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Preface

At least one in ten people today are destined, on current trends, to develop diabetes at some
point during their lifetime. The total number of individuals with diabetes worldwide is
scheduled to double in a generation. WHO has defined type 2 diabetes mellitus, a progres-
sive worldwide epidemic. The statistics are alarming: 30 million people were diagnosed
with diabetes worldwide in 1985. By 1995, the number had risen to 135 million. It has been
estimated that by 2010, 220 million people worldwide will be affected by the disease, and
there will be some 300 million by the year 2015 as predicted by WHO. According to another
statistics, the prevalence of all forms of diabetes is estimated to be 2-3% of the world’s popu-
lation, with the number of diabetic patients increasing by 4-5% per annum. Moreover, many
people with diabetes remain undiagnosed.

Type 1 diabetes is observed in approximately 5-10% of patients with diabetes mellitus. The
incidence of type 1 diabetes is projected to increase 40% between 1997 and 2010. The studies
suggest an annual global increase of 3-4% with the highest increase expected in the 0—4 year

age group.
The progress in molecular biology, genetics, epidemiology and in clinical applications not-

withstanding, much more needs to be done. It will be of great importance to identify the
molecular mechanisms of diabetes and insulin resistance.

Most tissues and organs, such as the brain, need glucose constantly, as an important source
of energy. The low blood concentrations of glucose can cause seizures, loss of consciousness,
and death. On the other hand, long lasting elevation of blood glucose concentrations can
result in blindness, renal failure, cardiac and peripheral vascular disease, and neuropathy.
Therefore, blood glucose concentrations need to be maintained within narrow limits. The
process of maintaining blood glucose at a steady-state level is called glucose homeostasis.
This is accomplished by the finely hormone regulation of peripheral glucose uptake (glucose
utilization), hepatic glucose production and glucose uptake during carbohydrates ingestion.

Glucose is obtained directly from the diet and by the synthesis from other substances in or-
gans such as liver. Glucose derived from the diet is transferred from the lumen of small in-
testine, and both dietary glucose and glucose synthesized within the body have to be
transported from the circulation into target cell. Glucose cannot penetrate the lipid bilayer,
and specific carrier proteins are required to its diffusion. These transporters comprise two
structurally and functionally distinct groups, whose members have been identified over the
past decades, namely: the Na*-dependent co-transporter (SGLT) and the facilitative, Na*-in-
dependent sugar transporters (GLUT). These various transporters exhibit different substrate
specificities, kinetic properties and tissue expression profiles.
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Preface

The book entitled “Glucose Homeostasis” edited by Dr. Leszek Szablewski provides a broad
overview of the molecular, biochemical, and clinical aspects of glucose metabolism, insulin
resistance and diabetes mellitus. The chapters will make the reader acquainted with a varie-
ty of topics ranging from glucose transporters, glucose homeostasis and influence of adipo-
kines and TRH on cells. This book is written by authors from different laboratories, yet, the
editor has tried to arrange the book chapters in a single volume to make it easier for the
readers to find what they need.

Section 1, which includes chapters 1-2, mainly describes the Na*-dependent co-transporter
(SGLT) and facilitative, Na*-independent glucose transporters (GLUT) and the important
role of GLUT 4 in glucose homeostasis.

Section 2, which includes chapters 3-5, describes the mechanisms of glucose homeostasis.

Section 3, which includes chapters 6-7, describes the influence of adipokines and TRH on
cells.

This book will be of help to scientists, doctors, pharmacists, and other experts in various
disciplines.

Dr. Leszek Szablewski

Chair of General Biology & Parasitology
Center of Biostructure Research
Medical University of Warsaw

Poland
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Chapter 1

Mammalian Sugar Transporters

Robert Augustin and Eric Mayoux

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58325

1. Introduction

Glucose represents the major energy source of mammalian cells. Due to its hydrophilic nature,
glucose requires specific transporters in order to cross cellular membranes. Such transport is,
in the case of glucose and also other monosaccharides, mediated by energy-coupled as well as
facilitative mechanisms represented by protein families of sodium-driven sugar cotransporters
(SGLTs) and glucose transporters (GLUTs), respectively.

SGLT cotransporter family present highly diverse functions. They cotransport Na+ with
glucose (SGLT1, SGLT2, SGLT4, SGLT5), or galactose (SGLT1, SGLT5) or mannose (SGLT5)
or fructose (SGLT5) but also with myoinositol (SGLT6, SMIT), with iodine (NIS) or with choline
(CHT). One family member is not a transporter but a glucose sensor (SGLT3). Na+ gradient
for this cotransporter family is maintained by Na+/K(+)-ATPase [1].

The various members of the GLUT protein family is comprised of 14 isoforms [2]

The GLUT protein family consists of three different families that can be distinguished based
on their protein sequence homologies: Class I comprises the classical transporters GLUT1-4 as
well as the gene duplication of GLUT3 which is GLUT14, Class II contains the isoforms GLUT5,
7,9, and 11, while GLUTS, 8, 10, 12 and the proton-driven myo-inositol transporter HMIT
(GLUT13) belong to the Class III [3].

Current understanding of whole body glucose homeostasis under normal-and, more impor-
tantly, under disease conditions-is directly linked to the understanding of SGLT and GLUT
physiology (Figure 1). The active mechanism of glucose (as well as galactose) absorption in
the intestine is primarily catalysed by SGLT1 (Figure 3B), while SGLT2 represents the pre-
dominant mechanism for glucose reuptake by the kidney (Figure 3A).

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Central glucose homeostasis predomi-
nanthy invohes GLUT1 and GLUT3

SKELETAL MUSCLE ADIPOSE TISSUE

Tissues of nsulin stimulated mediated glucose disposal
is predominantly mediated by GLUT4

LIVER PANCREAS

Hepatic glucose uptake and Glucose sensing mechanisms in the
output occurs mainhy via GLUTZ2 pancreas and the brain involve GLUTZ2

INTESTINE KIDNEY

SGLT's mediate the active, ATP dependent hexose absorp-
tion in and reabsorption at the luminal site of the epitheli-
um in the intestine and kidney, respectively.

Figure 1. Overview on the principle physiological role for specific glucose transporters and their involvement in regu-
lating glucose homeostasis in specific tissues.
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Figure 2. Putative secondary structural models for GLUT and SGLT proteins. A-SGLT family members contain 14
transmembrane domains [21]. Highlighted is the presence of the SSF motif present in all members of the solute sym-
porter family (SSF) gene family. The motif that is shared between the SGLTs and sodium-myoinositol cotransporters
(SMITs) is also indicated. The glucose-binding and-translocation domain is located at the COOH-terminus of the pro-
tein. The residues that are proposed to be involved in glucose binding at the extra-and intracellular sides of the mem-
brane are highlighted. B-GLUT proteins contain 12 transmembrane regions. Specific structural features for class | and
Il (upper panel) and class Il (lower panel) family members are indicated such as the proposed substrate binding site,
the N-linked glycosylation sites, conserved signature sequences. The tryptophan residues implicated in cyto-chalasin B
(CB) binding (positions 338 and 412 in GLUT1) and the N-terminal dileucine signal present in class Il members (except
for GLUT10) are also shown.
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Figure 3. SGLT and GLUT family members regulate intestinal absorption and renal reabsorption of hexoses.A-
Renal glucose reabsorption. In the kidney, proximal tubule transepithelial reabsorption of glucose occurs at the api-
cal membrane by SGLT2 and GLUT2 at the basolateral membrane. In the proximal straight tubule, the remaining
glucose is reabsorbed by SGLT1 at the apical site of the epithelium and GLUT1 at the basolateral membrane. B-Intesti-
nal glucose absorption. In the intestine, transepithelial glucose uptake at the apical site is mediated by the Na*-de-
pendent glucose transporter SGLT1, while fructose is absorbed by facilitated diffusion via GLUTS. These hexoses can
all exit the basolateral membrane through GLUT2.
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Figure 4. GLUT family members facilitate glucose transport into tissues that control glucose homeostasis such
as hepatocytes, skeletal muscle, adipose tissue, and the pancreatic B-cells of the islets of Langerhans. A-Hexose
transport in hepatocytes. GLUT2 mediates glucose uptake under feeding conditions into hepatocytes where glucose
is metabolized by glycolysis or incorporated into glycogen. In patients with FBS fructose handling is normal, therefore
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GLUT2 might not be exclusively involved in uptake of this ketohexose by the hepatocyte [38]. GLUT9 is highly ex-
pressed in liver and due to its capability to transport uric acid its proposed function in humans might be the release of
uric acid from the liver. In mice GLUT9 is required for uric acid uptake into liver for further breakdown by uricase to
allantoin [39]. Whether GLUT9 also contributes to hexose transport, namely fructose, in hepatocytes is currently un-
known. Fructose that is taken up by the liver mainly feeds into triglyceride synthesis, and via ATP depletion stimulates
AMP-deaminase and thereby purine degradation leading to an increased generation of uric acid. B-Insulin stimulat-
ed glucose uptake into skeletal muscle and adipose tissue. In muscle and fat, glucose uptake is stimulated by insu-
lin. After insulin binds to its receptor, auto-phosphorylation of the receptor occurs that triggers a signalling cascade
that finally leads to a translocation of GLUT4 vesicles from an intracellular pool to the plasma membrane. The acute
increase of GLUT4 molecules at the cell surface leads to an increase in glucose uptake and represents the rate-limiting
step in insulin-stimulated glucose uptake in adipose and muscle tissues. C-Pancreatic B-cells secrete insulin in re-
sponse to elevations in blood glucose. GLUT2 mediates glucose uptake into B-cells. Phosphorylation of glucose by
glucokinase is the rate limiting step of glycolysis which increases the ATP to ADP ratio of the cell leading to closure of
the K,rp channel and subsequent opening of the of Ca**channels caused presumably by changes of the plasma mem-
brane polarization. The opening of Ca**channels raises intracellular Ca**concentrations and induces exocytosis of the
insulin granules.

As the brain's main energy source glucose needs to be transported across the blood-brain
barrier. This process is facilitated by GLUT1 (Figure 1). Insulin-stimulated clearance of blood
glucose through uptake into skeletal muscle, the heart and adipose tissue, the rate-limiting
step is defined by translocation of GLUT4 from an intracellular compartment to the plasma
membrane; and it’s this signalling cascade that represents insulin sensitivity (Figure 4B). The
secretion of insulin by the pancreatic 3-cells of the islets of Langerhans is dependent on GLUT2
which functions as a (3-cell glucose sensor (Figure 4C). However, the involvement of sugar
transporters in the regulation of processes such as brain glucose sensing or glucose transport
in the mammary gland are not yet well understood.

This chapter summarizes the principal characteristics of SGLT [1] and GLUT-[4] mediated
sugar transport, primarily focusing on the human transporters, with emphasis on the current
understanding of their physiology, based on inherited disorders and syndromes in humans
and phenotypes of genetically modified mice.

2. The SGLT family

2.1. Synonyms
SGLT1-6, Gene Symbols: SLC5, sodium-glucose symporters

2.2. Summary

The model of active, ATP-dependent glucose transport against a concentration gradient was
proposed in 1960 by Bob Crane [5]. Intestinal reabsorption of glucose by the intestinal
epithelium through transporters requires sodium symport which is ATP dependent via
coupling to the sodium/potassium (Na*/K*) pump. Mechanistically, the inward sodium
gradient at the apical site of epithelial cells is maintained by the ATP-driven, active extrusion
of sodium at the basolateral membrane (Figure 3, Figure 5B). The sodium dependent glucose
transporters (SGLTs) are members of a larger gene family (>200 genes) of sodium:solute
symporters (SSF) that contain a common SSF motif in the fifth transmembrane region [1]. The
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human SGLT protein family (SLC5A) comprises 11 isoforms that structurally are characterized
by 14 transmembrane domains, where the N-and C-termini face the extracellular (luminal)
side of the cell. The 11 family members share an amino acid identity of 21-70%. A broad range
of substrates are transported by proteins encoded by the SLC5 genes.

maracelomr

B

Exkacalbilar

e o BN

mracadoar

Figure 5. Proposed models for the mechanism of facilitative and active glucose transport across cellular mem-
branes.A-A 6-state model is proposed for SGLT mediated glucose transport. The empty transporter is assumed to
have a valence of-2 (1). Sugar transport is initiated upon binding of two sodium ions to the open form of the outside
gate (2). In the next step, glucose binds to the transporter, which induces a conformational change from an outward
to an inward occluded state (3, 4). Upon open of the inward gate, the glucose is released into the cytoplasm before
the sodium (5). The transport cycle is completed by a conformational change to return the ligand-free inward facing
(6) structure to the ligand-free outward-facing structure (1). B-Model of GLUT mediated glucose transport. Glucose
binds to an outward-facing site of the transporter (1) which induces a conformational changes that allows movement
of the hexose through the protein (2-3). After the release of the hexose from its inward-facing binding site into the
cytosol the transporter undergoes a reverse conformational change (4-1).

