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Abstract

Intestinal glucose absorption is primarily mediated by Na-+-dependent glucose
transporter 1 (SGLT1) and facilitative glucose transporter 2 (GLUTZ2). Many
factors influencing intestinal glucose absorption function achieve their effects
by regulating the transcriptional levels, mRNA stability, and protein levels of
SGLT1 and GLUT2. Research on the structure and function of glucose trans-
porters not only provides potential drug targets for human diseases such as
obesity and diabetes but also offers insights for modulating nutrient absorption
in animals. This review summarizes the functions of the major intestinal ep-
ithelial glucose transporters SGLT1 and GLUT2 and the factors affecting their
expression in the intestinal epithelium, aiming to elucidate intestinal glucose
absorption and the regulation of systemic glucose homeostasis at the molecular
level.
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Abstract

Glucose absorption in the intestine is primarily mediated by sodium-dependent
glucose transporter 1 (SGLT1) and facilitative glucose transporter 2 (GLUT?2).
Numerous factors influencing intestinal glucose absorption function exert their
effects by regulating SGLT1 and GLUT2 at the transcriptional level, mRNA
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stability, and protein level. Studies on the structure and function of these glucose
transporters not only provide potential drug targets for human diseases such as
obesity and diabetes but also offer insights for modulating nutrient absorption
in animals. This review summarizes the functions of the major intestinal glucose
transporters SGLT1 and GLUT2 and the factors affecting their expression in
intestinal epithelium, aiming to elucidate glucose absorption in the intestine and
the regulation of systemic glucose homeostasis at the molecular level.

Keywords: glucose; transporter; intestinal epithelium; SGLT1; GLUT2; mech-
anism

Monosaccharide absorption across the intestinal epithelium relies primarily
on transporter-mediated transmembrane transport. Three major families of
monosaccharide transporters have been identified: sodium-dependent glucose
transporters (SGLTs), facilitative glucose transporters (GLUTs), and the re-
cently characterized sugars will eventually be exported transporters (SWEETS)
found in plants and bacteria [1-2]. SGLTs mediate monosaccharide transport
dependent on Na+ concentration gradients, co-transporting glucose and
galactose. Six subtypes have been discovered, with SGLT1 being the primary
mediator of glucose and galactose transmembrane transport in the intestine.
GLUTs belong to the major facilitator superfamily (MFS) and are proteins
containing approximately 500 amino acids. Fourteen GLUT members have
been identified and divided into three subgroups based on amino acid sequence
similarity [3]: Class I includes GLUT1-4 and GLUT14; Class II includes
GLUTS5, 7, 9, and 11; and Class III includes GLUTS, 8, 10, 12, and 13 (HMIT).
Among these, GLUTS5 is primarily located in the apical membrane of small
intestinal epithelial cells, mediating fructose transport, while GLUT2 resides
in the basolateral membrane, exporting monosaccharides such as glucose,
fructose, and galactose. Research on SWEETS has focused mainly on bacteria
and plants, with limited studies on the structure and function of mammalian
small intestinal epithelial SWEET transporters, which may primarily transport
monosaccharides.

Glucose serves as the primary energy source for life activities, and its diges-
tion and absorption in the intestine is critical for utilization. Glucose transport
across intestinal epithelium depends mainly on SGLT1. However, after feeding,
when intestinal luminal glucose concentration rises sharply and SGLT1 reaches
its maximal transport velocity, the high-capacity GLUT2 is rapidly recruited to
the apical membrane of intestinal epithelial cells to participate in glucose absorp-
tion. Recent studies indicate that GLUT2 recruitment to the apical membrane
is regulated by protein kinase CSII (PKCSII). Through this adaptive mecha-
nism, the body maximizes glucose absorption. High-concentration glucose ab-
sorption via SGLT1 and GLUT?2 also serves as a signaling pathway to regulate
gastrointestinal hormone release. Glucose transport is a rate-limiting step in its
utilization and a highly regulated process, with many factors affecting glucose
absorption acting through modulation of glucose transporter gene transcription,
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mRNA stability, and protein levels. This review examines the mechanisms of
glucose absorption in intestinal epithelium from the perspectives of SGLT1 and
GLUT2 structure, function, and factors influencing their expression.

