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Abstract

The duodenum, jejunum and ileum are
parts of the small intestine and the sites of the
terminal stages of enzymatic digestion, and
the majority of nutrient, electrolyte and water
absorption. The apical, luminal membrane
of the enterocyte is built of numerous
microvilli that increase the absorptive
surface of the cell. Carbohydrates, in the
form of monosaccharides, oligosaccharides
and especially polysaccharides, make up
the largest quantitative and energetic part of
the diet of most animals, including humans.
Galactose, fructose and glucose, the final
degradation products of polysaccharide
and oligosaccharide enzymatic digestion,
can be absorbed by enterocytes either by
active transport or by facilitated diffusion.
In the small intestine, the transepithelial
transport of glucose, the most abundant
monosaccharide after carbohydrate
digestion and the main source of energy,
is performed by a specific membrane
transporter located in the brush border
membrane of the enterocyte, the sodium-
glucose cotransporter 1 (SGLT1). While

SGLT1 transports glucose across the brush
border membrane, a specific basolateral
membrane  glucose  transporter, the
sodium-independent glucose transporter
2 (GLUT2), transfers glucose out of the
enterocyte down the concentration gradient.
The sodium-potassium pump (Na/K-
ATPase), as a sodium and potassium ion
transporter, is functionally closely related
to the sodium-dependent SGLT1. Na/K-
ATPase is responsible for maintaining the
electrochemical gradient of sodium ions, as
the driving force for glucose transport via
SGLT1. Transepithelial transport of glucose
in the small intestine and the differentiation
of enterocytes occur relatively early during
the foetal period, allowing glucose to be
absorbed from ingested amniotic fluid.
Nutrient transport is possible along the
whole villus-crypt axis during intrauterine
development, while transport shifts toward
the villus tip in the mature small intestine.
With maturation, glucose transport rates
change not only across the villus-crypt axis,
but also along the proximodistal axis in the
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small intestine. The glucose absorption
rate shows differences between subunits
of the small intestine depending on the
age and type of ingested carbohydrates,

Introduction

The small intestine (lat. intestinum
tenue) of the digestive tract is divided, by
length and structure, into three unequal
units: duodenum, jejunum and ileum.
Terminal stages of enzymatic digestion
are completed and the greatest extent of
nutrient, water and electrolyte absorption
take part in the duodenum and proximal
part of the jejunum. Due to its primary
role, the absorption of nutrients, the
small intestine mucosa is highly folded,
multiplying its luminal surface several
times to increase absorptive capacity. The
luminal or absorptive surface of the small
intestine is increased up to 600 times
in humans by the presence of valves
of Kerckring (~ 3x increase), intestinal
villi (~ 10x increase) and microvilli (~
20x increase), compared to the surface
of a simple cylindrical tube of the same
length. The mucous membrane of the
digestive system, aside being the main
site of absorption, is also the first barrier
for entry of both useful and harmful
substances into the body, ie. into the
blood circulation. The intestinal barrier
consists of a single layer of epithelial
cells with a thin, underlying layer of
loose connective tissue (lat. lamina
propria) containing lymphatic and blood
capillaries. Absorption of nutrients from
the lumen of the digestive tract involves
transport through the epithelial cell,
i.e. transepithelial transport, more than
through the lamina propria and the
endothelium, i.e. the wall of the lymphatic
or blood capillaries. The mucosa of the
absorptive part of the digestive tract
is made of several types of cells. The
most abundant are the highly prismatic

where complex carbohydrates replace less

complex carbohydrates or disaccharides.
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epithelial cells, enterocytes, arranged in a
single layer, through which the processes
of nutrient absorption in the digestive
tract take place. There are numerous
microvilli on the apical, luminal, part
of the enterocytes, giving the apical cell
membrane a brush-like appearance, and
therefore, they have been called brush
border membranes (Caspary, 1992;
Desesso and Jacobson, 2001; Chichlowski
and Hale, 2008).

Carbohydrate digestion

Carbohydrates, in the form of
monosaccharides, oligosaccharides and
especially  polysaccharides, account
for more than 50% of the daily caloric
intake and thus make up the largest
quantitative and energetic part of the
diet of most animals, including humans
(Caspary, 1992). It is thought that people
with a modern dietary pattern, i.e. the
Western diet, consume about one mole
of glucose daily, or approximately 180
g glucose, which is absorbed together
with approximately 46 g of sodium in the
small intestine (Wright et al., 2007).