The focus of the current chapter is on the sodium-dependent glucose transporters within the
SLC5 gene family, namely SGLT1-5, and the closely related, based on sequence homology and
substrate specificity, sodium driven myoinositol transporter SMIT1 (SLC5A3) and SMIT2
(SGLT6/SLC5A11).

9
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More distant relatives of the SLC5A gene family are the iodide transporters NIS (sodium-iodide
symporter [SLC5A5]) and AIT (apical iodide transporter [SLC5A11]), the Na+/Cl-/choline
transporter (CHT, [SLC5A7]) and the sodium-dependent multivitamin transporter (SMVT,
[SLC5A6]). NIS and AIT are expressed in the thyroid gland. While NIS is responsible foriodide
uptake which is required for production of T3 and T4, AIT is thought to catalyse the movement
of iodide from the thyrocyte cytoplasm to the lumen of the gland. SMVT is widely expressed,
while

CHT is mainly found in the central nervous system. Biochemically, the CHT mediates Na+/
choline co-transport in a chloride dependent manner.

2.3. Structural features & substrate specificities

SGLT family members 1-6 contain between 596-681 amino acids with a 50-70% identity (67-84%
similarity) where divergence in sequences can be mainly attributed to the N-and C-terminal
domains of the proteins. Alternative splicing has been described for SGLT4-6, however,
whether respective functional proteins with varying amino acid composition are encoded has
yet to be shown. A common structural component among the large gene family of sodium:sol-
ute symporters (SSF) is the presence of a consensus pattern (Figure 2A). The consensus
sequence for the six SGLTs and for SMIT1 is located near the N-terminal domain of the proteins
(Figure 2A).

A secondary structural model for human SGLT1 predicts the presence of 14 transmembrane
helices. The model is based on N-glycosylation and cysteine scanning mutagenesis, antibody
tagging, mass spectrometry as well as computer algorithms predicting membrane-spanning
regions (Figure 2A). Freeze-fracture electron microscopy provided direct evidence that both
SGLT1 and vSGLT (from Vibrio parahaemolyticus) function as 14 transmembrane helical
monomers. he recent crystal structure for the sodium/galactose symporter vSGLT demon-
strated the presence of 14 transmembrane helices providing evidence for the secondary
structural model of human SGLTT1.

SGLT are highly glycosylated membrane proteins for example SGLT1 contains a N-linked
glycosylation site at position N248. However, for SGLT1, glycosylation appears not to be
required for functional expression, indicating proper folding and membrane targeting in its
absence.

The transport kinetics and substrate specificities have been intensively studied for SGLT1, 2,
3, and more recently 4, mainly based on electrophysiological and biochemical studies upon
heterologous expression of the transporters in Xenopus laevis oocytes. SGLT1-4 and SMIT1 and
2 all transport (or bind in the case of human SGLT3) D-glucose and the non-metabolizable
alpha-methyl-d-glucopyranoside (a-DMG). Transport of those substrates is inhibited by the
glycoside phlorizin [6].

SGLT are only able to transport sugars with a pyranose ring, cyclic polyhydroxy alcohols are
not transported. The importance of the single hydroxyl groups for substrate recognition has
been well characterized. The oxygen is essential for transport by human SGLT1-while sulfur
substitution lowers affinity, nitrogen is not tolerated. This particular feature does not apply to
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SGLTS3 for which imino sugars-containing an amine group in place of a hydroxyl group-are
ligands. Based on mutational analysis of SGLTs and the crystal structure of vSGLT, which is
32% identical to human SGLT1, residues that coordinate substrate recognition have been
shown to be relatively conserved. An exception to that is the human SGLT3, a glucose sensor,
which can be converted to a functional transporter based on a single amino acid exchange.

In addition to glucose and other monosaccharides, SGLTs also transport glycosides. Those can
be either substrates such as indican and arbutin, or actual inhibitors such as the highly potent,
classic competitive SGLT inhibitor phlorizin, a naturally occurring -glucoside (see below).

The ability to recognize galactose as substrate by SLC5 family members has been attributed to
the presence of a threonine corresponding to amino acid 460 in human SGLT1.

Ion selectivity and stoichiometry has been well characterized for SGLTs. The transporters are
selective for the cotransport cation Na*(K,=4mM). While Li*(K,=9mM) and H*(K,=7uM) can
replace Na" no other monovalent cation is accepted. The Na‘to glucose transport stoichiometry
is established for SGLT1-3, where two Na'‘ions bind to SGLT1 and 3, and only one Na'is
required to drive SGLT2 activity. Despite crystallographic information for vSGLT, the electron
density is not sufficient to assign binding sites for small single ions such as sodium. However,
using mutational analysis and superimposition of structural models from the solute symport-
ers vSGLT, LeuT, and Mhpl, a sodium binding site for vSGLT is suggested to be close to the
sugar binding residues in transmembrane domains 1 and 8. The predicted cation binding site
in vSGLT appears to allow accessibility to the cytoplasmic aqueous phase.

The mechanism of sodium-driven glucose transport has been intensively investigated for
SGLT1, applying various methodologies that allow the kinetics of transport to be deter-
mined using heterologous expression of the transporter in Xenopus laevis oocytes. From the
kinetic measurements a 6-state equilibrium model is proposed, where conformational
changes dependent on cation and sugar binding, transport and cytoplasmic release are
integrated. The six kinetic states describe the “empty” transporter, the sodium bound form,
and the sodium and glucose bound transporter at the external and internal plasma
membrane surfaces (Figure 5A).

SGLT1 mediated glucose transport has been characterized regarding its kinetics, conforma-
tional changes and the significance of residues for substrate/inhibitor binding. However, many
questions remain unanswered such as the precise identity of the second-sodium binding site
for SGLT1, and the location of the phlorizin binding site in SGLT1 and SGLT2, which may be
of relevance for SGLT2 selective inhibitors that, recently approved, represent a new treatment
option for Type 2 diabetes mellitus (T2DM) (see below).

2.4. SGLT1 (SLC5A1)

In 1987, the laboratory of Ernest Wright cloned the first sodium-dependent glucose
transporter from rabbit intestinal mRNA by an expressing cloning strategy using Xenopus
laevis oocytes [1]. SGLT1 is primarily expressed in the brush border membrane of mature
enterocytes in the small intestine and catalyses the absorption of the dietary sugars glucose
and galactose from the gut lumen. SGLT1 is also expressed in the kidney on the luminal
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surface of cells within the S3 segment of the proximal tubule, where it contributes to renal
glucose reabsorption (Figure 3A).

SGLT1 is a high-affinity, low-capacity transporter with a K, of 0.5 mM for the substrate aMDG
in Xenopus laevis oocytes. Substrate transport of glucose is coupled to symport of two sodium
ions. The protein is highly glycosylated which leads to an apparent molecular weight of 75
kDa.

2.4.1. SGLT1 physiology
Humans with deficiency for SGLT1 display glucose and galactose malabsorption

Mutations in the SGLT1 gene cause glucose-galactose malabsorption (GGM). GGM was first
described in 1962 [7] as a severe life-threatening diarrhea in new-born children, that is fatal
within weeks unless lactose, glucose, and galactose are removed from the diet. The diarrhea
returns immediately upon reintroduction of the respective sugars into the diet. GGM was
predicted to be caused by defective intestinal sodium-coupled glucose transport, a hypothesis
that was confirmed following the cloning of human SGLT1 and the identification of homozy-
gous carriers for the D28N mutation encoding a non-functional protein [8].

GGM is a rare autosomal recessive disease caused by missense, nonsense, frame-shift, and
splice-site mutations within the SGLT1 gene. Missense mutations-even single amino acid
changes-have been demonstrated to cause missorting of the protein in cells, suggesting that
slight conformational changes in the protein can interfere with proper folding and/or delivery
and integration of SGLT1 into the plasma membrane and thereby affecting its function. More
than 80 patients with GGM have been screened for mutations in the SGLT1 gene [1].

2.5. SGLT2 (SLC5A2)

SGLT2 was cloned from human kidney cDNA in 1992 and was found to encode for a 672 amino
acid protein with 59% similarity to SGLT1. SGLT2 is almost exclusively expressed in the kidney
and localizes to the apical domain of epithelial cells that line the S1/S2 segments of the proximal
convoluted renal tubule. It has been characterized as a kidney-specific transporter controlling
the initial step of renal glucose reabsorption, working in concert with SGLT1, which appears
responsible for clearance of residual glucose in the more distal S3 segment of the proximal
tubular system (Figure 3A). In contrast to SGLT1, which transports glucose and galactose,
SGLT2 represents a low-affinity, high-capacity sodium-glucose symporter with a K, for
glucose of 6 mM and a sodium-to-glucose coupling ratio of 1:1 while having no affinity for
galactose.

2.5.1. SGLT2 physiology

Human Physiology-Familial Renal Glucosuria (FRG) is caused by non-functional SGLT2

Glucosuria in the absence of both generalized proximal tubular dysfunction and hyperglyce-
mia is known as De-Toni-Debré-Fanconi syndrome. This is recognized as an inherited disorder
and designated as familial renal glucosuria (FRG).
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FRG is an autosomal recessive disorder and is diagnosed by persistent isolated glucosuria
(urine excretion >1 g/day) with normal fasting plasma glucose levels and oral glucose tolerance.

Since the first SLC5A2 mutation in FRG was presented in 2002 [9], forty-four mutations have
been identified including premature stops, frame shifts, and missense mutations. Although
the pattern of inheritance for FRGis of co-dominance, a clear definition of genotype-phenotype
correlation has not been established. Individuals with similar or even identical mutations
display a broad range of severity in glucosuria, indicating that environmental, as well as
genetic, factors affect urinary glucose reabsorption. Since, thus far, none of the FRG mutations
has been tested for functional SGLT?2 effects it is unknown how the various mutations relate
to the severity of glucosuria.

FRG established the fundamental role of SGLT2 in renal glucose reabsorption. Since patients
with FRG are not affected by severe clinical consequences, it is considered a benign condition,
more a phenotype than a disease.

Mouse models of SGLT2 deficiency

The metabolic consequences of SGLT2 deficiency in mice have been investigated in a model
of diet-induced obesity and associated insulin resistance and a genetic model of T2DM, the
db/db mouse strain [10]. Deletion of SGLT2 leads to increased urine output and a tremendous
increase in glucosuria that is associated with compensatory increases in feeding, drinking, and
activity. SGLT2 knockout mice are protected from diet-induced hyperglycemia and glucose
intolerance and have reduced plasma insulin concentrations. In the diabetic db/db mouse,
deficiency of SGLT2 prevents fasting hyperglycemia and is associated with normalized plasma
insulin levels and preserved pancreatic (3-cell function. These data confirm the concept of
glucotoxicity which was established by studying the anti-diabetic effects of blocking renal
glucose reabsorption in diabetic rats by pharmacological means of SGLT inhibition using
phlorizin [11].

2.5.2. SGLT?2 inhibitors — A new concept for the treatment of Type 2 diabetes

T2DM is characterized by hyperglycemia that results both from peripheral resistance to the
action of insulin and from progressive failure of the pancreatic 3-cell to compensate for the
increasing demand for insulin. Chronic hyperglycemia triggers glucotoxicity, a term
summarizing the vicious cycle between hyperglycemia inducing (-cell dysfunction and
insulin resistance that aggravates disease progression leading to micro-and macrovascular
complications.

Current treatments for T2DM come with significant limitations regarding their potential to
induce adverse effects. Metformin can cause gastrointestinal effects such as diarrhea and
nausea, while sulfonylureas and insulin can induce hypoglycemia and are associated with
weight gain. Thiazolidinediones that act as insulin sensitizers can induce weight gain, and are
associated with edema and are potentially associated with an increased cardiovascular risk.
GLP-1 analogues which are incretin mimicking agents can cause nausea and diarrhea. New
therapeutic strategies are needed that are not only effective in terms of glucose control, but
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provide excellent safety and potential add-on effects such as weight loss, lipid lowering or
reductions in blood pressure.

The kidney has an important role in controlling blood glucose levels by mediating glucose
reabsorption into the bloodstream. In patients with T2DM increased renal absorptive capacity
has been observed, indicating that blocking the process of glucose reuptake by the kidney
might be an attractive new strategy for treatment of T2DM. However, glucosuria has histori-
cally been perceived as a manifestation of the disease, which appears to make this therapeutic
concept seem rather counter-intuitive.

The phenotype of subjects identified with FRG, as well as studies performed with phlorizin,
indicated that correcting hyperglycemia via specific inhibition of SGLT2 might provide a new
option for a safe and effective treatment of T2DM.

Phlorizin, a potent SGLT inhibitor, proved to be an important tool for investigating the
mechanism and consequences of blocking renal sugar reabsorption. Its use established the
concept of glucotoxicity: blocking of renal glucose reabsorption with phlorizin in diabetic rats
normalized insulin levels and restored insulin sensitivity [11].

