical GLUT2
provides a pathway for glucose transport from the blood to
the lumen. The signs of the apical and basolateral GLUT2 flux
are reversed from before, indicating influx into the cell from
blood and secretion into the lumen. Blood and intracellular
glucose concentrations equilibrate to values close to zero. Taken
together, the results indicate that the presence of apical GLUT2
increases glucose absorption and blood glucose concentrations
when luminal glucose concentrations are high, but leads to
glucose efflux from the blood to lumen at luminal glucose is low..
Enhancement in absorption is small (roughly 10%) at luminal
glucose concentrations of 20 mM and increase to about 30% at
luminal glucose of 100 mM. The effect of apical GLUT2 on cell
volume is small, the presence of apical GLUT2 reduces water loss
from the cell by less than 10% over the concentration range.

In these simulations, model parameters such as transporter
density, blood flow rate, and inlet blood glucose were held
constant. The following sections explore the effect of varying
these parameters.

3.4. Effect of Varying Transporter Density
The densities of SGLT1, apical GLUT2, and basolateral GLUT2
were all varied between 0.5 and 1.5 times the baseline value and
the effects on steady state values of cell volume, intracellular
glucose, and glucose fluxes were examined. In each case, the
density of one transporter was varied, while the other two were
fixed at the reference value. Results are shown in Figure 6 for
luminal glucose concentrations varying from 5 to 50 mM.

The cell volume (top row) increases with SGLT1 density for all
luminal glucose concentrations. In contrast, an increase in apical
GLUT2 density causes cell volume to increase only for a luminal
glucose concentration of 50 mM. An increase in basolateral
GLUT2 leads to a decrease in cell volume. These results can be
explained by the changes in intracellular glucose concentration
(second row). An increase in SGLT1 density causes an increase
in intracellular glucose at all luminal glucose values, whereas an
increase in apical GLUT2 causes an increase only in luminal
glucose = 50 mM. Changes in cell osmolarity and hence cell
volumemirror this change in intracellular glucose concentration.

Glucose flux through SGLT1 (third row) increases by about
2.5-fold as the SGLT1 density increases 3-fold. This increase
is quite insensitive to the luminal glucose concentration. The
SGLT1 flux did not change significantly (< 25%) with the
apical or basolaterial GLUT2 density. The change is largest at
high luminal glucose: an increase in apical GLUT2 increases
intracellular glucose reducing the effective Vmax of SGLT1
(Table 1), whereas an increase in basolateral GLUT2 has the
opposite effect.

Flux through apical GLUT2 (fourth row) shows some
interesting features. At the two lowest luminal glucose
concentrations (5 and 10 mM), the flux is negative (i.e.,
glucose exits the cell through apical GLUT2) since intracellular

glucose is higher than luminal glucose. It decreases with
increasing SGLT1 density, which is a result of the reduction
in the luminal-intracellular concentration gradient due to
SGLT1-mediated glucose entry. It increases with an increase in
basolateral GLUT2 density as more glucose is removed across
the basolateral membrane.

At the basolateral membrane, glucose can enter or leave the
cell via GLUT2 depending on the concentration gradient. For
luminal glucose concentrations ≥ 5mM and inlet blood glucose
of 4 mM, flux across the basolateral GLUT2 (bottom row) is
always negative (glucose leaves the cell). Net glucose absorption
(magnitude of the flux) increases with SGLT1 density and
luminal glucose concentration. It increases with apical GLUT2
only at high luminal glucose concentrations. At 5 and 10 mM
luminal glucose, an increase in apical GLUT2 leads to a decrease
in glucose uptake since the cell-blood concentration gradient
is reduced. Moreover, in the absence of luminal glucose, the
concentration gradient changes sign, and glucose enters the cell
from the blood (positive flux) and then is secreted into the lumen
viaIncreasing apical GLUT2 leads apical GLUT2.

The results suggested that an increase in apical SGLT1 is
most effective at increasing glucose uptake, even at high luminal
glucose concentrations (> 15% increase at 50 mM luminal
glucose as SGLT1 density trebled). Increasing apical GLUT2 leads
to increasing uptake by about 10% for the same conditions. At
low luminal glucose (5 and 10 mM), an increase in apical GLUT2
leads to a decrease in glucose uptake due to glucose secretion
from the cell to the lumen.