Before being absorbed in the
small intestine, polysaccharides and
oligosaccharides need to be broken
down into monosaccharides by digestive
enzymes. In some species, the enzymatic
digestion of starch, the most prevalent
polysaccharide in the diet of most
domestic animals and humans, already
begins in the oral cavity by salivary
amylase, then continues in the lumen
of the small intestine by pancreatic
amylase and ends on the brush border

VETERINARSKA STANICA 51 (6), 673-686, 2020.



Transepithelial glucose transport in the small intestine / Prijenos glukoze kroz epitel tankoga crijeva

membranes of enterocytes in the small
intestine. The final degradation products
of polysaccharides and oligosaccharides
are monosaccharides — galactose, fructose
and, dominantly, glucose, which can be
absorbed by enterocytes either by active
transport or facilitated diffusion. Glucose
is the main source of energy and an
important metabolic substrate for protein
and lipid synthesis in mammalian cells.
The breakdown of glucose in the process
of glycolysis and the citric acid cycle
releases energy in the form of adenosine
triphosphate (ATP). Glucose is used as a
substrate in the synthesis of glycerol to
produce triglycerides and non-essential
fatty acids. Large amounts of glucose
are also used in the mammary gland to
produce lactose during lactation (Wood
and Trayhurn, 2003; Wright et al., 2003;
Zhao and Keating, 2007; Boehlke et al.,
2015).

The tissue glucose amount is largely
dependent on the availability, digestion
and absorption of carbohydrates in the
small intestine (Zhao and Keating, 2007).
In addition to absorption from digested
food, the need for glucose is also
enhanced by de novo synthesis of glucose
from certain non-carbohydrate carbon
precursors, i.e. gluconeogenesis, in the
liver and kidneys. After absorption
in the small intestine, a large part of
fructose and almost all galactose are
transformed into glucose in the liver and
released back into the blood circulation.
It is assumed that 95% of all circulating
monosaccharides are glucose (Guyton
and Hall, 2006).

Since glucose is hydrophilic, specific
integrated transmembrane proteins,
ie. glucose transporters are required
for transport through cell membranes.
Glucose transport through enterocytes
involves two steps — entry into the
enterocyte across the brush border
membrane and exit out of the enterocyte
at the basolateral membrane (Miyamoto
etal., 1992).

The sodium-potassium pump

(Na/K-ATPase)

Although it was previously suggest-
ed that cellular membranes have trans-
porters for sodium ions, Skou (1957)
was the first to propose the existence of
a common sodium and potassium ion
transporter with energy consumption in
the form of ATP. Transport of sodium
ions through the enterocyte takes place
either by joint transport with other mole-
cules via the sodium-hydrogen exchang-
er 3 (NHE3, SLC9A3) through the brush
border membrane, or by active transport
against the concentration gradient on the
basolateral membrane out of the cell via
Na/K-ATPase (Coon et al., 2011; Rocafull
at al., 2012).

Na/K-ATPase is a highly conserved
transmembrane enzyme extremely im-
portant for maintaining cellular home-
ostasis. It is responsible for maintaining
a low intracellular concentration of so-
dium ions and a high concentration of
potassium ions, which is important for
maintaining cell membrane potential
and the electrochemical gradient for the
transport of metabolites and nutrients
across the cell membrane. Na/K-ATPase
is also the only pathway in mammals
for transporting sodium ions out of the
cell under physiological conditions.
Maintaining cell membrane potential is
extremely important in excitable cells,
such as muscle and nerve cells. In addi-
tion, Na/K-ATPase is also important for
maintaining cell volume and osmotic
pressure within the cell, and indirectly
for cytoplasmic pH and calcium ion lev-
els. The Na/K-ATPase needs energy in
the form of cytosolic ATP for its work.
Hydrolysis of one ATP molecule releases
sufficient energy to transport three sodi-
um ions out of the cell and two potassi-
um ions into the cell (Rose and Valdes,
1994; Therien and Blostein, 2000; Yu,
2003). Due to its extreme importance,
Na/K-ATPase can be found in almost all
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mammalian cells. However, depending
on the metabolic activity of the cell it-
self, Na/K-ATPase expression varies on
membranes. Thus, it has been observed
that Na/K-ATPase expression is 160,000
times higher in nerve cells than in eryth-
rocyte membranes (Kdksoy, 2002).

As much as 95% of total cellular Na/
K-ATPase is thought to be located on the
basolateral membranes of mammalian
cells (Mircheff and Wright, 1976).
Although it is generally reported that Na/
K-ATPase is located on the basolateral
cell membranes, in fact it is primarily
located on the lateral membranes of
enterocytes. Such a location of Na/K-
ATPase corresponds to the current
knowledge of ion and water transport
in enterocytes. Sodium ions exit into the
intercellular spaces due to the location of
Na/K-ATPase on the lateral membranes,
thus increasing the osmotic pressure
inside the intercellular spaces due to
the slow passage of ions through the
intercellular space towards the lamina
propria. This increase of osmotic pressure
in the intercellular space causes water
to exit the enterocyte, which reduces
osmotic pressure in the intercellular
space, creating an isotonic solute that
enters the lamina propria of the intestinal
villi (Amerongen et al., 1989; Wright and
Loo, 2000).