Disadvantages of phlorizin include the non-selective inhibition of SGLT2, poor bioavailability,
short half-life and potential for side effects caused e.g by blocking GLUT via its major metab-
olite phloretin. These disadvantages that are inherited to the molecular phlorizin led into
research for new compounds in order to achieve proof of concept for selective SGLT2 inhibition
for the treatment of T2DM.

Although non-selective for SGLT2, T-1095 was the first orally available phlorizin derivative
that was metabolically stable. When administered to diabetic animals, T-1095 corrected
hyperglycemia and reduced hyperinsulinemia, and hypertriglyceridemia [12]. These findings
indicated that SGLT2 inhibition might be a viable approach to treatment of T2DM.

In the following years, the selective SGLT2 inhibitors sergliflozin and remogliflozin progressed
to clinical trials. While many selective SGLT2 inhibitors went into clinical testing, development
of O-glycosidic SGLT2 inhibitors was halted, presumably due to their unfavorable pharma-
kokinetic profile. In contrast, a number of C-glycosidic compounds which differ from O-
glycosides in structure and stability are in clinical development [12] or have achieved approval
and represent an innovative insulin-independent treatment option for controlling blood
glucose in Type 2 diabetic patients [13].

2.6. SGLT3 (SLC5A4)

The human SGLT3 cDNA was cloned from colon carcinoma and was found to encode a 659
amino acid protein with 70% identity to human SGLT1. SGLT3 mRNA is detected in the
intestine, testes, uterus, lung, brain and thyroid, while the protein is predominantly found in
intestine and skeletal muscle. Immunohistochemical analysis of the intestine identified
cholinergic neurons in submucosal and myenteric plexuses as the site of SGLT3 expression. In
skeletal muscle, SGLT3 co-localized with the nicotinic acetylcholine receptor indicating
expression at the neuromuscular junction.
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Functional characterization of human SGLT3 demonstrated a lack of sugar transport activity.
Instead, human SGLT3 was found to be a glucose-sensitive ion channel where sugar binding
induces plasma membrane depolarization in a saturable, sodium-dependent and phlorizin-
sensitive manner [14]. Interestingly, this is in sharp contrast to pig and mouse SGLT3 which
are able to transport glucose. The sodium-to-substrate stoichiometry is 2:1, which is similar to
SGLT1, while substrate specificity appears closer to SGLT2 with no acceptance of galactose as
a substrate. More in depth characterization of SGLT3 substrate specifities found that human
SGLTS3, similarly to SGLT]1, interacts with various glucosides, while pig SGLT3 was found to
transport imino sugars with high affinity.

The lack of transport activity by human SGLT3 has been shown to involve a specific amino
acid: residue 457. This residue has been shown to be important for the function of human
SGLT1, since mutations of that particular amino acid cause GGM. Structural information from
vSGLT [15] revealed that the corresponding residue mediates direct interaction with the sugar.
Accordingly, mutation of glutamate 457 in human SGLT3 to glutamine conferred transport
activity on the transporter displaying SGLT1-like transport characteristics with respect to
substrate-to-sodium stoichiometry, sugar specificities as well as affinities [15].

Physiologically, SGLT3 is hypothesized to act as a glucose sensor which, at the site of its
expression in cholinergic neurons and the neuromuscular junction, might modulate action
potentials of neurons/skeletal muscle cells glucose dependently. This hypothesis is supported
by the observation that upon expression of human SGLT3 in sensory neurons of C. elegans
glucose sensing in vivo can be monitored [16]. More recent observations indicated that SGLT3
is expressed in the proximal tubule of the human kidney and might be responsible for sodium
reabsorption based on uptake studies in SGLT3 overexpressing kidney cell lines which
demonstrated sodium transport that was blocked by the classical inhibitor phlorizin [17].

2.7. SGLT4 (SLC5A9)

SGLT4 was cloned from human small intestinal cDNA libraries. The mRNA encoding SGLT4
is almost exclusively found in the small intestine and kidney. SGLT4 exhibits Na+-dependent
AMG transport with a K, of 2.6 mM. Inhibition studies of AMG mediated transport indicated
that SGLT4 appears to transport naturally occurring sugars with a rank order of mannose,
glucose, fructose, and galactose. Transport studies using radiolabeled mannose indicated that
SGLT4 might be physiologically relevant for intestinal absorption as well as renal reabsorption
of mannose [18].

2.8. SGLT5 (SLC5A10)

SGLT5 was recently cloned from human kidney cDNA and characterized as a kidney specific
sodium-dependent mannose transporter which is also able to transport glucose and fructose
[19]. While specifically expressed in human kidney its precise localization and physiological
role remains unknown. Based on amino acid sequence homology SGLT5 represents the closest
homologue to SGLT4. In a manner reminiscent of the relationship between SGLT1 and SGLT?2,
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it can be speculated that SGLT4 and SGLT5 may act as complementary mannose transporters
that regulate intestinal absorption and renal reabsorption of mannose, respectively.

Mouse models of SGLT5 deficiency

Mice deficient for SGLT5 [20] were shown not to display any renal sodium-dependent fructose
uptake but increased urinary fructose indicating that SGLT5 is the major transporter respon-
sible for fructose reabsorption in the kidney. Fructose consumption especially by corn syrup
containing beverages has been epidemiologically linked to dyslipidemia, obesity, and
diabetes. Despite its role in renal fructose reuptake, knockout of SGLT5 in mice paradoxically
exacerbated fructose-induced hepatic steatosis.

The massive urinary fructose excretion was accompanied by reduced levels of plasma
triglycerides and epididymal fat but fasting hyperinsulinemia. No difference in food con-
sumption, water intake, or plasma fructose was described for SGLT5 deficient mice. The
phenotype of SGLT5 knockout mice indicated an apparent link between renal fructose
reabsorption and hepatic lipid metabolism.

2.9. SMIT1 (SLC5A3)

A Na(+)/myoinositol cotransporter cONA (SLC5A3) was cloned from canine renal cells and
sequenced in 1992 followed by the human SLC5A3 in 1995. The human transporter is mainly
expressed in kidney, brain, placenta, pancreas, heart, skeletal muscle, and the lung.

2.9.1. SMIT1 physiology

Phenotype of mice deficient for SMIT1

Myoinositol is a precursor of the main inositol-containing phospholipids phosphatidylinositol
and phosphatidylinositol-4,5-bisphosphate, a key molecule in cellular signal transduction. In
addition, myoinositol has an important role in osmoregulation. The highest myoinositol levels
are found in certain regions of the brain with cerebrospinal fluid levels ranging from 2-25 mM,
which are higher than levels in the blood.

One hypothesis as to why lithium is effective in the treatment of bipolar disorders is based on
its effect on reducing cellular concentrations of myoinositol (the inositol depletion model).
Ablation of the murine SLC5A3 gene demonstrated the significant role of this transporter in
maintaining central myoinositol concentrations. SMIT1 knockout mice have significantly
reduced central inositol levels with no changes in phosphatidylinositol concentrations. Besides
the severe myoinositol deficiency in the brain, those animals display congenital central apnea
due to abnormal respiratory rhythmogenesis leading to death shortly after birth. The neonatal
lethality of SMIT1 knockout animals appears to be caused by failures in development of
peripheral nerves, specifically in nerves controlling breathing. The peripheral nerve abnor-
malities can be corrected by prenatal myoinositol supplementation suggesting that myoino-
sitolis required for peripheral nerve development. Phenotypic analysis of homozygous SMIT1
knockout mice indicated, that a reduction of central inositol levels is associated with lithium-
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like neurobehavioral effects. Potentially, the inositol depletion hypothesis as a mode of action
for lithium might be supported by the phenotypic characteristics of SMIT1 knockout mice [21].

2.10. SGLT6 /SMIT2 (SLC5A11)

SMIT2 was initially cloned by PCR from rabbit kidney cDNA. Sequence analysis indicated
49% and 43% protein sequence identity to SGLT1 and SMIT1, respectively. SMIT2 mRNA is
detected in brain, kidney, heart, skeletal muscle, spleen, liver, placenta, lung, leukocytes, and
neurons. Three transcript variants named SMIT1a, SMIT1b, and SMIT1c have been identified
for the SLC5A2 gene. It wasn't until 2002, that the cloned product was functionally character-
ized and identified as a sodium-coupled myoinositol transporter with a K, of 120 uM and 13
mM for myoinositol and sodium, respectively [22]. Transport mediated by SMIT2 is phlorizin
sensitive (K; of 76 pm). The substrate specificities of SMIT1 and SMIT2 are remarkably
different: SMIT2 shows stereospecific transport of D-glucose and D-xylose without affinity for
fucose, while SMIT1 transports L-fucose and L-xylose (but not their D-isomers) and does not
distinguish between D-and L-glucose. In contrast to SMIT1, SMIT?2 transports d-chiro-inositol.

SMIT2 mediated myo-inositol transport has been demonstrated to occur at apical membranes
of the rat intestine [23] and at the luminal side of of proximal convoluted tubules in the kidney
of rabbits [24], a tissue specificity and principle role that appears similar to the sodium-
dependent uptake and reabsorption of glucose mediated by SGLT-1.

3. The family of glucose transport facilitators

3.1. Synonyms

GLUT1-14, Gene Symbols: SLC2A1-14, solute carrier family 2A1-14

3.2. Summary

Glucose transporters are uniporters that facilitate the diffusion of their respective substrates
(e.g. glucose) across cellular membranes along a concentration gradient [2, 4]. The protein
family comprises 14 isoforms that share common structural features such as 12 transmembrane
domains, N-and C-termini facing the cytoplasm of the cell and an N-glycosylation site within
either the first or fifth extracellular loop. Based on their sequence homology (14-63% identity)
three classes can be distinguished: Class I includes the 'classic’ glucose transporters GLUT1-4
and GLUT14, the Class Il members are GLUTS5, 7, 9, 11, and the Class III transporters comprise
GLUTS, 8, 10, 12 and the proton driven myo-inositol transporter HMIT (or GLUT13). Despite
their structural similarities, the different isoforms are characterized by tissue specific expres-
sion and distinct characteristics such as alternative splicing and (sub) cellular localization. With
respect to their substrate specificities, the protein family includes transporters of glucose
(GLUT1-4, 8, 14), fructose (GLUTS5, 7, 11), polyol (GLUT12), myo-inositol (GLUT13), and urea
(GLUTY) transporters.
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More in-depth phylogenetic analysis of the GLUT sequences implied a different clustering of
GLUT6 and 8, GLUT10 and GLUT12, and HMIT as more distant family members implying
the existence of 5 subclasses based on sequence identities but in addition functional properties.
Based on these analysis, the evolutionary more ancient forms HMIT, GLUT10, 12, 6, and 8 are
postulated to mediate substrate transport which is linked to electrochemical gradients as it has
been described for HMIT and GLUT12 [25].

3.3. Structural features & substrate specificity

The protein sequences of the 14 isoforms protein sequences are between 14-63% identical and
30-79% conserved. Common to all isoforms of the GLUT protein family are the predicted 12
transmembrane helices that are based on the initial hydropathy plot for GLUT1 (Figure 2B).
The 12-helix model has been supported by studies applying glycosylation scanning, the use
of epitope-tags placed within the extrafacial loops as well as antibodies directed against the
predicted extra-and intracellular loops and the N-and C-terminal parts of the proteins. All
family members are highly glycosylated membrane proteins harbouring an N-linked glyco-
sylation site. For Class I and II family members this is positioned in the first exofacial loop
between transmembrane helices 1 and 2, while class III family members contain a shorter
extracellular loop 1 and harbor the glycosylation site within the larger loop 9 [3].

Sequence comparisons between all isoforms identified conserved residues that have been
termed sugar transporter signatures [3]. These include conserved glycine residues in helices
1,2,4,5,7,8 and 10, indicating a critical role in the structure of these helices. In particular helix
7 appears to be important for substrate binding from the exofacial site.

Nonetheless, the primary sequences of the various isoforms do not allow prediction of their
substrate specificity or kinetics of transport. However, on the basis of mutational analyses,
several residues and motifs have been demonstrated to participate in the substrate recognition
by GLUT1 as well as other isoforms. GLUTT1, 3, and 4, which transport glucose but not fructose,
have the QLS sequence in helix 7.