1.1 SGLT1

SGLT1, also known as sodium-glucose transporter 1 or Na+/glucose cotrans-
porter 1, is encoded by the human SLC5A1 gene and belongs to the APC (amino
acid polyamine) superfamily [4], exhibiting high homology across species. Struc-
turally, SGLT1 contains 14 transmembrane helices (TMs) and features a core
“LeuT” fold characteristic of the APC superfamily, composed of a pair of “5+5”
inverted repeat sequences formed by TM2-6 and TM7-11. These TM bundles
collectively form the active center of SGLT'1, which contains numerous conserved
residues that bind glucose molecules through hydrogen bonds [5]. These struc-
tural features underlie SGLT1 transport function, which depends on conforma-
tional changes between outward-facing and inward-facing structures to achieve
Na+ and glucose cotransport [6]. SGLT1 is highly expressed in villus epithelial
cells of adult animal small intestine and also in crypt cells [7]. Expression levels
in the small intestine follow the pattern: jejunum > duodenum > ileum, with no
SGLT1 expression in large intestinal epithelium. SGLT1’ s primary substrates
are glucose and galactose [Michaelis constant (Km) 0.5 mmol/L], transported
across the membrane with stoichiometric ratios of 2 Na+:1 glucose and 1 Na+:1
galactose. Substrates transported by SGLT1 must be pyranose sugars in ring
form; reducing the number of hydroxyl groups on monosaccharides by 1-6 de-
creases apparent affinity for SGLT1 by 5-200 fold, and substitution of certain
hydroxyl groups on the sugar ring significantly reduces affinity. In addition to
glucose and galactose, SGLT1 can transport S-hydrophobic glycosides such as
phenyl-8-D-glucose [4]. Furthermore, SGLT1 exhibits water transport capacity
between 4.5$x107{-16}$ and 2.7$x107{-13}$ cm?/s, 1-3 orders of magnitude
lower than aquaporins, but due to high SGLT1 expression in intestinal epithe-
lium, it may serve as a major pathway for water absorption [8]. Phlorizin, a
flavonoid, is a classic competitive inhibitor of SGLT1 and has been used in
functional studies and for prevention and treatment of type 2 diabetes.

1.2 GLUT2

GLUT?2, also known as facilitative monosaccharide transporter 2 or Na+-
independent monosaccharide transporter 2, is encoded by the human SLC2A2
gene and belongs to the major facilitator superfamily (MFS). Structurally,
GLUT2 contains 12 transmembrane a-helices, with N-terminal TM1-6 and
C-terminal TM7-12 forming a pair of inverted repeat structures—the MFS fold.
Amino acid residues in the GLUT2 active center bind glucose molecules via
hydrogen bonds and complete monosaccharide transport through conforma-
tional changes [9]. GLUT2 was first identified from mouse and human liver
c¢DNA libraries. It is widely distributed in various tissues including liver, small
intestine, kidney, pancreatic (-cells, as well as in neurons, astrocytes, and
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ependymal cells, where it performs diverse functions [10]. In the intestine,
GLUT?2 primarily functions in the basolateral membrane of epithelial cells,
exporting intracellular monosaccharides into the bloodstream, but can also be
recruited to the apical membrane to participate in glucose absorption under
high luminal glucose conditions. Compared to other glucose transporters,
GLUT?2 has low apparent affinity for glucose (Km 17 mmol/L) and can also
transport galactose (Km 92 mmol/L), mannose (Km 125 mmol/L), and
fructose (Km 76 mmol/L), but exhibits high affinity for glucosamine (Km

0.8 mol/L) [3]. Corpe et al. [11] reported that GLUT2 can also transport
vitamin C and its oxidized form dehydroascorbic acid (Km 2.33 mmol/L).
Cytochalasin b and phloretin are potent inhibitors of GLUT2.