The sodium-glucose

cotransporter 1 (SGLT1)

Crane, (1960) already observed that
glucose transport in the small intestine is
connected to the transport of sodium ions,
while the first sodium-dependent glucose
transporter, SGLT1, was identified in
the rabbit jejunum only twenty years
later (Peerce and Wright, 1984). The first
successful isolation of cDNA encoding
SGLT1 in the small intestine of rabbits
was reported in 1987 (Hediger et al,
1987), and two years later in humans
(Hediger et al., 1989).

The SLC5 gene family has 11
members in humans, nine of which
have a known function and six of
which are transporters. The roles
of sodium-glucose cotransporter 4
(SGLT4, SLC5AS8), primarily found in
the small intestine, and sodium-glucose
cotransporter 5 (SGLT5, SLC5A9), found
only in the kidneys, are still unknown.
SGLT1 (SLC5A1) is primarily located on
the brush border membrane of mature
enterocytes and in the S3 segment of
proximal tubules in kidneys. Sodium-
glucose  cotransporter 2  (SGLT2,
SLC5A2) is expressed only in the renal
cortex on the brush border membranes
of the S1 and S2 segments of proximal
tubules where it reabsorbs glucose, up to
180 g daily in humans, from glomerular
filtrate. Sodium-glucose cotransporter 3
(SGLT3, SLC5A4) is a glucose transporter
found in the small intestine, kidneys and
muscles with an extremely low affinity
for glucose and its role as a transporter is
negligible. SGLT3 is thought to function
as a glucose sensor. Sodium-glucose
cotransporter 6 (SGLT6, SLC5A10) is a
widespread low affinity transporter for
glucose and myoinositol, a precursor
for the synthesis of phospholipids
containing inositol. Sodium/myoinositol
transporter  (SMIT1, SLC5A3) is
a transporter of sodium ions and
myoinositol and can be found in the
brain, heart, kidneys and lungs. Sodium/
iodide symporter (NIS, SLC5A5) is
a sodium ion and iodine transporter
located on the basal membranes of the
thyroid gland, while the apical iodide
transporter (AIT, SLC5A11) is located
on the apical membranes. Sodium-

dependent multivitamin transporter
(SMVT, SLC5A6) is a widespread
transporter of sodium ions and

vitamins such as biotin (vitamin B7)
and pantothenic acid (vitamin B5). The
choline transporter (CHT, SLC5A7) is
a transporter in the central nervous
system where it transports choline
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through nerve cell membranes, where
the neurotransmitter acetylcholine is
synthesized from choline (Scheepers et
al., 2004; Wright et al., 2007; Balen et al.,
2008; Balon, 2012; Saboli¢ et al., 2012;
Augustin and Mayoux, 2014).

SGLT1 has a binding site for both
glucose and sodium ions, and the
sodium concentration gradient is the
driving force for glucose transport.
Namely, the concentration of sodium
ions is lower inside the cell than outside,
therefore two sodium ions move down
the concentration gradient into the cell
via SGLT1 in co-transport with one
molecule of glucose (Breves et al., 2007).
The extracellular part of the free SGLT1
transporter first binds the two sodium
ions, which change the transporter
conformation allowing glucose to bind,
while glucose is the first to be released into
the cell after transmembrane transport
(Thorsen et al., 2014). The passage of
sodium ions and glucose induces the
entry of water from the intestinal lumen
through the enterocyte into circulation.
Each molecule of absorbed glucose is
accompanied by two sodium ions and
249 molecules of water (Wright and Loo,
2000; Loo et al., 2002). Na/K-ATPase,
located on the basolateral membrane,
maintains the concentration gradient of
sodium ions and so contributes to glucose
transport, even against the concentration
gradient because of the increase in
glucose concentration inside enterocytes.
Inhibition of Na/K-ATPase results in
inhibition of nutrient active transport,
including glucose by SGLT1 (Caspary,
1992), whereas increased activity of Na/K-
ATPase causes a decrease in intracellular
sodium concentration, leading to an
increase in the concentration gradient
and increased glucose transport activity
via SGLT1 (Alexander and Carey, 2001).