GLUT2 and 5, which both transport fructose, have a HVA or MGG in this position. Structure
function analysis of GLUT2 and 3 chimeras expressed in Xenopus laevis oocytes demonstrated
that GLUT3 can be converted to a glucose/fructose transporter with GLUT2 transport kinetics
when the amino acid sequence of GLUT2 from the beginning of helix 7 to the COOH terminus
is inserted into GLUT3. This demonstrates the impact of helix7 on substrate specificity and
kinetics of transport. A specific feature of all Class II transporters is their ability to transport
fructose, with GLUT5 representing the bona fide fructose transporter. Again, helix7 is important
for exofacial substrate recognition, since transport of fructose by class II isoforms has been
linked to the presence of a NXV/NXI motif. Mutating the isoleucine position significantly
reduced fructose transport, while glucose uptake was unaltered. Interestingly, Class II
isoforms were unable to transport 2-deoxy-D-glucose (2-DG) or galactose. A valine to isoleu-
cine mutation in GLUT2 (V165I) within helix 5 abolished 2-DG transport, and introduction of
the same point mutation in GLUT1 also resulted in a comparable reduction of 2-DG transport.
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For GLUT]1, the topology and relative orientation of the 12 transmembrane helices with the
outward-facing substrate-binding sites have been been proposed by two models. More than
50% of the complete polypeptide sequence has been analyzed by cysteine scanning mutagen-
esis using the substituted cysteine accessibility method (SCAM) allowing a detailed prediction
of the exofacial substrate-binding site and the folding of the human GLUT1. A three-dimen-
sional model for GLUT1 has been developed based on structural information from crystallized
members of the major facilitator superfamily, glycerol-3-phosphate transporter and lactose
permease. Binding of glucose, forskolin, and phloretin was predicted in close proximity to the
exofacial vestibule in this model. While a second binding site for forskolin and phloretin was
predicted at the intracellular portion of GLUT1, cytochalasin B has been docked only at one
particular endofacial position of the protein.

4. Class I family members

Isoforms of Class I GLUTs are well characterized transporters with GLUT1 being the first
isoform cloned and described in 1985.

4.1. GLUT1 (Slc2a1)

GLUT1, also known as the HepG2 or erythrocyte sugar transporter, is highly abundant in
erythrocyte membranes making up 3-5% of the total erythrocyte proteins. The high amount of
GLUT1 in red blood cells allowed the generation and characterization of an antibody that was
used for the molecular cloning of GLUT1 from a hepatoma cDNA expression library in 1985
[26]. Although not present in hepatocytes, however, GLUT1 represents the most ubiquitously
expressed isoform. The transporter is already found throughout early mammalian embryo
development from the oocyte to the blastocyst and is present at high levels in endothelial and
epithelial-like barriers of the brain, the eye, peripheral nerves, the placenta and especially in
certain tumor cell lines and tissues, although not in hepatocytes. Also, GLUT1 is highly
expressed in most routinely used laboratory cell lines.

When assessed in Xenopus laevis oocytes, GLUT1 transports glucose with a K, of ~3 mM. Under
equilibrium exchange conditions GLUT1 has a K, of 20-21 mM for 3-O-methylglucose and 5
mM for 2-DG. Other hexoses transported by GLUT1 are galactose, mannose and glucosamine.
When expressed in S. cerevisae rat GLUT1 showed a K, for D-glucose of 3.4 mM and transport
was inhibited by cytochalasin B (IC5,=0.44uM), HgCl, (IC;0=3.5uM), phloretin (IC5,=49 uM)
and phlorizin (IC5=355 pM).

4.1.1. GLUT1 physiology

Human Physiology-the GLUT1 deficiency syndrome (OMIM #606777)

Mutations in the GLUT1 gene are causative for an autosomal-dominant disorder that is
characterized by infantile seizures, developmental delay, acquired microcephaly, and ataxia
and infantile seizures which is assumed to be caused by the decreased rate of glucose transport
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from the blood into cerebrospinal fluid. Defective glucose transport across the blood-brain
barrier was first described 1991 [27] and linked to GLUT1 deficiency in 1998 [28]. About a 100
cases have been identified worldwide, including a wide spectrum of heterozygous mutations,
including nonsense, missense, insertion, deletion and splice-site mutations, and hemizygosity
of the GLUT1 gene.

Since ketone bodies bypass the blood-brain barrier and enter the brain via a monocarboxylic
acid transporter (MCT1) they provide an alternative energy source for the brain under
conditions of GLUT1 deficiency. Accordingly, a ketogenic diet is effective in controlling the
seizures and other symptoms of the GLUT1 deficiency syndrome. However, this treatment is
less effective regarding neurobehavioral symptoms. Correlations between genotype and
phenotype still remain elusive.

Mouse Models of GLUT1 deficiency

Although representing the first GLUT isoform that was discovered, and despite being well
characterized, mouse models for GLUT1 deficiency were only described recently. Mice that
are transgenic for a homozygous GLUT1 anti-sense transgene are lethal during gestation;
heterozygosity for the GLUT1 anti-sense cDNA was associated with growth retardation and
developmental malformations.

In mice, homozygous knockout of GLUT1 was associated with embryonic lethality around
day E10dpc and E13-14dpc, while heterozygous animals were viable and showed no differ-
ences in body weight development and growth. Decreased brain weights were reported,
however, histological abnormalities were not found. While plasma glucose levels were normal
in the heterozygous animals, glucose was decreased in the cerebrospinal fluid (CSF). As shown
by PET-scan analysis, glucose uptake and metabolism were reduced in brains of heterozygous
GLUT1 knockout animals. These animals also showed deficits in motor activity, balance and
coordination as well as spontaneous cortical seizures. Overall, heterozygosity for GLUT1 in
mice resembles features of humans with the GLUT1 deficiency syndrome.

4.2. GLUT2 (SIc2a2)

The second transporter of the GLUT family was cloned in 1988 from human liver and kidney
cDNA libraries. The initial characterization detected GLUT2 mainly in the liver, kidney and
intestine but the transporter was later demonstrated to be present specifically in the insulin
producing B-cells of the pancreas. GLUT2 is a low-affinity, high capacity transporter and with
a K, in the range of ~17 mM, it has the highest K, for glucose among the known members of
the GLUT family. GLUT2 also transports galactose (~92 mM), D-mannose (~125 mM), and D-
fructose (~76 mM). Recently, GLUT2 was shown to transport glucosamine with high affinity
(K=~0.8 mM). Structurally, GLUT?2 lacks the QLS motif in helix 7 which is thought to confer
substrate specificity of the transporter, and which may explain the high affinity for glucosa-
mine.

GLUT2islocated in the basolateral membrane of the epithelial cells of the intestine and kidney,
where it participates in the release of absorbed (via SGLT1 in the intestine) or reabsorbed (via
SGLT1 and 2 in the kidney) glucose into the blood stream.
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4.2.1. GLUT2 physiology

Human GLUT?2 deficiency and the FANCONI-BICKEL SYNDROME (OMIM #227810)

Rare homozygous or compound heterozygous mutations within the GLUT2 gene cause a type
of glycogen storage diseases (GSD), termed GSD XI. The first patient was described by Fanconi
and Bickel’s, therefore the GLUT2 deficiency is referred to as Fanconi-Bickel Syndrome (FBS).
Thus far, 112 patients have been reported. Analysis of 63 patients revealed a total of 34 different
GLUT2 mutations with none of them being particularly frequent. The clinical symptoms of
FBS are hepatomegaly secondary to glycogen accumulation, glucose and galactose intolerance,
fasting hypoglycemia, tubular nephropathy, and severely stunted growth. In contrast to the
metabolism of glucose and galactose, utilization of orally or intravenously administered
fructose is normal in FBS patients.

Glucose homeostasis in FBS-patients is heavily disturbed and postprandial hyperglycemia is
frequently observed. A few patients have been diagnosed with diabetes mellitus and have
been treated with insulin. Hypoglycemia in fasting states is a feature of FBS. Hypoglycemia
has very frequently been documented and plasma glucose levels as low as 18 mg/dl have been
reported in FBS patients. Compared to other types of hepatic glycogen diseases hepatic
adenomas or malignancies have never been observed in patients with FBS.

No specific treatment exists for patients with FBS. Symptomatic treatment is directed towards
stabilization of glucose homeostasis and compensation for renal losses of various solutes. The
amelioration of the consequences of renal tubulopathy includes the replacement of water and
electrolytes. In order to control renal glucose loss and hepatic glycogen accumulation in FBS,
patients receive a diet with adequate caloric intake with slowly absorbed carbohydrates.

The importance of GLUT2 in the regulation of glucose-stimulated insulin secretion from the
[-cell of the islets of Langerhans has been well established for mice.

Investigations of GLUT2 mutations that have been linked to the Fanconi-Bickel syndrome [29]
or patients with transient or permanent neonatal diabetes mellitus [30] indicated an important
role for this transporter in pancreatic [3-cell development and function in humans.

Mouse models of GLUT?2 deficiency

The consequences of GLUT2 deficiency have been analyzed in detail for the various tissues
where GLUT?2 is involved and/or essential in maintaining whole body glucose homeostasis.
Early on, the critical role for GLUT2 in the [-cell for glucose stimulated insulin-secretion in
vivo became apparent in mice with transgenic overexpression of a GLUT2 antisense RNA
specifically in pancreatic 3-cell cells. Upon an 80% reduction of GLUT2 in (3-cells those animals
display hyperglycemia and develop diabetes.

Whole body GLUT2 knockout in mice results in offspring that appears completely normal at
birth, but neonates develop early symptoms similar to type 2 diabetes and do not survive
beyond the age of 3 weeks. Homozygous GLUT2 deficiency in mice results in hyperglycemia
and elevated plasma levels of free fatty acids and 3-hydroxybutyrate. Inn vivo glucose tolerance
is abnormal and, in vitro, 3-cells display a gradual loss of control of insulin gene expression by
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glucose. Glucose stimulated insulin secretion in islets was impaired by loss of the first, but not
the second phase of insulin secretion. GLUT2 knockout mice show marked hyperglucagone-
mia, and this is accompanied by alterations in the postnatal development of pancreatic islets,
evidenced by a gradual inversion of the a-to 3-cell ratio. A direct link between diet induced
insulin resistance and {3-cell dysfunction via disturbed GLUT2 plasma membrane localization
has recently been demonstrated. Administration of a high-fat diet feeding in mice results in
intracellular retention of the transporter due to improper glycosylation of the protein thereby
leading to compromised glucose stimulated insulin secretion.

The early lethality of GLUT2 deficient mice shortly after birth hindered the analysis of GLUT2
physiology in the different tissues of its expression. Transgenic mice that overexpress GLUT1
specifically in 3-cells under the control of the rat insulin promoter were generated (RIPGLUT1/
GLUT2") to study the functional consequences of GLUT?2 deficiency in tissues such as liver,
kidney, intestine, and also in the brain.

In the liver, GLUT2 deficiency was expected to dramatically affect hepatic glucose output
under fasting conditions. Interestingly, hepatic glucose output and glucagon response of the
livers from mice lacking GLUT2 were normal. No counterregulation of other transporters
known at that time was observed (GLUT1, 3, 4, 5 and SGLT1). Glucose output in GLUT2
deficient livers was not inhibited by cytochalasin B. An alternative membrane traffic-based
pathway was proposed that releases glucose directly from the ER after glycogen breakdown
or gluconeogenesis. The exact nature of this route has not been determined. In humans GLUT2
deficiency is associated with a marked hypoglycemia in the fasting state owing to a diminished
hepatic glucose output and a failure of glucagon to increase plasma glucose. However, human
patients with FBS do not generally develop diabetes and do not display a complete loss of their
beta cell function, indicating that functionality of human pancreatic 3-cells does not solely
depend on GLUT?2.

Deletion of GLUT2 specifically in the liver [31] or the central nervous system [32] showed, that
GLUT2 mediated glucose-sensing mechanisms in both organs exist which control pancreatic
[ cell mass and function.

In the kidney, a role for GLUT?2 in basolateral sugar reabsorption by tubular epithelial cells
was postulated due the glucosuria that has been observed in RIPGLUT1// GLUT2"mice. GLUT2
complements the active sugar uptake at the apical epithelium mediated by SGLT2. The
functional relevance for GLUT2 in the kidney in humans is supported by the observation of
impaired kidney glucose reabsorption in patients with FBS.

4.3. GLUT3 (SLC2A3)

GLUT3 was cloned from a human fetal muscle cDNA library. GLUT3 is considered as aneuron-
specific glucose transporter due to its dominant expression in the brain in various species.
However, besides the brain GLUT3 is also expressed in tissues with high demand for glucose
such as testes (spermatozoa), placenta, preimplantation embryos or certain cancer cells and
cancer tissues. Its tissue distribution and function correspond with its high affinity (K,=1.4
mM for 2-DG), and transport capacity for glucose. While galactose (K,=8.5 mM), mannose,
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maltose, xylose and dehydroascorbic acid are substrates for GLUTS3, fructose is not. GLUT3 is
inhibited by cytochalasin B (Ki=0.4 uM), phloretin, and and phlorizin.

4.3.1. GLUTS3 physiology
Single nucleotide polymorphisms (SNP’s) in the GLUT3 gene have been identified and linked to dyslexia

Dyslexia is one of the most common learning disorders in school-aged children. Dyslexic
children show differences in event-related potential measurements, in particular for mismatch
negativity (MMN), which reflects automatic speech deviance processing. Whole-genome
association analysis in 200 dyslexic children, focusing on MMN measurements, identified two
SNPs that both showed a significant association with mRNA-expression levels of SLC2A3 on
chromosome 12. It was suggested that a possible trans-regulation effect on SLC2A3 might lead
to glucose deficits in dyslexic children that might cause their attenuated MMN in passive
listening tasks.