2.1 SGLT1

Glucose and galactose absorption in small intestinal epithelium primarily de-
pends on SGLT1, which drives substrate molecules to cotransport with Na+
using the electrochemical gradient established by high extracellular Na+ con-
centration. The balance between membrane electrochemical gradients and in-
tracellular osmotic pressure is maintained primarily by Na+ ,K+-ATPase [12].
First, the specific glucose binding site is located in a structural center formed by
a set of inverted repeat TMs (TM2-6 and TMT7-11) near the center of the phos-
pholipid bilayer, surrounded by two Na+ binding sites with different affinities.
These TM bundles contain many conserved amino acid residues, mostly polar or
aromatic. Polar residues bind hydroxyl groups on the sugar ring through hydro-
gen bonds, while aromatic residues stack with the pyranose ring; mutations in
these residues cause severe glucose and galactose malabsorption. Second, other
conserved hydrophobic amino acids form closed “gates” at both ends of the TMs,
surrounding the monosaccharide molecule in a “sandwich” structure. During
transport, SGLT1 first forms an outward-facing conformation; Na+ enters from
the extracellular side and binds to its binding sites, promoting rearrangement
of the TM bundles to expose the substrate binding site and increase affinity for
glucose molecules. Glucose binding further induces TM rearrangement to close
the extracellular gate. Subsequently, conformational changes in the intracellu-
lar segments of the TMs open the intracellular gate to form an inward-facing
conformation, releasing sugar molecules and Na+ into the cell. Finally, SGLT1
returns to its pre-transport conformation, re-exposing its specific binding site
to complete the next transport cycle [5].

After feeding, to maintain stable blood glucose concentration, digestive tract
secretory cells secrete gastrointestinal hormones that promote insulin secretion,
with gastric inhibitory polypeptide (GIP) and glucagon-like peptide-1 (GLP-1)
being the most potent. The release of GIP and GLP-1 in intestinal epithelium is
closely related to SGLT1 and GLUT?2 function. Roder et al. [13] reported that
GIP and GLP-1 concentrations were reduced by nearly 6- and 10-fold, respec-
tively, in SGLT1-deficient mice. After feeding, increased luminal glucose concen-
tration induces GLUT2 recruitment to the apical membrane to participate in
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glucose absorption together with SGLT1. On one hand, SGLT1 cotransports glu-
cose molecules and Na+, depolarizing intestinal L-cells, opening voltage-gated
Ca2+ channels, triggering Ca2+ influx and intracellular Ca2+ release from
stores, and stimulating GLP-1 release via exocytosis (Figure 1 [Figure 1: see
original paper]). On the other hand, ATP generated from glucose metabolism
within cells closes ATP-sensitive K+ channels, increasing the membrane poten-
tial difference and enhancing GLP-1 release [14]. Taste receptors TIR2+T1R3
can bind luminal glucose or glucose analogs, activating a-gustducin to partic-
ipate in GIP and GLP-1 release through downstream signaling pathways [15].
Indeed, the secretion of many insulinotropic gastrointestinal hormones such as
cholecystokinin (CCK), peptide YY (PYY), glucagon-like peptide-2 (GLP-2),
and neurotensin from enteroendocrine cells depends on these mechanisms [16-
17]. In summary, SGLT1 and GLUT2 function not only as monosaccharide
transporters but also as sensors of luminal glucose concentration changes, induc-
ing release of glucose metabolism hormones to maintain normal blood glucose
concentration. Consequently, SGLT1 has become a therapeutic target for type
2 diabetes.

Figure 1 caption: The functions of SGLT1 and GLUT?2 in intestinal epithelia
[14]

2.2 GLUT2

The E. coli D-xylose transporter XylE shares 20%-29% homology with human
GLUTs, and its crystal structure serves as a model protein for studying the
MF'S superfamily. GLUT2’ s transport mechanism is similar to XylE’ s, where
extracellular solutes enter the transport center through a narrow channel and
bind to polar amino acids via hydrogen bonds. Any missense mutation in these
residues completely abolishes transport activity. Subsequently, GLUT2 under-
goes conformational changes that alternately expose the substrate binding site
to both sides of the membrane, completing substrate transport. This series of
conformational changes depends on TM rearrangement, positional shifts, and
formation and breakage of salt bridges within TM bundles [18]. Unlike SGLTT’
s active glucose transport, GLUT2 transports glucose along its concentration
gradient in an energy-independent manner.