The gradient of SGLT1 expression in
the small intestine in humans goes from
the highest in the duodenum to lowest
in the ileum (Chen et al., 2010). A simi-

lar distribution pattern of SGLT1 expres-
sion was found in the small intestine of
rats (Chang Wayhs et al., 2011) and mice
(Yoshikawa et al., 2011). However, Balen
et al. (2008) found that the highest SGLT1
expression in rats was in the jejunum,
while the ileum and duodenum showed
no differences in expression. In rabbits,
the highest expression was observed in
the jejunum (Takata et al., 1992), whereas
no distribution difference was found in
dogs or chickens (Garriga et al., 1999; Bar-
full et al., 2002; Batchelor et al., 2011). In
their study on the distribution of SGLT1
expression along the small intestine in
humans, mice and pigs, Van Der Wielen
et al. (2014) confirmed that humans and
mice have a similar distribution pattern,
i.e. the highest expression in the duo-
denum, decreasing towards the ileum,
while the highest expression in pigs was
found in the jejunum.

The amount of carbohydrates in the
diet affects the expression of SGLT1 in
the small intestine. It is shown that a
higher amount of carbohydrates in the
diet increases the SGLT1 expression at
the mRNA level in the small intestine of
rats (Miyamoto et al., 1993). In pigs on the
other hand, higher carbohydrates in the
diet increased the expression of SGLT1
at mRNA and protein levels in the distal
parts of the small intestine. The increased
expression on thebrushborder membrane
and a larger area of SGLT1 expression in
the small intestine suggest a mechanism
of small intestine adaptation to a greater
amount of glucose (Moran et al., 2010).
Slow digestible carbohydrates, composed
of a greater proportion of hard-to-digest
amylose, also increase SGLT1 expression
at the mRNA level in the ileum of pigs,
suggesting that the glucose concentration
in the distal parts of the small intestine
is relatively high due to the slower
breakdown of carbohydrates, and
therefore such carbohydrates are mostly
absorbed in the ileum (Woodward et al.,
2012).
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Glucose transporter 2

(GLUT2)

GLUT2 belongs to the glucose trans-
porter (GLUT) family of 14 members
of the SLC2 gene family. According to
phylogenetic studies of sequence simi-
larity, the sodium-independent GLUT
family is divided into three classes. The
first class includes glucose transport-
er 1 (GLUT1, SLC2A1), glucose trans-
porter 2 (GLUT2, SLC2A2), glucose
transporter 3 (GLUT3, SLC2A3), glu-
cose transporter 4 (GLUT4, SLC2A4)
and glucose transporter 14 (GLUT14,
SLC2A14), which are also the most re-
searched sodium-independent glucose
transporters. The second class consists
of GLUTs whose nomenclature does not
fully correspond to the primary sub-
strate they transport, fructose: glucose
transporter 5 (GLUTS5, SLC2A5), glucose
transporter 7 (GLUT7, SLC2A?7), glucose
transporter 9 (GLUT9, SLC2A9) and glu-
cose transporter 11 (GLUT11, SLC2A11).
The third class consists of glucose trans-
porter 6 (GLUT6, SLC2A6), glucose
transporter 8 (GLUTS, SLC2AS8), glu-
cose transporter 10 (GLUT10, SLC2A10),
glucose transporter 12 (GLUT12, SL-
C2A12) and hydrogen and myoinositol
transporter (HMIT, SLC2A13). GLUT1,
GLUT2, and GLUT3 are the only trans-
porters of the GLUT family that are
constantly present on cell membranes.
GLUT1 is most prevalent in erythrocyte
membranes and endothelial cells in the
brain, while GLUT3 is located in tissues
with high glucose requirements, such as
the central nervous system and testicles.
GLUT4, whose expression is regulated
by insulin, transports glucose to muscle
and adipose tissue. GLUT14 is found ex-
clusively in the testicles. GLUT5 is well
expressed in the brush border membrane
of the proximal part of the small intes-
tine where it transports fructose from the
lumen into the enterocyte, while its role
in the distal parts of the small intestine

and in the colon is replaced by GLUT7.
GLUT9, which also transports uric acid
in addition to fructose, is mainly found
in the kidneys and liver, while GLUT11
is found in the pancreas, kidneys and
placenta. GLUT6 is a low-affinity glucose
transporter found in the brain, spleen,
and leukocytes. GLUTS, extremely im-
portant for the supply of sperm cells
with glucose, is mainly expressed in the
testicles and its expression is to be reg-
ulated by the sex hormones. GLUT10 is
found mainly in the liver and pancreas,
and GLUT12 in the heart and prostate.
HMIT is exclusively expressed in the
brain and is involved in the transport of
myoinositol (Zhao et al., 1998; Joost et al.,
2002; Li et al., 2004; Scheepers et al., 2004;
Augustin and Mayoux, 2014; Long and
Cheeseman, 2015).