3.5. Effect of Blood Flow Rate and Inlet
Blood Glucose
In Figure 7, we consider the effect of varying inlet blood flow and
blood glucose concentration for the model with apical GLUT2
and 50 mM glucose in the lumen. The first row of Figure 7A
shows that increasing the blood flow from half of the baseline
blood flow to 3 times higher, leads to a decrease in both blood
glucose (16–8 mM) and intracellular glucose concentrations
(40–28 mM). The decrease in intracellular glucose increases
the driving force for absorption via apical GLUT2, leading
to a 3-fold increase in the apical GLUT2 flux (Figure 7C).
There is also a small increase in the SGLT1 flux of about 15%
(Figure 7D). The total glucose flux into the cell is dominated
by SGLT1 (Figure 7E, 5-fold to 1.5-fold larger than apical
GLUT2 flux) over the entire range of flow rates. The increase
in apical flux via GLUT2 and SGLT1 translates to a 60%
increase in net basolateral flux (i.e., glucose uptake) as blood
flow increases. Roughly, two-thirds of this increase can be
attributed to apical GLUT2 and one-third to an increase in
SGLT1 flux.

Next, the effect of increasing the inlet blood glucose
concentration in the range of 4–16 mM was considered (second
row). As expected, the blood compartments (outlet) glucose
concentration and cell concentration both increase by about 70
and 40%, respectively. The increase is almost linear. There is a
concomitant decrease in flux through the apical and basolateral
transporters. Apical GLUT2 flux reduces 8-fold, while SGLT1
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FIGURE 6 | Model response to different transporter densities. (A–C) Cell volume; (D–F) intracellular glucose; (G–I) SGLT1 glucose flux; (J–L) apical GLUT2 flux;

(M–O) basolateral GLUT2 flux. In each column, one transporter density is varied while the other two are held constant at the reference value [nSGLT1 = 3× 107,

nGLUT2 (apical) = 108, nGLUT2 (basolateral) = 2× 108].

flux reduces by about 20% and basolateral flux by about 30%.
Roughly, 60% of the decrease can be attributed to the reduction
in apical GLUT2 flux and the rest to SGLT1.

The results suggest that the contribution of apical GLUT2 to
glucose uptake is quite sensitive to inlet blood flow and glucose
concentrations. Apical GLUT2 is most effective at increasing
uptake when the inlet blood concentrations are low and the
flow rate is high. However, the steady state apical GLUT2 flux
varies about 15–20 fold between the extremes of the conditions

considered here. On the other hand, SGLT1 flux is less sensitive
to variations (about 20% difference between the extremes) and
is also larger than the apical GLUT2 flux by 2–20-fold over the
range of inlet blood flow and concentrations studied.

3.6. Different Modes of GLUT2
Translocation
Here, we considered two different sources of apical GLUT2. In
the first scenario, the source of apical GLUT2 is considered to
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FIGURE 7 | Blood glucose concentration, intracellular glucose concentration, apical GLUT2 flux, SGLT1 flux, and basolateral GLUT2 flux under different conditions.

The first row is the model response to different blood flow rates. Qblood = 10−17 m3/s is the baseline value of the blood flow rate (A–E). The second row shows the

response to variations in the inlet blood glucose concentration (F–J). Rows three and four consider two different scenarios for GLUT2 translocation to the apical

membrane. Row three shows simulations run under the assumption that apical GLUT2 is translocated from basolateral GLUT2. Different ratios between apical and

basolateral GLUT2 are considered with the total number fixed (K–O). Row four shows simulations run under the assumption that apical GLUT2 is translocated from

intracellular vesicles. The number of basolateral GLUT2 is fixed and labels represent the fraction of total GLUT2 in the apical and basolateral membranes (P–T).

be translocation from intracellular vesicles or newly synthesised
protein. Therefore, the number of basolateral GLUT2 is fixed
at 2 × 108, and the number of apical GLUT2 varies from
0.25- to 1-fold of basolateral GLUT2. Results are shown in
the third row of Figure 7. Increasing the number of apical
GLUT2 leads to higher apical GLUT2 flux (Figure 7M) and
higher intracellular concentration (Figure 7L). Basolateral flux
(Figure 7O) and blood concentration (Figure 7K) increase by
a small quantity (14 and 10%, respectively). SGLT1 flux shows
about 10% decrease as apical GLUT2 increases (Figure 7N).