In the classical model of glucose absorption, GLUT2 was thought to be expressed
only in the basolateral membrane of intestinal epithelial cells, primarily export-
ing monosaccharides from epithelial cells into the circulatory system. Whether
GLUT?2 can be recruited to the apical membrane to participate in glucose and
fructose absorption has been controversial, with many in vitro studies failing
to detect GLUT?2 in the apical membrane or finding very low density, possibly
due to differences in detection methods. Apical GLUT2 can be detected by
four different antibodies targeting its C-terminus, N-terminus, and intra- and
extracellular loop epitopes, but immunohistochemical methods using C-terminal
antibodies cannot detect apical GLUT2 [19]. After feeding, the sharp increase
in luminal glucose concentration can induce transient insertion of GLUT2 into
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the apical membrane of intestinal epithelial cells. Due to GLUT2’ s high trans-
port capacity and non-saturable characteristics, it can cooperate with SGLT'1 to
accelerate glucose absorption [20]. GLUT?2 recruitment to the apical membrane
has important physiological significance: it adapts to high luminal glucose con-
centrations to enhance absorption, and for intestinal epithelial cells themselves,
GLUTZ2’ s Na+-independent passive glucose transport does not impose the ionic
and osmotic burden associated with SGLT1-mediated transport.

3 Factors Affecting Glucose Transporter Expression

3.1 Substrate Levels Luminal glucose concentration changes dramatically
before and after feeding. After feeding, dietary carbohydrates are exten-
sively digested to produce glucose, significantly increasing luminal glucose
concentration.  Correspondingly, SGLT1 and GLUT2 expression in the
apical membrane of intestinal epithelial cells increases markedly to enhance
glucose absorption [21]. Luminal glucose molecules are key regulators of
SGLT1 and GLUT2 expression. Glucose binds to intestinal epithelial cell
taste receptors T1R24+T1R3, activating the coupled G protein (a-gustducin)
and downstream signaling pathways. On one hand, this activates phospholipase
C$ 2(PLC 2)orproteinkinase A(PK A); PLC 2generatesthesecondmessengerdiacylglycerol, whichtogetherwi
activatesPKC I1, akey factorinG LUT 2recruitmenttotheapicalmembrane[22].PKC $11
regulates GLUT2 translocation from intracellular reserve pools to the apical
membrane via exocytosis through phosphorylation activation and ubiquiti-
nation degradation, adapting to luminal glucose concentration [23]. On the
other hand, T1R2+T1R3 activation triggers downstream signaling pathways
including gustducin, leading to GLP-2 release. GLP-2 acts on enteric neuron
receptors (GLP-2R), transmitting signals to the basolateral side of small
intestinal epithelial cells, where enteric neurons release neuropeptides that
act on G protein-coupled receptors of absorptive epithelial cells, increasing
intracellular cyclic adenosine monophosphate (cAMP) levels [24]. cAMP
forms a cAMP-dependent complex with RNA-binding protein HuR and the 3’
uridine-rich element (URE) in the mRNA non-coding region, regulating mRNA
half-life and increasing SGLT1 mRNA stability to upregulate SGLT1 protein
expression [25]. The body also regulates glucose-dependent SGLT'1 expression
through histone modifications. Studies show that high-starch/low-fat diets reg-
ulate SGLT1 expression at the transcriptional level through initial methylation
of histone H3K4 and subsequent acetylation of H3/H4 [26]. Approximately
two-thirds of newly synthesized SGLT1 protein exists in an intracellular SGLT'1
pool, and its insertion into the membrane via exocytosis provides another
protein-level regulatory mechanism for glucose absorption. Recent research
has identified that RS1 protein (encoded by human RSC1A1 gene) contains
multiple phosphorylation sites in its N-terminal domain; phosphorylation at
different sites and binding to different receptors inhibits transport of various
transporters to the membrane via exocytosis. When high luminal glucose is
present, glucose inhibits RS1 binding to its receptor ornithine decarboxylase
(ODC1) in the trans-Golgi network, reducing RS1’ s inhibitory effect on SGLT1
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vesicle release to the membrane and transiently upregulating SGLT1 protein
expression [27].