GLUT2 is found in the liver, small
intestine, kidney, islets of Langerhans in
the pancreas and brain (Thorens et al.,
1990; Cheeseman, 1993). In the kidneys
and small intestine, GLUT2 is expressed
on the basolateral cell membrane, where it
is involved in the release of absorbed and
reabsorbed glucose into the circulation
(Kellett and Brot-Laroche, 2005). In
hepatocytes, GLUT2 is responsible
for releasing glucose produced by
gluconeogenesis into the blood, while in
the pancreatic B-cells and hypothalamus
it acts as a glucose sensor, influencing
the regulation of insulin secretion (Bady
et al.,, 2006). The role of GLUT2 in the
small intestine is to transport glucose,
but also galactose and fructose, out of the
cell through the basolateral membrane
(Cheeseman, 1993).

GLUT2 is a low-affinity transporter
(Km ~17 mM) but therefore high in
glucose transport capacity. Regardless
of these characteristics, GLUT2 has the
highest affinity for glucose within the
GLUT family (Brown, 2000). In addition
to glucose, GLUT2 also transports
fructose (Km ~76 mM), galactose (Km ~92
mM) and mannose (Km ~125 mM), with
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the highest affinity for glucosamine (Km
~0.8 mM) (Uldry et al., 2002; Zhao and
Keating, 2007).

Glucose absorption in the

small intestine

Transepithelial ~glucose transport
starts with the activity of Na/K-ATPase,
located on the basolateral membrane,
whichmaintainsthe cellular concentration
of sodium and potassium ions. Na/K-
ATPase maintains the concentration
gradient of sodium ions, primarily by
active transport of three sodium ions out
of the cell and two potassium ions into the
cell, utilizing energy from the hydrolysis
of one ATP molecule. The relatively lower
sodium concentration in the cytoplasm of
enterocytes compared to the intestinal
lumen allows SGLT1, located on the
brush border membrane, to transfer one
molecule of glucose together with two
sodium ions into the cell. This transfer
of sodium ions down the concentration
gradient is the driving force for the entry
of glucose into the cell. Glucose transport
via SGLT1 on the brush border membrane
is secondarily active transport and as
such does not utilize energy from the
ATP molecule. Due to glucose absorption
at the enterocyte brush border membrane
via the SGLT1 transporter, glucose is
concentrated in the cytoplasm of the
apical part of the cell, which can either
be metabolized in the enterocyte for its
own use or stimulates passive diffusion
via GLUT2 down the concentration
gradient on the basolateral membranes
of the enterocytes. Thus, glucose from
enterocytes enters the intercellular fluid
of the intercellular spaces just below
the tight junctions (Thorens et al,
1990; Hwang et al.,, 1991; Kellett, 2001;
Drozdowski and Thomson, 2006; Wright
et al., 2007). The above described model
of glucose transport through enterocytes
is known as the “classic model of glucose
absorption” (Figure 1).

During glucose absorption,
the enterocyte loses about 30% of
intracellular fluid into the intercellular
space, causing the intercellular space to
expand below the tight junctions, and
therefore enterocytes take the form of
a truncated cone with the base on the
apical membrane and the tip on the basal
membrane (Pappenheimer and Michel,
2003). Thus, the expanded intercellular
space is able to receive larger quantities
of absorbed substances, reducing the
need to move toward the basal membrane
and to pass eventually through the much
less permeable membrane of the nucleus
and mitochondria located closer to the
basal membrane (Thorsen et al., 2014).
Although it is commonly accepted that
glucose exits enterocytes via GLUT2 on
the basolateral membrane, Pappenheimer
and Michel (2003) showed that GLUT2 is

interstitial
fluid

intestine
lumen

glucose

+
galactose IGLUT2
-
il galactose

fructose

fructose

tight junction

Figure 1. The classic model of glucose absorption
in enterocytes. Glucose and galactose are
transported through the brush border membrane
of enterocytes together with two sodium ions via
SGLT1. The concentration gradient of sodium
ions, is maintained by the basolaterally located
Na/K-ATPase. Fructose enters the enterocyte on
the brush membrane by facilitated diffusion via
GLUTS. Basolaterally located GLUT2 transports
absorbed monosaccharides out of the cell by
facilitated diffusion down the concentration
gradient (Drozdowski and Thomson, 2006; Pavi¢,
2017)
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located mainly on the lateral portions of
the basolateral enterocyte membrane, i.e.
at the same site where sodium ions exit
enterocytes into the intercellular space
against the concentration gradient via
Na/K-ATPase.