Mouse Models of GLUT3 deficiency

During mouse preimplantation development GLUT3 is expressed at the apical membrane of
the trophectoderm layer of the blastocyst and mediates glucose uptake by the embryo from
the external (maternal) environment. Knockdown of the transporter by antisense-RNA at this
time-point of development disrupts blastocyst development by diminishing uptake of glucose
by the embryo. These data indicated a crucial role for GLUT3 during preimplantation embryo
development and its deficiency in mice was assumed to result in embryonic lethality before
implantation. Indeed, homozygous loss of GLUT3 leads to a complete loss of embryos at day
12.5. However, morulae develop normally to the blastocyst stage and implantation is not
affected by loss of GLUT3.

Heterozygous GLUT3 knockout mice have been characterized especially for a potential neuron
(brain) specific phenotype. These animals exhibit significantly enhanced cerebrocortical
activity and are slightly more sensitive to an acoustic startle stimulus. However, behavior of
these animals regarding coordination, reflexes, motor abilities, anxiety, learning, and memory
is normal.

Zhao et al. described features of autism spectrum disorders in heterozygous GLUT3 knockout
animals as being abnormal spatial learning, working memory, electroencephalographic
seizures, and perturbed social behavior with reduced vocalization and stereotypes at low
frequency.

4.4. GLUT4 (SLC2A4)

Besides GLUT1, GLUT4 represents one of the most intensively studied glucose transporters
which is attributed to its important physiological role regulating the rate-limiting step in
insulin-stimulated glucose uptake of skeletal and cardiac muscle, brown and white adipose
tissue. Thereby, impaired GLUT4 translocation is causally linked to insulin resistance and
consequently to the disease condition of non-insulin dependent diabetes mellitus.

GLUT4 was cloned in 1989 by various groups from human, rat, and mouse tissues. GLUT4
displays a similar affinity for glucose as GLUT1 with a K, of ~5 mM, and is also capable of
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transporting dehydroascorbic acid and glucosamine (K, ~3.9 mM). When expressed in yeast
(S. cerevisae) rat GLUT4 is inhibited by the classical inhibitors cytochalasin B (IC50=0.2 uM),
phloretin (IC50=10 uM) and phlorizin (IC50=140 uM).

4.5. GLUT4 signalling and cell biology

GLUT4 contains unique sorting motifs at its N-terminus (FQQI) and C-terminus (dileucine) are
critical for its capability to traffic between specific intracellular compartments and translocate
to the plasma membrane in response to different stimuli. Insulin and exercise are able to rapidly
and acutely stimulate GLUT4 translocation to the plasma membrane and thereby influence
glucose uptake in muscle and adipose tissue via distinct signalling mechanisms. Activation of
the insulin receptor (IR) leads to its autophosphorylation and subsequent signalling through
the insulin receptor substrate proteins (IRS) and recruitment of PI 3-kinase catalyzes the
formation of phosphatidylinositol (3,4,5)-3-phosphate (PIP3). PIP3 itself activates the protein
kinase Akt via two intermediate protein kinases, PDK1 and Rictor/ mTOR. Akt2 rather than the
Aktl or Akt3 isoforms appears to control GLUT4 trafficking. With the identification of the Akt
substrates TBC1D4 (AS160), and more recently TBC1D1, two GTPase activating proteins have
been identified that appear to bridge the gap between insulin-signalling and trafficking events.
For TBC1D4 the substrate is the rab GTPase rab10 which has been shown to be required for
insulin-stimulated translocation of GLUT4 vesicles to the plasma membrane.

Exercise has also been shown to induce TBC1D4 phosphorylation but apparently via a distinct
PI3-kinase independent mechanism that requires activation of AMPK. However, simultaneous
disruption of AMPK and Akt failed to completely inhibit contraction-induced AS160 phos-
phorylation hinting towards alternative signalling events leading to GLUT4 translocation. A
PI 3-kinase-independent pathway has been proposed that involves the adaptor molecules APS
and CAP that bind to the insulin receptor and recruit c-Cbl. C-Cbl signals to the guanine
nucleotide exchange factor C3G which activates the small GTP binding protein TC10. How-
ever, recent data indicated a rather minor contribution for this pathway in insulin mediated
GLUT#4 translocation.

4.5.1. GLUT4 physiology

Human

Although the significance of GLUT4 for insulin-stimulated glucose uptake in muscle and
adipose tissue is well understood, thus far, no polymorphisms within the GLUT4 gene have
been identified that would robustly be associated with impaired glucose homeostasis in
humans under circumstances such as type 2 diabetes, increased fasting blood glucose levels,
or obesity.

Mouse Models of GLUT4 deficiency
Conventional Knockout

GLUT4 knockout mice, surprisingly, are normoglycemic with insulin resistance and
hyperinsulinemia in the fed state. The mice are growth-retarded, with markedly reduced
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fat mass, cardiomegaly, and shortened lifespan, but no diabetes. In contrast, heterozy-
gous GLUT4-null mice develop hyperglycemia and hyperinsulinemia associated with
reduced muscle glucose uptake, hypertension and morphological alterations in heart and
liver. Rather unexpectedly, about 50% of heterozygous GLUT4 knockout mice develop
diabetes before the age of 6 months, a phenotype that can be reversed by selective
overexpression of GLUT4 in skeletal muscle.

Muscle-specific GLUT4 knockout mice

In contrast to conventional GLUT4 knockout animals muscle specific GLUT4 deficient mice
have normal body and fat pad weight and a normal lifespan. While skeletal muscle mass is
unchanged the heart weight is increased similar to GLUT4 deficient mice and heart specific
GLUT4 knockout animals. Basal and especially insulin-or contraction-induced glucose uptake
into skeletal muscle is reduced, which is causative for the hyperglycemia, glucose intolerance
and insulin resistance seen in those animals. A subset of animals develops diabetes. Surpris-
ingly, insulin stimulated glucose transport in adipose tissue and insulin induced suppression
of hepatic glucose production are also impaired which is assumed to be secondary to the
hyperglycemia in those animals.

Adipose tissue-specific GLUT4 knockout mice

Adipose tissue selective GLUT4 inactivation, unlike the conventional GLUT4 disruption, does
not affect growth, adipose mass or size. Cardiac hypertrophy is not seen in those animals. Fat
specific GLUT4 null mice are insulin resistant and glucose intolerant and a subset of animals
develop diabetes, which is also observed in muscle specific GLUT4 deficient mice. Muscle and
liver are insulin-resistant in those animals. Surprisingly, insulin resistance in muscle was only
observed in vivo but not ex vivo indicating a systemic impact of adipose tissue on insulin
sensitivity.

Cardiac tissue specific GLUT4 knockout mice

GLUT4 knockout mice specifically muscle and cardiac tissue specific GLUT4 deficient mice all
develop cardiac hypertrophy. While homo-and heterozygous GLUT4 null mice show cardiac
dysfunction under normal conditions, cardiac specific GLUT4 knockouts have normal
contractile function under basal conditions but decreased recovery after hypoxia. Metabol-
ically, heart specific GLUT4 knockout mice are normal and have a normal lifespan.

4.6. GLUT14 (SLC2A14)

Searching the human genome for additional genes coding for glucose transporters, a putative
gene was identified and cloned showing 95% identity to GLUT3 on the nucleotide level. The
SLC2A14 gene maps to chromosome 12p13.3 with a 10Mb distance to GLUT3 and appears to
be a consequence of a gene duplication of GLUT3. GLUT14 was shown to be specifically
expressed in the testes. Two alternatively spliced forms of GLUT14 were identified. Interest-
ingly, GLUT14 has no orthologue in mice, a finding that has also been made for GLUT11.
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4.7. Class II family members

With GLUTS5 being identified in 1990 and established as a fructose transporter initial transport
studies for GLUT7 and 9 indicated that those transporters might also transport fructose. A
specific feature for class Il transporters is that cytochalasin B as a classical GLUT inhibitor does
not block glucose transport. Furthermore, all isoforms do not show an affinity for 2-DG and
galactose. Unique for GLUT9 and GLUT11 is the alternative splicing /promoter usage, where
either two or three different mRNA’s are transcribed, respectively. In case of GLUT9 this leads
to two proteins that only differ in their N-terminal region.

4.8. GLUTS5 (SLC2A5)

Human GLUT5 was initially cloned from an intestinal epithelial cell line. GLUT5 is
considered as the prototypic fructose transporter — when expressed in Xenopus laevis oocytes
the human protein transports fructose with a K, of 6 mM without any noticeable glucose
transport activity. However, fructose transport is not inhibited by cytochalasin B, phlore-
tin or phlorizin. Besides fructose, the rat GLUT5 transports glucose, an activity that can be
blocked by cytochalasin B. In humans, rats and mice, GLUTS5 is primarily expressed in the
jejunal region of the small intestine. Lower levels of the protein are expressed in the kidney,
the brain, skeletal muscle, and adipose tissue. GLUT5 mediates fructose absorption in the
jejunum at the apical, and potentially, at the basolateral membrane, of the epithelial cells
into the portal vein (Figure 3B).

4.8.1. GLUTb physiology
Mouse Models of GLUTS5 deficiency

GLUTS5 deficiency is associated with reduced fructose absorption when animals are challenged
by a high fructose diet. While wildtype mice upon high fructose feeding display an enhanced
salt absorption in their jejuna and develop systemic hypertension, GLUT5 knockout mice do
not show fructose stimulated salt absorption. Instead, the animals display impaired nutrient
absorption that is accompanied by hypotension. Absence of GLUT5 leads to a massive
dilatation of the cecum and colon, consistent with severe malabsorption. On a normal chow
diet, GLUTS5 deficient mice have normal blood pressure and display normal weight gain. The
phenotype of GLUT5 deficient mice demonstrates that this isoform is essential for fructose
absorption by the intestine and thereby fundamentally involved in fructose induced hyper-
tension.

4.9. GLUT7 (SLC2A7)

The human GLUT7 was cloned from an intestinal cDNA library using a PCR-based strategy.
GLUTY? is primarily expressed in the small intestine and colon, although mRNA has been
detected in the testes and prostate as well. The protein has been localized to the apical
membrane of the small intestine and colon. GLUT7 shows a rather high affinity for glucose
and fructose (K, for glucose=0.3mM) while galactose, 2-DG, and xylose are not transported.
Sugar transport by GLUT7 is not inhibited by cytochalasin B or phloretin. Sequence alignments
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between fructose and non-fructose transporting GLUT isoforms identified a motif in GLUT7
that potentially confers its ability to transport fructose. Mutational analysis of those residues
in GLUT? identified isoleucine 314 as an important determinant for fructose affinity. The
finding of a specific residue within the extracellular vestibule of helix 7 that drives substrate
specificity was extended to GLUT?2, 5, 9 and 11 and proposed as a common NXI/V consensus
motif among isoforms capable of transporting fructose.

4.10. GLUT9 (SLC2A9)

Human GLUT9 cDNA was isolated by PCR amplification from a human kidney cDNA library
on the basis of sequence information from ESTs and from its genomic sequence. GLUT9 mRNA
is detected almost exclusively in the kidney and liver and at low levels in the small intestine,
placenta, lung and leucocytes. GLUT? is localized to the insulin-secreting -cells of human
and mouse islets, where downregulation of the protein by siRNA in rat and mouse insulinoma
cells leads to a reduced glucose-stimulated insulin secretion. In humans as well as in mice
alternative splicing/or promoter usage results in two proteins, GLUT9a and GLUT9b, which
only differ in their N-terminal region. While human and mouse GLUT9b are mainly expressed
in the kidney, placenta and liver, GLUT9a shows a broader tissue distribution. The different
N-termini of human GLUT9a and b determine basolateral versus apical sorting in polarized
cells in vitro, respectively. In mouse kidney, GLUT? is localized to apical as well as basolateral
membranes of distal convoluted tubules. Initial characterization of GLUT9 determined a rather
low affinity for 2-DG. However, a high affinity transport has been reported for glucose and
fructose with K, values of 0.6 mM and 0.4 mM, respectively. More recently, GLUT9 has been
identified as a high-affinity uric acid transporter with a K, of 0.9 mM and 0.6 mM for the
human and mouse protein, respectively. Although transport of glucose and fructose has not
been observed by some investigators, GLUT9 is thought to exchange glucose or fructose for
urate. The classical inhibitor cytochalasin B does not block GLUT9 function. GLUT9 has been
established to represent a major regulator of urate homeostasis in dogs, mice, and men.