In the second scenario, we considered the translocation of
basolateral GLUT2 to the apical membrane in response to a
glucose stimulus. Thus, the total number of GLUT2 is held fixed
at 2 × 108 and is all located on the basolateral membrane when
the luminal glucose is zero. When a glucose stimulus of 50 mM
is applied, a fraction of these (0.2, 0.4, or 0.5) translocate to the
apical membrane. The fourth row of Figure 7 shows the steady
state model response to these conditions. The X-axis shows the
apical and basolateral density of GLUT2 as a fraction of the
total GLUT2 density. In this case, increasing the number of

GLUT2 in the apical membrane leads to less basolateral GLUT2
and then less glucose is expected in the blood (20% decrease
in blood glucose concentration-Figure 7P). Increasing apical
GLUT2 increases the intracellular glucose concentration from 25
to 45 mM (80%-Figure 7Q). Figure 7R shows the apical GLUT2
flux, which decreases as the fraction of translocated GLUT2
increases from 0.2. This is a result of the decrease in the lumen-
cell glucose gradient as the intracellular concentration increases.
The same effect leads to a decrease in the SGLT1 flux by about
20% (Figure 7S). Since the SGLT1 flux is about 10 times higher
than the apical GLUT2 flux, this translates to a reduction in
glucose flux to blood (Figure 7T).

Together, the results showed that an increase in apical GLUT2
expression alone does not imply greater glucose absorption. If
the source of apical GLUT2 is translocation from the basolateral
membrane, it can lead to a decrease in net absorptive flux
and blood glucose levels. Even if apical GLUT2 is sourced
from intracellular vesicles or newly synthesised, the increase in
absorption is small. These results are related to an increase in
intracellular glucose and a decrease in SGLT1 flux.
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FIGURE 8 | (A) Blood glucose; (B) intracellular glucose; and (C) glucose flux into the blood. Simulation was run under 50 mM stimulus of luminal glucose. Bar A:

baseline with no apical GLUT2. Bar B: 50% increase in SGLT1 and apical GLUT2 equal to 0.5 times basolateral GLUT2. Bar C: baseline SGLT1 and apical GLUT2

equal to 1.0 times basolateral GLUT2. Bar D: 100% increase in SGLT1 and apical GLUT2 equal to 0.5 times basolateral GLUT2. Bar E: 100% increase in SGLT1 alone

with no apical GLUT2.

3.7. Short Term Regulation of SGLT1
The results thus far focused on dynamic upregulation of apical
GLUT2 without modulating SGLT1 expression and indicated the
kinetic responses of SGLT1 flux serve to counteract changes in
glucose uptake resulting from changes in luminal glucose, blood
flow rates, and inlet blood concentration. Next, we examined how
simultaneous short-term increases in SGLT1 and apical GLUT2
expression in response to a glucose stimulus affect absorption.
Five scenarios were considered: baseline with no apical GLUT2
(A), 50% increase in SGLT1 and apical GLUT2 equal to 0.5 times
basolateral GLUT2 (B), baseline SGLT1 and apical GLUT2 equal
to 1.0 times basolateral GLUT2 (C), 100% increase in SGLT1
and apical GLUT2 equal to 0.5 times basolateral GLUT2 (D),
and 100% increase in SGLT1 alone with no apical GLUT2 (E).
Luminal glucose concentration was fixed at 50 mM.

At baseline, cell and blood glucose concentrations are about
25 and 11 mM, respectively (Figure 8A). A 50% increase in
SGLT1 (Figure 8B) or a 1:1 ratio of apical to basolateral
GLUT2 (Figure 8C) both lead to more glucose inside the
cell (48 and 43 mM, respectively). Blood glucose flux and
concentration increase slightly in B but reduce in C since
the efflux capacity at the basolateral membrane is decreased.

In conditions D (100% increase in SGLT1, 0.5:1 apical to
basolateral GLUT2) and E (100% increase in SGLT1, no apical
GLUT2), the intracellular concentration goes higher than lumen.
The intracellular concentration in D is higher and the blood
concentration and flux lower than E due to the reduced efflux
capacity at the basolateral membrane. The results indicate that
an increase in SGLT1 expression is the most effective means of
increasing glucose absorption.