3.2 Hormone Levels Hormones are crucial for maintaining systemic energy
balance, regulating glucose synthesis, breakdown, and absorption to maintain
blood glucose homeostasis. The SGLT1 promoter contains numerous transcrip-
tion factor binding elements, including specificity protein 1 (SP-1), hepatocyte
nuclear factor (HNF-1), nuclear factor-kappa B (NF- B) binding sequences, and
cAMP response elements [28-29]. Epidermal growth factor (EGF) protects the
intestine, enhances nutrient absorption, and reduces inflammatory responses.
EGF binds to its receptor EGFR, activating intrinsic tyrosine kinase activ-
ity and downstream signaling pathways that phosphorylate cAMP response
element-binding protein (CREB), which binds to the SGLT1 promoter to in-
crease SGLT1 transcription. CREB may also play a key role in maintaining
basal SGLT1 expression [30]. Lane et al. [31] added insulin-like growth fac-
tors (IGF) I and IT to milk substitutes for newborn mice and found that IGF
I and II significantly increased SGLT1 and GLUT2 mRNA expression in the
mid-jejunum. IGF regulates SGLT1 through a pattern similar to EGF, binding
to tyrosine kinase receptor IGF-IR to modulate SGLT1 gene expression [32].
Ghrelin increases SGLT1 and GLUT?2 transcription levels through the growth
hormone secretagogue receptor la (GHS-Rla) and phospholipase C (PLC) and
protein kinase C (PKC) pathways [33]. The intestine possesses a relatively in-
dependent local renin-angiotensin system. Casselbrant et al. [34] found through
pharmacological analysis that activation of angiotensin II (AnglI) type 2 re-
ceptors enhanced SGLT1-mediated glucose absorption in jejunal mucosa, while
type 1 receptor activation had inhibitory effects. Whether this regulation oc-
curs through modulation of SGLT1 transcription and its regulatory pathways
requires further investigation. Indeed, many hormones related to energy home-
ostasis (insulin, glucagon, and thyroid hormone) regulate intestinal glucose ab-
sorption by affecting SGLT1 transcription [35-36].

3.3 Inflammation Intestinal inflammation is a significant disease condition.
In lipopolysaccharide (LPS)-induced systemic inflammation or sepsis models,
downstream PKC and PKA signaling pathways are activated through NF- B
and mitogen-activated protein kinase (MAPK) pathways (including three sub-
families: p38, ERK, and JNK), triggering a cascade of reactions that promote
production of pro-inflammatory cytokines interleukin-138 (IL-183), interleukin-6
(IL-6), and tumor necrosis factor-a (TNF-«), as well as the mediator nitric oxide
[37]. LPS, TNF-a, and IL-17 all inhibit glucose and galactose absorption. This
inhibition involves PKC, PKA, MAPK, and NF- B pathways and proteasomal
regulation of SGLT1. PKC reduces SGLT1 protein turnover rate and regulates
endocytosis of SGLT1-containing vesicles; conversely, PKA activation increases
SGLT1 protein transport rate, primarily affecting SGLT1 at the protein level
and transport activity level [38]. It has also been reported that under inflam-
matory conditions, downregulation of SGLT1 gene expression is associated with
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specific binding of SP-1 and HNF-1 to SGLT1 promoter elements [39)].

3.4 Stress Under conditions of chronic psychological stress in rats and
stress simulated by intraperitoneal dexamethasone injection in broiler chickens,
GLUT?2 protein and mRNA levels increase significantly in the apical membrane
of jejunal epithelial cells, while SGLT1 maximal transport rate and mRNA
levels decrease significantly without changes in protein level [40-41]. In
contrast, Shepherd et al. [42] reported that in models of environmental stress
and dexamethasone-induced stress, GLUT?2 protein expression was inhibited in
rat intestinal epithelial cell apical membranes, paradoxically accompanied by
increased expression of PKCpSII involved in GLUT2 translocation. Addition-
ally, growing pigs under chronic heat stress showed increased SGLT1 mRNA
expression in the duodenum and jejunum [43]. In Ebrahimi et al.’ s report
[44], lead-induced oxidative stress in broiler chickens significantly reduced both
SGLT1 and GLUT2 mRNA expression. Different animal species and stressors
may reflect different stress mechanisms. Typically, under stress conditions,
the hypothalamic-pituitary-adrenal axis is activated, releasing glucocorticoids.
Glucocorticoids primarily promote glucose production and absorption. Re-
ichardt et al. [45] reported that glucocorticoids upregulate SGLT1, serum-
and glucocorticoid-inducible kinase 1 (SGK1), and Na+/H+ exchanger 3
gene expression primarily through glucocorticoid receptor (GR) dimerization
and binding to promoter elements. SGK1 mediates glucocorticoid-dependent
upregulation of SGLT1 protein by inhibiting its ubiquitin-mediated degradation
[46], while Na+/H+ exchanger 3 is related to SGLT1 transport activity. In
summary, under stress conditions, reducing SGLT1-mediated energy-consuming
glucose transport while increasing GLUT2-mediated facilitative transport is
beneficial for animals.