4.10.1. GLUT9 physiology

In humans GLUTY is involved in renal uric acid reabsorption-mutations in the GLUT9 gene have
consequences on plasma uric acid levels

Various genome wide association studies uncovered polymorphisms in SLC2A9 as being one
of the most significantly associated genes that can be linked to gout and increased serum uric
acid concentrations. Although the identified SNPs are located in intronic regions of the gene,
evidence exists that increased RNA expression for GLUT9 positively correlates with increased
serum uric acid concentrations. In contrast, exonic mutations in GLUT9 suggested that loss of
GLUT9 function is associated with hypouricemia. Two distinct heterozygous missense
mutations (R380W and R198C in GLUT9a) were described in three patients with hypouricemia.
The two mutations were shown to result in loss of function when uric acid transport was
studied in Xenopus laevis oocyes. A genome-wide homozygosity screen linked hereditary
hypouricemia to two homozygous SLC2A9 mutations that lead to a missense mutation (L75R)
or a 36-kb deletion. The homozygous loss-of-function mutations of GLUT9 caused a total defect
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of uric acid absorption, leading to severe hypouricemia complicated by nephrolithiasis and
exercise-induced acute renal failure. Therefore, GLUT9 is essential for renal reabsorption of
uric acid-increased expression is associated with hyperuricemia and gout, while loss of
function leads to severe hypouricemia.

Mouse Models of GLUTY deficiency

GLUT9 deficiency in mice leads to hyperuricemia, massive hyperuricosuria, and an early-onset
nephropathy, which his is in contrast to the condition in humans where dysfunctional GLUT9
is associated with hypouricemia. Hyperuricemia in mice due to GLUT9 deficiency appears to
be a result of impaired urid acid uptake by the liver and therefore inability to be degraded to
allantoin by uricase. The nephropathy in GLUT9 knockout animals is characterized by
obstructive lithiasis, tubulointerstitial inflammation, and progressive inflammatory fibrosis of
the cortex. In contrast, liver-specific GLUT9 inactivation in adult mice results in severe
hyperuricemia and hyperuricosuria, in the absence of urate nephropathy or any structural
abnormality of the kidney. The deficiency of GLUT9 in mice showed that it represents a
functional uric acid transporter in vivo, allowing GLUT9 to be identified as a major player in
urate homeostasis due to its dual role in uric acid handling in the kidney and in the liver.
Whether GLUT?9 at all plays a role as a (glucose)/fructose transporter that potentially links
fructose uptake by the liver and uric acid metabolism remains to be seen (Figure 4A).

4.11. GLUT11 (SLC2A11)

The human GLUT11 was cloned by PCR on the basis of sequence information obtained
from ESTs and a genomic sequence. Three variants of GLUT11 (GLUT11-A, GLUT11-B, and
GLUT11-C) have been identified that only differ in their N-terminal sequences. Since for
each of the variants the corresponding 5 sequences upstream of exon 1 exhibit promoter
activity, transcriptional regulation is assumed to occur by alternative promoter usage. The
three isoforms are expressed in a tissue specific manner: GLUT11-A is present in heart,
skeletal muscle and kidney; GLUT11-B is expressed in placental, adipose, and kidney tissue;
while GLUT11-C is found in adipose, heart, skeletal muscle and pancreatic tissue. Glu-
cose transport activity for GLUT11 was detected in liposomes reconstituted with GLUT11
containing membranes. The transporter shows affinity for glucose with a K, of 0.16 mM
when measured in Xenopus laevis oocytes. GLUT11 also transports fructose but not galactose
and shows a rather low affinity for cytochalasin B. Mutational analysis of the DSV motif
in GLUT11 that corresponds to the “fructose” transporter motif “NAI” also showed that
also in GLUTI11 this particular region of helix 7 determines substrate selectivity of the
transporter. Endogenous GLUT11 protein was localized in heart and skeletal muscle tissue
with an antibody raised against the C-terminus of GLUTI11 that does not distinguish
between the different variants. Human GLUT11 is expressed exclusively in slow-twitch
muscle fibres and is unaffected by physiological and pathophysiological conditions except
in primary myopathy. Surprisingly, the human SLC2A11 gene has not orthologue in the
rat and mouse genome.
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4.12. Class III family members

Class III isoforms share specific features that are unique to this Class. First, structurally all
Class III members carry their N-glycosylation site at the fifth extracellular loop. Common to
all the isoforms is the presence of an internalization signal (dileucine or YSRI in case of
GLUT10) that retains these transporters at an intracellular localization under steady state
conditions. Thus far, a stimulus for translocation of Class III isoforms leading to plasma
membrane localization has only been proposed for GLUT13 which has not been confirmed.

4.13. GLUT6 (SLC2A6)

GLUT6 (formerly designated GLUT9) was cloned from human leucoyte cDNA by (RACE)-
PCR on the basis of murine ESTs and the human genomic sequence. GLUT6 mRNA is
expressed predominantly in the brain, spleen and peripheral leucocytes. Hexose transport for
GLUT6 was only shown when reconstituted in liposomes, where GLUT6 transport activity
was found in the presence of 5 mM but not 1 mM glucose. GLUT6 exhibits a low cytochalasin
B binding affinity. Thus far, no other data on kinetics of transport and potential substrates have
been published for this isoform.

GLUT6 contains an N-terminal dileucine motif that is responsible for intracellular retention of
the protein when overexpressed in primary rat adipocytes. GLUT6 is only detected at the
plasma membrane when the dileucine residues are mutated to alanine or when clathrin
dependent endocytosis is blocked by overexpression of a dominant-negative dynamin mutant.
However, no cell-surface translocation of GLUT6 is observed in response to stimuli such as
insulin, phorbol ester or hyperosmolarity. A gene expression profiling study aimed to identify
deregulated in chronic lymphocytic leukaemia associated with Trisomy 12 identified Slc2a6
among the seven genes with the strongest correlation. Although a significant deregulation was
not confirmed subsequently by real-time PCR analysis, the specific expression of GLUT6 in
leucocytes and the spleen might indicate an important role for this transporter in normal
physiology for this cell lineage.

The biochemistry, cell biology and physiology of GLUT®6 is currently not well understood.

4.14. GLUTS (SLC2AS8)

GLUTS (formerly GLUTX1) was the first isoform of the extended SLC2A family to be
identified by database mining. The human, rat and mouse cDNA were cloned by 5 and 3’
RACE-PCR from testis cONA samples. The transporter is mainly expressed in the testes,
and lower levels are found in the brain (cerebellum), adrenal gland, liver, spleen, brown
adipose tissue and lung. Functional characterization of GLUTS8 in Xenopus laevis oocytes
immediately revealed the intracellular retention of the transporter due to the presence of a
dileucine based motif in its N-terminus. When the two leucine residues are changed to
alanines GLUTS localizes to the plasma membrane in mammalian cells and Xenopus laevis
oocytes that allowed the determination of transport kinetics for the protein. GLUT8 shows
a high affinity for glucose with a K, of ~2 mM. Glucose transport can be competitively
inhibited with fructose, galactose, and cytochalasin B. The intracellular localization of
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GLUTS raised the question of whether this isoform would be insulin-responsive and thereby
compensate for GLUT4 in the respective knockout mice which are lacking the insulin-
responsive glucose transporter yet near normal glucose tolerance. Indeed, in blastocysts of
mice, GLUT8 has been found to account for insulin-stimulated glucose uptake. However,
various groups performed extensive studies in primary rat adipocytes, 3T3L1 adipocytes,
insulin-responsive CHO-cells as well as neuronal cell types such as N2A, PC12, and
hippocampal neurons that all failed to identify a stimulus that leads to a plasma mem-
brane translocation of GLUTS.

The intracellular localization of GLUTS is also observed in vivo under steady-state conditions.
In the testis immunofluorescence microscopy shows intracellular localization of GLUTS8 in a
late-endosomal/lysosomal compartment. In the brain, immunogold labeling electron-micro-
scopy localized GLUTS in synaptic dense core vesicles of nerve terminals and secretory
granules of vasopressin neurons.

The intracellular retention signal of GLUTS has been characterized and found to contain the
consensus sequence [D/E]JXXXL[L/I] that represents a late-endosomal/lysosomal sorting motif.
The DEXXXLL sorting signal of GLUTS interacts with the adaptor proteins AP-1 and AP-2 and
controls trafficking of the protein. Interestingly, both GLUT8 and GLUT12 contain a [D/
E]XXXL[L/I] sorting signal; however, the exact composition of the XXX residues seems to fine-
tune the routing and trafficking of the two proteins.

4.14.1. GLUTS physiology

Mouse Models of GLUTS deficiency

GLUTS8 knockout mice appear healthy and exhibit normal growth, body weight development
and glycemic control, indicating that GLUT8 does not play a significant role in maintenance
of whole body glucose homeostasis. Offspring distribution from heterozygous matings
indicated a deviation from the expected Mendelian distribution regarding birth of GLUT8
homozygous animals. This observation was attributed to a decreased sperm motility of GLUT8
deficient spermatocytes that is associated with lower ATP levels and a reduced mitochondrial
membrane potential, while number and survival rate of spermatozoa is unchanged. The
reduced amount of homozygous GLUTS offspring is not related to impaired preimplantation
embryo development — as might have been suggested by antisense studies in embryos-since
mating of knockout mice produced viable, normally developing offspring in numbers
comparable to those of a wildtype intercross. GLUTS8 deficiency is associated with behavioural
alterations indicating a significant physiological role for this isoform in the central nervous
system. GLUTS deficient mice have an increased proliferation of hippocampal cells and
behavioral tests show increased arousal, a tendency to altered grooming, and a reduced risk
assessment in those animals. However, despite the in depth characterization of the cell biology
of GLUTS and its physiology in vivo based on knockout mice, the function of the protein
remains thus far unknown.
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4.15. GLUT10 (SLC2A10)

GLUT10 has been cloned from human liver cDNA by 3" and 5" RACE PCR based on an EST
sequence that was identified via a homology search with known GLUT protein sequences.
GLUT10 mRNA is present in the human heart, lung, brain, liver, skeletal muscle, pancreas,
placenta and kidney. Expression of GLUT10 is also detected in human and mouse white
adipose tissue as well as human and mouse adipocyte cell lines SGBS and 3T3L1, respectively.
One remarkable structural feature is the absence of the PESPR motif just after helix 6 that is
conserved for all the GLUT isoforms. Heterologous expression of GLUT10 in Xenopus laevis
oocytes demonstrated 2-DG transport with high affinity (K, ~0.3 mM). Uptake of 2-DG can be
competed with galactose and glucose and inhibited with phloretin.

Although no localization study has been performed for GLUT10 clearly demonstrating a
plasma membrane or intracellular localization as seen for other Class III family members,
immunocytochemical studies indicated an intracellular localization for GLUT10 under steady-
state conditions. The presence of the potential internalization motif YSRI at the C terminus of
the transporter supports these findings.

GLUT10 is located at the chromosomal region 20q12-13.1, a susceptibility locus that has been
linked to type 2 diabetes in Caucasian Americans. Therefore, there has been particular interest
in GLUT10 as a potential candidate or susceptibility gene involved in the disease. However,
polymorphisms in GLUT10 were not associated to type 2 diabetes in Caucasian Americans,
Danish, Finns, and Taiwanese populations.

4.15.1. GLUT1I0 physiology

GLUT10 and Arterial tortuosity syndrome (ATS, OMIM# 208050) in Humans

Deficiency for GLUT10 in humans has been found to be associated with ATS, a rare autosomal
recessive connective tissue disease that is characterized by widespread arterial involvement
with elongation, tortuosity, and aneurysms of the arteries. Homozygous mutations (deletion,
non-sense, and missense) for GLUT10 were found in six families with ATS. It is currently
unknown how loss of GLUT10 leads to this connective tissue disorder [33].

Mouse models of GLUT10 deficiency

Two groups reported the phenotypic analysis of mice with amino acid substitutions G128E or
S150F in GLUT10[34, 35]. Both substitutions are located in exon2 of GLUT10 and are conserved
among the rodent and human protein. Based on predictions, the substitutions G128E and S150F
were expected to interfere with the helix structure of transmembrane regions 4 and 5, respec-
tively. The mice strains were generated after screening a mutant mouse library that was based
on N-ethyl-N-nitrosurea (ENU) mutagenesis in healthy C3HeB/Fe] males. Callewaert et al. [34]
did not report any of the vascular, anatomical, or immunohistological abnormalities as
encountered in patients with ATS. Both mutant strains appear normal at birth, gained weight
appropriately and survived to adulthood. The animals showed normal heart rhythm, heart
structure, and ventricular function. No specific arterial tortuosity, stenosis, dilatation, or
aneurysm in cerebral vessel pattern was noted. However, histopathology revealed thickening
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and an irregular vessel wall shape of arteries with increased elastic fibers. Furthermore, the
animals displayed endothelial hypertrophy and disarranged elastic fibers that resulted in
disruption of internal elastic lamina in the aorta. Neither group analyzed whether the muta-
tions caused any dysfunction or loss of the target protein, therefore the reported phenotype of
those mice remains inconclusive with respect to GLUT10 function.

4.16. GLUT12 (SLC2A12)

GLUT12 was identified by 5" and 3’ RACE-PCR from the human breast cancer cell line MCF-7.
Strong GLUT12 expression is found in ductal cell carcinoma in situ when compared to benign
ducts of breast cancer tissues. GLUT12 is mainly expressed in skeletal muscle, heart, small
intestine, adipose tissue, and prostate. GLUT12 shows glucose transport when functionally
characterized in Xenopus laevis oocytes that can be competed with fructose, galactose, 2-DG,
and cytochalasin B. The transport activity of GLUT12 has been demonstrated to be affected by
pH and in other reports by sodium, indicating its activity might be directly or indirectly
coupled to an electrochemical gradient.