4. DISCUSSION

We developed a mathematical model to examine how short-term
increases in SGLT1 and apical GLUT2 in response to a glucose
stimulus influences glucose absorption and volume regulation
in an enterocyte exposed to a hyperosmotic lumen. The results
indicated that in the absence of apical GLUT2, the cell shrinks
by about 25% as luminal glucose increases from 0 to 100 mM
and that apical GLUT2 reduces this shrinkage to about 20%.
The effect on glucose absorption is more complex and depends
on the luminal glucose concentration, blood flow rates, and
blood glucose concentrations, as well as the source of the apical
GLUT2. At low luminal glucose, the presence of apical GLUT2
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FIGURE 9 | Cell volume behaviour in response to different luminal glucose levels in (A) our model and (B) Naftalin (2014) model. Values are normalised to baseline

values.

reduces net absorption. For luminal glucose concentrations of 0,
5, and 10 mM, the presence of apical GLUT2 leads to glucose
being transported out of the cell into the lumen. When luminal
glucose concentrations are lower than blood glucose, basolateral
and apical GLUT2 provide a pathway for the passive secretion
of glucose from the blood to the lumen. Similar results would
apply for any passive apical glucose transporter, for example
GLUT5. While it is generally considered that GLUT5 does not
transport glucose (e.g., studies reviewed in Koepsell, 2020), in
vitro studies have shown low levels of D-glucose transport by
GLUT5 (Nomura et al., 2015). GLUT5 could therefore secrete
glucose into the lumen under fasting conditions. The magnitude
and significance of such transport would of course depend on
glucose affinity, transport capacity, and cytosol-lumen gradients.

At higher luminal glucose concentrations, apical GLUT2 may
lead to an increase in glucose uptake. However, this depends on a
number of factors. If the source of apical GLUT2 is translocation
from the basolateral membrane, glucose efflux capacity into the
interstitium decreases. Consequently net glucose absorption and
blood glucose concentration are reduced. If apical GLUT2 derives
from a cytosolic source without reducing basolateral GLUT2,
the maximum increase in glucose uptake (about 30% from
baseline for a luminal glucose concentration of 50 mM) occurs
when the blood flow rate is high and the inlet blood glucose is
low. In reality, blood flow and glucose are likely to increase in
parallel and so this condition represents an upper limit on the

enhancement of glucose uptake by apical GLUT2. In all cases
considered, an increase in SGLT1 density is more effective at
increasing glucose absorption compared to an increase in apical
GLUT2 density.

The model presented here differs from previous cellular
models (Thorsen et al., 2014; Afshar et al., 2019) by considering
non-isotonic transport. It is, therefore, able to model more
realistic scenarios, such as those encountered in experimental
manipulations. Our model is similar in some respects to the
Naftalin (2014) model that also simulates non-isotonic transport
and includes apical GLUT2 transporters. Similar to that model,
we found that increasing apical GLUT2 expression has a limited
effect on increasing glucose absorption and may even decrease it
by reducing the efflux capacity at the basolateral membrane. The
two models also agree that increased blood flow is important for
increased glucose absorption. One important point of difference
is the cell volume change of the enterocyte when presented with
a luminal glucose stimulus. The predictions of the two models
are shown in Figure 9. In our model, the cell shrinks as water is
transported across the apical membrane into the hyperosmolar
lumen. The presence of apical GLUT2 reduces the magnitude
of the decrease. In Naftalin’s model, cell volume increases with
luminal glucose [Figure 9B, reproduced from (Figure 2C) of his
article]. This difference is likely due to the different parameter
values used in the models. For the conditions of Figure 9B,
cytosolic glucose concentrations exceed luminal and interstitial
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glucose levels due to uphill transport by SGLT1 and thus water
enters the cell from the extracellular compartments. In our
model, the cell is hypo-osmotic to the lumen for the conditions
simulated in Figure 9. However, conditions similar to Naftalin’s
model can be obtained by increasing SGLT1 levels and tuning the
apical to basolateral GLUT2 ratio as seen in Figure 8.

In conclusion, a model based analysis of glucose uptake
by the enterocyte reveals that transport across apical
GLUT2 is sensitive to the prevailing conditions of luminal
glucose, blood flow, inlet blood glucose concentration,
and the source of the apical GLUT2. In contrast, uptake
by SGLT1 is less sensitive to these factors and its kinetic
response serves to reduce variations in glucose uptake as
these factors change. In addition, short term upregulation
of SGLT1 is more effective than a similar upregulation
of apical GLUT2 at responding to an increase in luminal
glucose concentration.
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