3.5 Intestinal Environment The intestine is the site of nutrient digestion
and absorption, and its internal environment directly affects epithelial glucose
absorption. a-Amylase is the major pancreatic protease and starch hydrolase
that specifically binds to highly glycosylated brush border membrane glycopro-
tein ligands in the duodenum, including sucrase-isomaltase and SGLT1. Bind-
ing of a-amylase to sucrase-isomaltase accelerates starch digestion to produce
large amounts of glucose. However, high concentrations of a-amylase binding to
SGLT1 inhibit glucose absorption, possibly due to steric hindrance [47], but this
inhibition is transient as a-amylase is internalized via endocytosis and degraded
by lysosomes, relieving the inhibition [48]. This transient inhibition of glucose
absorption may have two physiological significances: avoiding rapid starch di-
gestion that would sharply increase blood glucose, and providing amino acids
to cells through lysosomal degradation of internalized c-amylase. SGLT1 trans-
port is Na+- and voltage-dependent, so electrolyte and acid-base balance in the
intestine necessarily affects its function. Kane et al. [49] found that SGLT1 affin-
ity for glucose increases with pH. Intestinal microorganisms are part of intesti-
nal function, and alterations in microbial flora also affect absorption capacity.
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Diao et al. [50] found significant differences in gut microbiota at the genus level
between different pig breeds, leading to changes in intestinal morphology and
SGLT1 expression.

3.6 Other Factors SGLT1 expression is also affected by circadian rhythm.
Fatima et al. [51] found that SGLT1 and GLUT2 protein levels in mouse small
intestine peaked at 03:00-09:00. This physiological rhythm may be related to
clock genes that regulate SGLT1 promoter regions through positive and negative
feedback loops to maintain a 24-hour cycle [52]. SGLT1 expression is also re-
lated to animal developmental stage. Additionally, surgeries for treating obesity
and type 2 diabetes, such as duodenal-jejunal bypass, gastrojejunostomy, sleeve
gastrectomy, jejunum-ileum bypass, and ileectomy, adaptively alter SGLT1 and
GLUT?2 expression in intestinal epithelial cells [53-54]. Among these, ileectomy
regulates SGLT1 and GLUT?2 expression through downstream signaling path-
ways involving increased aldosterone secretion [55]. Environmental factors also
affect intestinal morphology and function; Yalcin et al. [56] reported that egg
storage duration before incubation and incubation temperature affect SGLT1
expression during chick development.

4 Summary

Intestinal glucose transport is a critical factor in glucose absorption and
metabolism and serves as a drug target for regulating blood glucose stability
and treating obesity and hyperglycemia. To adapt to intestinal and environ-
mental stimuli, the body regulates SGLT1 and GLUT2 expression in the apical
membrane of intestinal epithelium at transcriptional, mRNA, and protein levels.
However, the molecular mechanisms of signaling pathways and regulatory levels
for each factor remain unclear and require further investigation. Structural
features are fundamental to SGLT1 and GLUT2 function, but direct crystal
structures of SGLT1 and GLUT?2 have not been obtained, with structural infor-
mation derived from their homologs. Additionally, whether glucose transporter
regulation can enhance luminal glucose digestion and utilization and modulate
systemic glucose balance at the molecular level represents a future direction
for molecular nutrition research. In conclusion, understanding the mechanisms
of action and regulation of intestinal epithelial glucose transporters has both
theoretical significance and practical implications for precise control of animal
nutrition processes.
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