As a Class Il isoform GLUT12 also contains a dileucine motif — both at the N-and C-terminal
ends of the protein. Furthermore, the transporter does not contain GLUT12 contains a
hydrophobic residue in position 314 which has been implicated in case of the isoleucine for
GLUT2, 5, and 7 with the capability of fructose transport. This structural feature goes along
with the substrate specificity of GLUT1. Endogenous as well as overexpressed GLUT12 protein
localizes to intracellular compartments as well as to the plasma membrane in various cell lines.
The N-terminal dileucine signal of GLUTI2 is similar to that of GLUT8 which is the
[DE]XXXL[LI] consensus sequence that represents a late endosomal/lysosomal sorting signal.
However, GLUT12 does not colocalize with GLUTS, but rather resides in the Golgi network
and at the plasma membrane. Plasma membrane associated GLUT12 isnot endocytosed, which
indicates the absence of a continuous cycling mechanism for GLUT12.

The phenotypic characterization of mice deficient in GLUT4 indicates the presence of a second
transporter that facilitates insulin-stimulated glucose transport. Due to its tissue expression
and its biological characteristics, GLUT12 was studied for its ability to respond to insulin-
induced plasma membrane translocation of the protein. Indeed, in human skeletal muscle
insulin induces an increase in plasma membrane GLUT12 which is comparable to the insulin-
stimulated GLUT4 translocation. Although GLUT12 expression in skeletal muscle is unaltered
under pathophysiological conditions such as of obesity and type 2 diabetes these data imply
that an additional transporter is expressed in human muscle that is insulin-responsive in a PI3-
kinase dependent manner. Mice with transgenic overexpression of GLUT12 display increased
insulin sensitivity in insulin-sensitive tissues, while basal (non-stimulated) glucose uptake into
adipose tissue and skeletal muscle was unaffected [36] indicating that GLUT12 might contrib-
ute to insulin-stimulated glucose uptake in those tissues, an effect not observed in heart muscle.
Besides its potential importance for substrate transport in insulin-sensitive tissues, GLUT12
also appears relevant in prostate and breast cancer. However, the physiological role and
relevance for GLUT12 remains elusive [37].
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4.17. GLUT13; HMIT (SLC2A13)

Screening of public expressed sequence databases with the GLUTS protein sequence identified
arat EST clone that allowed cloning of the rat and human HMIT (SLC2A13) cDNAs from spleen
and frontal cortex cDNA libraries. Despite low level expression in adipose tissue and kidney,
HMIT is predominantly expressed in the brain, with high expression found in hippocampus,
hypothalamus, cerebellum and brainstem.

The HMIT amino acid sequence contains all motifs known to be important for glucose
transport activity. As for other Class Il GLUT family members, HMIT is restricted to an
intracellular location. Functional characterization of the protein in Xenopus laevis oocytes
and in mammalian cells has been possible through the introduction of various mutations
that yielded significant plasma membrane expression. Surprisingly, no sugar transport
activity has been found for HMIT. Instead, HMIT has been identified as a H*-coupled
myoinositol symporter with a K,, of about 100 pM. More recently, HMIT has been shown
to transport inositol-3-phosphate (IP3). HMIT is inhibited by the common GLUT inhibi-
tors phloretin, phlorizin and cytochalasin B, although at high concentrations. Transloca-
tion of HMIT to the plasma membrane has been demonstrated to occur in PC12 cells or
primary neurons upon depolarization or protein kinase C (PKC) activation resulting in
functional HMIT at the plasma membrane evidenced by increased myoinositol uptake in
those cells. However, those initial findings were not reproduced by other groups leaving
uncertainty about a stimulus that induces plasma membrane translocation of the transport-
er. In the brain, myo-inositol serves as the precursor for phosphatidylinositol, a key
regulator for various signaling pathways. Dysregulation of the phosphatidylinositol
signaling has been implicated in psychiatric illness such as bipolar disorder. Standard
therapies (lithium, valproic acid and carbamazepine) alter neuronal growth cone morphol-
ogy, a phenotype that is reversed by extracellular myo-inositol. Because of its predomi-
nant expression in the brain compared to two other myo-inositol transporters that are
sodium-coupled (SMIT1 and SMIT2), interest has been raised as to whether HMIT might
play a role in the regulation of myo-inositol/phosphatidylinositol physiology in neurons.
Mice deficient for the transporter demonstrated that HMIT is not involved in the neuro-
nal transport of inositol from the extracellular environment.
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1. Introduction

The insulin-responsive glucose transporter GLUT4 was first described in 1988 as a result of
studies on the regulation of glucose metabolism by insulin [1]. Soon after the discovery of
GLUT4, several groups cloned GLUT4 in the human [2], rat [3,4] and mouse [5]. Since its
discovery, GLUT4 has received, together with GLUT1, more experimental attention than any
other single membrane transport protein. Structurally, GLUT4 follows the predicted model
for class I glucose transporters. GLUT4 has a high affinity for glucose, with a Km of
approximately 5 mM [6], and also transports mannose, galactose, dehydroascorbic acid and
glucosamine [7-10]. In mammals, GLUT4 is mainly expressed in cardiac and skeletal muscle,
brown and white adipose tissue, and brain [6,11,12]. GLUT4 plays a pivotal role in whole
body glucose homeostasis, mediating the uptake of glucose regulated by insulin [13,14].
GLUT4 is responsible for the reduction in the postprandial rise in plasma glucose levels [6].
Insulin acts by stimulating the translocation of specific GLUT4-containing vesicles from
intracellular stores to the plasma membrane (PM) resulting in an immediate increase in
glucose transport [6,15]. The disruption of GLUT4 expression has been extensively associat-
ed with pathologies of impaired glucose uptake and insulin resistance such as type 2 diabetes
and obesity [13,16-18].

Glucose is a central molecule for the metabolism of all vertebrates and plays a pivotal role
as fuel and metabolic substrate [19]. From an evolutionary perspective, the regulation of
glucose metabolism in non-mammalian vertebrates appears to be slightly different than in
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mammals, particularly with respect to their tolerance of hyperglycemia (reviewed in [20]).
A large body of research has been devoted to the study of glucose metabolism in fish species,
mostly due to their phylogenetic position and their economic interest (i.e. fisheries and
aquaculture). As a result of their lower ability to return to normoglycemia after feeding or
after a glucose load, when compared to mammals, fish have been considered to be “glu-
cose intolerant” [21]. This conclusion was based on the demonstrated lower ability of fish
peripheral tissues (e.g. mostly the skeletal muscle, representing more than 50% of the body
weight) to utilize glucose [22]. However, despite the low glucose uptake in the fish skele-
tal muscle, when compared to mammals, there was evidence indicating that skeletal muscle
represents not only the main site of glucose uptake but that it was the only tissue in which
the rate of glucose uptake was increased after a glucose load [23], suggesting that glucose
uptake in skeletal muscle could be regulated. Given that insulin had been shown to lower
blood glucose levels in fish by, at least in part, stimulating the in vivo uptake and utiliza-
tion of glucose mostly by the skeletal muscle [24] and given that the blood levels of insulin
were shown to be increased by administration of a glucose load in trout [23], it was
hypothesized that insulin may exert its hypoglycemic effects in fish through the regulation
of glucose transporters, possibly GLUT4. Initially it was claimed that GLUT4 did not exist
in fish based on the inability of antibodies against mammalian GLUT4 to recognize a putative
fish GLUT4 protein [25]. However, the identification of a true GLUT4 homolog in fish in
2000 by molecular cloning [26] paved the way for investigating the possible regulation of
glucose homeostasis in fish through the regulation of an insulin-regulatable glucose
transporter homologous to GLUT4. Here, we review the accumulated evidence to date on
the functional characteristics and regulation of the GLUT4 homolog in fish.

2. Evolution of the structural characteristics of the GLUT4 gene

Among the sequenced genomes of vertebrate species, the GLUT4 gene (named SLC2A4) is
found in mammals (41 species), reptiles (2 species) and ray-finned fishes (10 species) (Figure
1), suggesting that the GLUT4 gene has been conserved throughout evolution. Surprising-
ly, the GLUT4 gene is absent among birds and amphibians. The lack of GLUT4 in birds, but
the presence of other GLUT family members (Glutl, Glut2 and Glut3), has recently been
confirmed experimentally [27]. Moreover, no GLUT4 gene is present in the only amphib-
ian genome available to date (i.e. Xenopus tropicalis) and searches for GLUT4 in Xenopus EST
databases were unable to yield any transcript with homology for GLUT4. At this time, it is
not known if the lack of the GLUT4 gene is general of the avian and amphibian classes,
particularly since only a very reduced number of species have been examined, and, more
importantly, if these two groups of vertebrates have subsequently lost the GLUT4 gene after
their emergence.
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Figure 1. Evolutionary tree of the GLUT4 gene (SLC2A4) in vertebrates. Alignment of the different GLUT4 gene se-
guences is shown on the right. White sections of the alignment indicate gaps in the sequence.

2.1. Structural characteristics of the GLUT4 gene in fish

Fish, after mammals, are the vertebrate group for which more genomic information is available
mainly due to their importance as research model species (e.g. medaka, zebrafish, stickleback)
and for their economic importance in fisheries and aquaculture (e.g. cod, tilapia). Therefore,
fish are only second to mammals in the number of species for which there is genomic infor-
mation corresponding to the GLUT4 gene. In mammals, the GLUT4 gene is located in chro-
mosome 17 and consists of 11 coding exons, spanning 6.6 kb. Despite the fact that the fish
GLUT#4 protein is well conserved among the different fish species (see section 3), certain
structural differences among the fish GLUT4 genes can be observed. For example, the number
of exons coding for GLUT4 and the length of the GLUT4 gene varies among the different
species: 12 exons in Fugu, 13 in Tetraodon, 13 in Tilapia, 11 in Stickleback, 12 in Medaka and
15 in Platyfish, spanning 4.8 kb, 4.5 kb, 10.2 kb, 4.9 kb, 12.7 kb and 14.1 kb, respectively (Figure
2). Moreover, it is worth mentioning that exons 6 to 10 of the human GLUT4 gene appear to
be highly conserved in fish (Figure 2). The only fish species with a sequenced genome for which
the GLUT4 gene appears to be absent is the zebrafish. The lack of a GLUT4 gene in the zebrafish
genome sequence database (Ensembl) is related to the lack of transcripts for GLUT4 in
zebrafish EST dabases. These observations support the notion that zebrafish may have lost the
GLUT4 gene.

In addition to the gene structure characteristics of GLUT4 in fish, another aspect of interest
with regards to the evolution of GLUT4 is whether the genes flanking the GLUT4 loci in the
genome of the various fish species have also been conserved. A synthetic analysis of the GLUT4
loci in different fish species evidences that a number of the genes flanking the fish GLUT4
genes are homologs to those flanking the human GLUT4 gene (e.g. YBX2, EIF5AL1, GPS2,
GABARAP, CTDNEP1, NEURL4, TNK1, PLSCR3) (Figure 3A). Furthermore, the nature and
the genomic position of the genes flanking the GLUT4 gene in fish are highly conserved across
the different fish species (Figure 3B).
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Figure 2. Genomic structure and organization of GLUT4 in fish. Exons are represented by solid boxes and introns are
represented by connecting lines. The sizes of exons are shown in base pairs on the top of the boxes. Exons are num-
bered with roman numbers beneath the boxes. Exons conserved in all the species are highlighted in green. Gene IDs
were retieved from public databases-Human: ENSG00000181856; Fugu: ENSTRUG00000011935; Tetraodon: ENST-
NIG00000010138;  Tilapia:  ENSONIG0O0000018958;  Stickleback: ~ ENSGACG00000019384; Medaka:  EN-
SORLG00000006341; Platyfish: ENSXMAGO00000015723.
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Figure 3. Comparison of genomic regions carrying GLUT4 loci. A. Synteny in relation to the human GLUT4 gene. B.
Synteny of fish GLUT4 genes in relation to the Fugu GLUT4 gene. Boxes of the same color indicate the position of the
ortholog in the different species. The coding direction of the genes is indicated by the pointed end. Pale blue symbols
indicate nonsyntenic genes. Location in the Genome of each species is indicated at the left side of the diagram. Gene
IDs were retrieved from public databases-Human: ENSG00000181856; Fugu: ENSTRUG00000011935; Tetraodon:
ENSTNIGO0000010138; Tilapia: ENSONIGO0000018958; Stickleback: ENSGACG00000019384; Medaka: EN-
SORLG00000006341; Platyfish: ENSXMAG00000015723; Atlantic cod: ENSGMOGO00000007757. The diagram was
generated using Genomicus genome browser [28].