Monosaccharide absorption in the
small intestine of omnivores is an effi-
cient process that prevents unnecessary
passage of glucose to the large intestine.
Larger amounts of undigested carbohy-
drates in the large intestine can cause
diarrhoea due to an increase in osmotic
pressure within the intestinal lumen, as
well as excessive bacterial growth (Svet-
ina et al., 2013). Unabsorbed carbohy-
drates that reach the large intestine are
subject to bacterial digestion by the ac-
tion of their intracellular disaccharides
or anaerobic fermentation, resulting in
the production of short-chain fatty acids,
hydrogen, carbon dioxide and methane.
Short-chain fatty acids can be absorbed
in the large intestine and thus become a
source of energy (Caspary, 1992; Chee-
seman, 2002).

In order to prevent the unnecessary
loss of glucose, there are many theories
about additional glucose transport on the
brush border membrane of enterocytes,
particularly in conditions of increased
concentrations of glucose in the intes-
tinal lumen, with two widely accepted
theories. The first presumes that glucose
passes by cells, i.e. paracellularly through
tight junctions that are open, either by
activation via SGLT1 or by an increase
in solute concentration in the intestinal
lumen, i.e. solvent drag (Madara and
Pappenheimer, 1987; Pappenheimer and
Reiss, 1987). The second theory, of more
recent origin, is based on the assump-
tion that GLUT2 can be transferred from
intracellular stores to the brush border
membrane via signalling mechanisms
involving protein kinase C (PKC), trig-
gered by the activation of SGLT1 on the
enterocyte brush border membrane. The
appearance of GLUT2, as a transport-

er with less affinity but greater capacity
to transport glucose in the brush border
membrane, could explain the sudden in-
crease in glucose transport at the brush
border membrane under conditions of
increased glucose concentration in the
intestinal lumen (Kellett, 2001; Au et al.,
2002; Helliwell et al., 2003).

Glucose transport through the
brush border membrane by SGLT1
is well explained at lower glucose
concentrations in  the  intestinal
lumen (< 10 mM). However, at higher
glucose concentrations (= 25 mM), e.g.
immediately after a meal, the observed
increased glucose absorption cannot be
explained by transport solely via SGLT1.
Increasing glucose concentration in
the intestinal lumen to about 25 mM is
thought to equalize active and passive
glucose transfer at the brush border
membrane, whereas at higher glucose
concentrations, passive transfer down
the concentration gradient prevails
(Naftalin, 2014). It has been observed
that in addition to the usual location
on the basolateral membranes, GLUT?2
can also be found on the brush border
membrane, due to the high glucose
concentrations achieved in the intestinal
lumen within minutes (Affleck et al.,
2003). Recent findings propose that, due
to high glucose concentration in the
intestinal lumen and SGLT1 saturation,
mechanisms activating PKC leading to
translocation of GLUT2 to the brush
border membrane are triggered, thereby
enhancing glucose absorption down
the concentration gradient (Kellett and
Helliwell, 2000; Au et al., 2002; Helliwell
etal., 2003; Kellett and Brot-Laroche, 2005;
Boudry et al., 2007; Kellett et al., 2008;
Zheng et al., 2012). The role of SGLT1 in
regulating the activity and translocation
of GLUT?2 to the brush border membrane
was further demonstrated in experiments
on rats using the glycoside florizin, a
specific SGLT1 inhibitor, which despite
high intraluminal glucose concentration,
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prevented intestinal glucose transport via
SGLT1 and consequently GLUT2 (Kellett,
2001).

Due to the prolonged high
concentration of glucose in the small
intestine lumen and therefore greater
absorption, glucose concentration in the
intercellular fluid is increased, thereby
reducing the concentration gradient on
the basolateral membrane of enterocytes
and decreasing basolateral glucose
transport out of the cell. This results in an
increase of glucose concentration within
the cell. If the increase in cellular glucose
concentration exceeds the glucose
concentration in the intestinal lumen,
the direction of glucose transport via
GLUT2 on the brush border membrane
reverses. In this case, GLUT2 acts as
a glucose shunt on the brush border
membrane, preventing excessive
glucose accumulation in the enterocyte
cytoplasm. GLUT2 regulates the total net
glucose entry from the intestinal lumen
into the enterocyte, but also distributes
the luminal glucose to the more distal
parts of the small intestine, exposing
larger areas to glucose (Naftalin, 2014).

In ruminants, most carbohydrates
are digested to short-chain fatty acids
by fermentation in the rumen, under the
action of microorganisms, and therefore
a very small amount of carbohydrates
reaches the small intestine, resulting in
significantly lower SGLT1 expression
in the small intestine compared to
omnivores (Zhao et al., 1998). However,
ruminants have pronounced SGLT1
activity in the forestomaches in order
to absorb the monosaccharides that
are easily fermented and can cause
acid indigestion, ie. ruminal acidosis
(Aschenbach et al., 2002).

Glucose absorption during

intrauterine development

Embryonic, foetal and post-natal
development of the digestive system

includes growth, of total tissue mass, size
and number of cells, but also maturation
in the form of structural and functional
changes. The foetal development and
maturity stage of the human digestive
system at birth are similar to precocial
species, i.e. species with longer gestation
and therefore born with a more mature
digestive system, such as pigs, than to
altricial species with relatively short
gestation and immature digestive system
at birth, e.g. mice and rats. Although the
activity of certain nutrient transporters
is already recorded during foetal
development, there are differences in
the appearance period and expression of
certain transporters. In precocial species,
including humans, the transporters are
activated earlier, allowing the foetus to
absorb carbohydrates, amino acids and
proteins from ingested amniotic fluid
(Pacha, 2000; Guilloteau et al., 2010;
Krstanovic et al., 2013).

Active transport of nutrients in the
small intestine in pigs and humans
appears relatively early during the
foetal period, together with enterocyte
differentiation. Transport of nutrients
is possible along the whole villus-crypt
axis during intrauterine development,
while during maturation, transport
activity shifts toward the villus tip in the
small intestine (Guilloteau et al., 2010).
Disaccharidase activity in brush border
membranes and active glucose transport
in enterocytes appear in the human
embryonic small intestine between week
10 and 11 of pregnancy, or when 25% of
pregnancy has passed (Lindberg, 1966;
Levin et al., 1968), while the glucose
absorption gradient from the duodenum
totheileumisalready established between
weeks 17 (40% of pregnancy) and 30 (75%
of pregnancy) of pregnancy (Malo and
Berteloot, 1987). Buddington and Malo
(1996) observed a similar pattern for the
activity of glucose transporters in the
foetal small intestine of pigs, where they
found that lactase activity, one of the
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disaccharidases, and glucose transporters
was already present in week 7 of gestation
(43% gestation) with a peak of transport
activity development in week 10 of
gestation (61% of gestation). The glucose
absorption gradient from the duodenum
to the ileum was established by week 12
of gestation (74% of gestation). Lactase
activity in piglets remains stable for the
first 10 days post partum, after which its
activity begins to decline. During this
period, invertase and maltase activity
was observed, and became the dominant
disaccharidases in the small intestine of
pigs (Smith, 1988).

Enterocytes are formed in intestinal
crypts from multipotent intestinal stem
cells (ISCs). Throughout maturation,
enterocytes migrate toward the apical
part of the intestinal villi, during which
they differentiate and acquire their
function by activation of disaccharidases
in the brush border membrane and by
activation of membrane transporters.
When they finally reach the villus tip,
they are shed into the intestinal lumen.
This restoration process takes 2-3 days in
rodents, 3-4 days in sheep and 5-6 days
in humans. Therefore, enterocytes of all
stages of maturity can be physiologically
found along the intestinal villi. As the
enterocyte matures, the disaccharidase
activity increases in the brush border
membranes (Buddington and Diamond,
1989; Shirazi-Beechey, 1995). Ferraris
and Diamond (1993) found that changes
in the number of SGLT1 transporters in
the intestinal villi, as an adaptation to
diet, change with the sudden increase or
decrease in carbohydrate content. These
changes begin in crypts where immature
enterocytes are found, and a change in
glucose transport observed only after a
certain time. The distribution of Na/K-
ATPase along the intestinal villi indicates
a stronger expression in the apical part
where mature enterocytes are located
(Rowling and Sepulveda, 1984; Wild and
Murray, 1992).

Before weaning in piglets, glucose
transport decreases from the duodenum
to the ileum, where it is as much as 4.5
times lower than in the duodenum.
Nevertheless, glucose transport rates
are highest in the jejunum, then in the
ileum and duodenum after weaning.
This change in the distribution of glucose
transportratesishypothesized tobe due to
altered diet after weaning. Hence, lactose
as a carbohydrate source is replaced by
more complex carbohydrates that require
hydrolytic enzymes in the intestinal
lumen, but also enzymes located in the
brush border membrane that catalyse
carbohydrates  to  monosaccharides
(Puchal and Buddington, 1992; Vega et
al., 1992).

Conclusions

This review outlines the current
knowledge about glucose transepithelial
transport and intrauterine development
of transporters involved in glucose
absorption in the small intestine, in
the context of a comparative view of
transporter physiology. Transporters
involved in glucose transepithelial
transport in the small intestine are key
regulators of glucose use, glucose storage
and hormonal control through glucose
sensing. Although the mechanisms of
Na/K-ATPase, SGLT1 and GLUT2 are
intensively investigated, much remains
unknown about substrate specificity,

physiological and pathophysiological
function, and gene  regulatory
mechanisms.
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Prijenos glukoze kroz epitel tankoga crijeva

Dr. sc. Mirela PAVIC, dr. med. vet., docentica, dr. sc. Suzana MILINKOVIC-TUR, dr. med.
vet., redovita profesorica, Ivona ZURA ZA]A, dr. med. vet., docentica, Veterinarski fakultet
Sveucilista u Zagrebu, Zagreb, Hrvatska; dr. sc Marcela SPERANDA, dr. med. vet., redovita
profesorica, dr. sc. Manuela GRCEVIC, dipl. ing. prehr. tehnol., vi$a struéna suradnica, dr.
sc. Ivana PRAKATUR, dipl. ing. agr., docentica, Fakultet agrobiotehnickih znanosti Osijek,
SveuciliSte Josip Juraj Strossmayer Osijek, Hrvatska; dr. sc. Hrvoje BRZICA, dr. med. vet,,
Fidelta Ltd., Zagreb, Hrvatska; dr. sc. Marija L]UBO]EVIC, dipl. ing. mol. biol., viSa znanstvena
suradnica, Jedinica za molekulsku toksikologiju, Institut za medicinska istrazivanja i medicinu

rada, Zagreb, Hrvatska

Duodenum, jejunum i ileum dijelovi su
tankog crijeva gdje se dovrSava enzimatska
razgradnja i najveci opseg apsorpcije hranjivih
tvari, elektrolita i vode. Apikalna, luminalna
stanicna membrana enterocita gradena je od
brojnih mikrovila koji povecavaju apsorpcijsku
povrsinu stanice. Ugljikohidrati, u obliku
monosaharida, oligosaharida i posebno
polisaharida, c¢ine najve¢i kvantitativni i
energetski dio prehrane vecine zivotinja,
ali i Jjudi. Galaktozu, fruktozu i glukozu,
krajnje produkte enzimatske razgradnje
polisaharida i oligosaharida, enterociti
mogu apsorbirati aktivnim prijenosom ili
olakSanom difuzijom. Transepitelni prijenos
glukoze, najzastupljenijeg monosaharida
nakon razgradnje ugljikohidrata i glavni
izvor energija u tankom se crijevu odvija
pomocu  specifitcnog  transmembranskog
prijenosnika  smjeStenog u  Cetkastom
porubu membrane enterocita, prijenosnika
glukoze ovisnog o natriju 1 (engl. sodium-
glucose cotransporter 1, SGLT1). Dok SGLT1
prenosi glukozu preko cetkastog poruba
membrane, specifi¢ni prijenosnik smjesten na
bazolateralnoj membrani, prijenosnik glukoze
neovisan o natriju 2 (engl. glucose transporter
2, GLUT2), prenosi glukozu iz enterocita

niz koncentracijski gradijent. Natrij-kalijeva
pumpa (Na/K-ATPaza), kao prijenosnik
iona natrija i kalija, funkcionalno je usko
povezana sa SGLT1. Na/K-ATPaza odgovorna
je za odrzavanje elektrokemijskog gradijenta
natrijevih iona, koji je pokretacka sila
prijenosa glukoze putem SGLT1 prijenosnika.
Transepitelni prijenos glukoze u tankom
crijevu pojavljuje se relativno rano tijekom
fetalnog razdoblja, zajedno s diferencijacijom
enterocita, sto omogucava apsorpciju glukoze
iz progutane amnionske tekucine. Prijenos
hranjivih tvari mogud je tijekom intrauterinog
razvoja duz cijele duzine crijevne resice,
dok se u zrelom tankom crijevu prijenos
hranjivih tvari pomice prema vrhu crijevne
resice. Sazrijevanjem tankog crijeva aktivnost
prijenosnika ne mijenja se samo duz crijevne
resice, nego i duz proksimo-distalne osi
u tankom crijevu. Apsorpcija glukoze u
pojedinim dijelovima tankog crijeva mijenja

se ovisno o dobi i vrsti konzumiranih
ugljikohidrata, ~pogotovo kada slozeni
ugljikohidrati zamjenjuju manje slozene

ugljikohidrate ili disaharide u prehrani.
Kljucne rijeci: apsorpcija glukoze, tanko
crijevo, SGLT1, GLUT2, Na/K-ATPaza
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