As is known in mammals, the GLUT4 gene undergoes an important regulation at the tran-
scriptional level that takes place in the upstream regulatory regions of the gene (i.e. promoter
region) [29]. Recently, the promoter region of the GLUT4 gene in a fish species (i.e. Fugu) was
characterized for the first time [30]. A 1.3 kb 5’-flanking region of the Fugu GLUT4 gene was
characterized with 3 possible transcription start sites, a conserved cluster of CpG dinucleoties
(i.e. CpG island) and several transcription factor binding sites known to be important for the
transcriptional regulation of the mammalian GLUT4 gene such as MEF2, SREBP, KLF,
SP1/GC-box, NF-Y, E-box, PPARy, PPAR-RXR and HIF-1 (Figure 4) [30]. In addition, like in
mammals, the Fugu GLUT4 gene promoter lacks TATA-box elements [30]. I silico comparison
of the 1.3 kb genomic DNA region upstream of the GLUT4 gene in different fish species
revealed the presence of two highly conserved regions containing most of the above cited
binding motifs (Figure 4). Interestingly, these two regions contain the E-box/MEF2/KIf cassette,
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which is an important cassette placed in an enhancer region of the promoter of the GLUT4
gene in mammals [29], and the core promoter, essential for the basal expression of the GLUT4
gene. These observations highlight the high degree of conservation of the GLUT4 gene and its
regulatory region during evolution from fish to mammals.

-786 -334 -234 +182
A P e — = = = ————-r---—----|——|mI

1 [ H o

Figure 4. Conservation profile of the promoter region of known fish GLUT4 genes. Sequence elements of significant
length (= 100 nucleotides) that show higher than 60% of homology are highlighted in red and depicted with the
dark-red rectangles on the top of each graph. The sequence comparison between the Fugu and Tetraodon (A), Fugu
and Stickleback (B) and Stickleback and Medaka (C) GLUT4 promoters is shown. The horizontal axis represents the po-
sition of the nucleotides within the 1314 bp sequence compared, starting at the 5’ end. The vertical axis represents
the percent of identity between the aligned genomes. In the bottom, a schematic representation of the-1132 Fugu
GLUT4 gene promoter highlighting the most relevant predicted binding sites is shown. The open boxes delineating
the regions comprised between-786/-334 and-234/+182 nucleotides represent conserved areas in fish GLUT4 gene
promoters. Adapted from [30].

3. Structural characteristics of the GLUT4 protein in fish

In fish, the deduced amino acid sequence of GLUT4 is known in approximately 10 different
species as a result of either conventional cloning techniques or available sequences in data-
bases. Similar to mammalian GLUT4, a protein of 509 amino acids in length, known fish GLUT4
proteins range between 503 and 511 amino acids in length. Also like mammalian GLUTY, fish
GLUT4 proteins have a predicted molecular mass of approximately 55 kDa and an isoelectric
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point of 6.7. Western blotting using polyclonal antibodies against coho salmon GLUT4
(okGLUT4) confirmed that the molecular weight of native GLUT4 in adipose tissue and
skeletal muscle cells from salmonid species was approximately 50 kDa [31,32]. Comparison of
human GLUT4 and fish GLUT4 proteins evidences a relatively high degree of conservation at
the amino acid level, with fish GLUT4 proteins showing a 79% sequence homology to human
GLUT4. However, fish GLUT4 proteins show more than 90% homology amongst themselves
at the amino acid level, even when considering species that are phylogenetically distant such
as coho salmon and tilapia. Phylogenetic analyses of fish GLUT4 proteins in relation to human
GLUT4 reveal that all fish GLUT4 proteins are evolutionarily related to human GLUT4 and
that they cluster according to their phylogenetic position within the fish evolutionary tree
(Figure 5).

Human GLUT4
Tilapia GLUT4
Stickleback GLUT4
Tetraodon GLUTY
Fugu GLLUT4
Medaka GLUT4
siin [ Coho salmon GLUT4
b Brown trout GLUT4
Atlantic cod GLUTS
Platyfish GLUT4

), (154

Figure 5. Unrooted phylogenetic tree of GLUT4 amino acid sequences. The tree was created by the UPGMA method
using ClustalW multiple alignment and bootstrapped 5000 times. The scale for the given branch length indicates 0.09
amino acid substitutions per site. Gene IDs and accession numbers were retrieved from public databases-Human:
ENSG00000181856;  Fugu:  ENSTRUGO00000011935;  Tetraodon:  ENSTNIGO0000010138; Tilapia:  ENSO-
NIG00000018958;  Stickleback: ENSGACG00000019384; Medaka: ENSORLG00000006341; Platyfish: ENSX-
MAGO00000015723; Atlantic cod: AAZ15731.1; Brown trout: AAG12191.1; Coho Salmon: AAM22227.1.

Importantly, the structural characteristics of all the known fish GLUT4 proteins correspond to
those of the facilitated glucose transporter family and, specifically, to those of mammalian
GLUT4. The structural conservation of GLUT4 from fish to mammals can clearly be observed
when an alignment of the deduced amino acid sequence of fish GLUT4 proteins with human
GLUT#4 is performed (Figure 6). Like human GLUT4, all fish GLUT4 proteins contain the
typical 12 (I-XII) hydrophobic transmembrane domains (TMs) of 21 amino acids that have also
been revealed by hydropathy plots [26,31]. Furthermore, all fish GLUT4 proteins contain four
major hydrophylic regions corresponding to the amino (N) terminus, the carboxy (C) terminus
and the two main extracellular and intracellular domains. The main extracellular domain
corresponds to a loop of approximately 30 amino acids located between TMI and TMII and
contains a predicted glycosylation site (K*) that is present in all mammalian and avian GLUT
proteins. The large intracellular domain corresponds to a cytoplasmic loop of 65 amino acids
located between TMVI and TMVIIL Other structural characteristics of functional GLUT
proteins that are found in fish GLUT4 include the presence of (1) the QLS motif in TMVI],
known to be important for the high-affinity recognition of the transported substrate, (2) the
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STS sequence in the extracellular segment between TMVII and TMVIII, known to be important
for the conformational change of GLUT4 during the transport of glucose and (3) several proline
(P) residues in TMVI and TMX that are known to be important for transport activity [33-35]

(Figure 6).
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Figure 6. Multiple alignment of GLUT4 protein sequences. Identical residues identified using ClustalW are indicated as
dots. Grey boxes: Transmembrane domains. Red boxes: Important motives for GLUT4 trafficking. Dashed box: Impor-
tant motive for glucose transport. Gene IDs and accession numbers were retrieved from public databases-Human:
ENSG00000181856;  Fugu: ENSTRUG00000011935;  Tetraodon: ENSTNIGO0000010138;  Tilapia:  ENSO-
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In addition to having sequence features typical of GLUTs, fish GLUT4 proteins also share
certain sequence motifs that are characteristic of GLUT4 and that confer its particular intra-
cellular traffic behavior. Specifically, the N-terminus of human GLUT4 contains the FFQQI®
motif that has been shown to be important for its internalization from the cell surface [36].
Furthermore, the C-terminus of human GLUT4 contains the acidic cluster T¥*ELEY>* that has
been shown to be important for the intracellular retention of GLUT4 under basal conditions
[37] (see below). Mutations of either these two motifs in GLUT4 lead to alterations in the
intracellular traffic of GLUT4 [37]. Importantly, fish GLUT4 proteins contain these two
essential motifs, although with some differences in their sequence. For example, fish GLUT4
proteins show similarities to human GLUT4 in terms of the sequence of these two motifs. The
F°QQI® motif is present in the form of FPQQLS in all fish species examined, except for brown
trout (btGLUT4) that has a FFQHL® motif (Figure 6). As will be discussed below, substitution
of H” for Q7 may have functional consequences for the traffic of GLUT4 among the different
fish species. In addition, the T**ELEY>” motif is present in fish GLUT4 proteins, with medaka
GLUT4 having an identical motif but with small substitutions in other fish GLUT4 proteins,
such as D for E®! in six species (i.e. salmon, trout, cod, platyfish, tilapia and stickleback) and
such as M>® for L in only two species (tetraodon and tilapia). The C-terminal residue Y>®,
thought to be important for regulating the release of GLUT4 from its intracellular storage
compartments [38], was present in five of the fish species examined (tilapia, medaka, platyfish,
trout and salmon). However, despite these similarities between human and fish GLUT4
proteins, the motif L*L*° that is thought to be important for the regulation of GLUT4
translocation from cytosolic compartments to the PM and for its endocytosis [39-41], is not
present in fish GLUT4 proteins. Therefore, although fish GLUT4 proteins are clearly homolo-
gous to mammalian GLUT4 and contain protein motifs important for the function, regulation
and traffic of GLUT4, they show differences in the sequence of these important motifs that
may account for slightly different properties. One interesting possibility is that the above-
mentioned differences in the primary structure between fish and mammalian GLUT4 could
cause differences in the structure/conformation of the transporter, which could affect its ability
to transport glucose and/or to bind factors that interact with GLUT4 and, consequently, alter
its intracellular traffic. For this reason, studies have been performed with fish GLUT4 as a
natural mutant of mammalian GLUT4 to contribute to our understanding of the role of the
specific domains of GLUT4 that are responsible for its traffic behavior (see Section 6).

4. Sugar transport properties of fish GLUT4

The functionality of GLUT4 in fish has been investigated for okGLUT4 using the Xenopus
laevis oocyte system [31]. The Xenopus oocyte system was extensively used in the 90s to
functionally characterize the different GLUT isoforms in mammals [7,8,42,43], since it presents
a series of advantages with respect to other in vitro systems: 1) the oocyte contains all the
machinery necessary to properly express heterologous proteins; 2) it has very low endogenous
levels of glucose transport, which avoids interferences in the measurements; and 3) it allows
to analyze separately GLUTs that in vivo may be present together in the same tissue. Therefore,
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using this system, okGLUT4 was demonstrated to be a functional glucose transporter, with
characteristics similar to those of its mammalian counterparts [31].

Regarding the kinetics of fish GLUT4, studies were performed using zero-trans and equilibri-
um exchange conditions with 2-deoxy-glucose (2-DG) and the non-metabolizable glucose
analogue, 3-O-methylglucose (3-OMG), respectively [31]. From the zero-trans kinetic analyses,
the transport of glucose by the oocyte was demonstrated to be saturable, with a Km value on
average of 7.6 mM. Using the equilibrium exchange assay and, assuming the transport follows
first-order kinetics, the average Km value calculated for 3-OMG uptake by okGLUT4-express-
ing oocytes was of 14.4 mM. These Km values were higher than those reported using the same
oocyte system for mammalian GLUT4s: 4.6 and 1.8-4.3 mM for zero-trans and equilibrium
exchange kinetics, respectively [7,8,44], suggesting that the fish transporter has less affinity for
glucose. Nevertheless, when compared with kinetics of the Glutl isoform identified in trout
(OnmyGlutl), also studied in Xenopus oocytes, we observed that the zero-trans Km value of
okGLUT4 was lower than that of OnmyGlutl (8.3-14.9 mM) [45]. Moreover, the Km value
reported in American eel erythrocytes, that primarily express Glutl, was also higher (10.4 mM)
than that of okGLUT4 [46]; thus, indicating that the relative affinity for glucose of fish GLUTs
parallels that of mammals, since the ubiquitous Glutl has also lower affinity for glucose
(21.3-26.2 mM) than GLUT4 [7,44]. On the other hand, the lower affinity for glucose of the fish
GLUTSs in comparison to mammals, may explain the reduced tolerance presented by the former
to dietary carbohydrates [21,22].

To further characterize the fish GLUT4 transporter, stereoselectivity and substrate specificity
were also analyzed in Xenopus oocytes expressing okGLUT4, using different sugars as
transport competitors of 2-DG [31]. okGLUT4 was demonstrated to be stereospecific as its
mammalian counterparts [8,31], since all the D-monosaccharides tested (glucose, mannose and
galactose), but not the corresponding L-isomers, reduced the uptake of 2-DG into the oocyte.
Interestingly, okGLUT4 transported all the various D-sugars, although with different affinities,
as shown by the degree of competition towards 2-DG uptake observed for each monosacchar-
ide. In this sense, D-glucose and D-mannose were primarily transported by okGLUT4 and, to
a lesser extent, D-galactose and also D-fructose, albeit with even lower affinity. Overall, these
data indicate that fish GLUT4 shows lower substrate specificity than mammalian GLUT4,
suggesting that they may have a broader range of functions in fish controlling glucose
metabolism. In this sense, it is interesting to note that okGLUT4 is able to uptake fructose, a
role that is attributed to Glut2 in mammals [8,31]. Therefore, together with the fact that fish
GLUT#4 has a wider tissue distribution, the transport characteristics of fish GLUT4 support the
idea that GLUT4 may play a role in the postprandial absorption of dietary glucose.

Moreover, okGLUT4 transport activity was shown to be suppressed by different transport
inhibitors; thus, corroborating that this fish transporter belongs to the family of facilitative
GLUTs [31]. 2-DG uptake in Xenopus oocytes expressing okGLUT4 was dose-dependently
decreased by the well-known intracellular inhibitor cytochalasin B [47-49] as well as by the
extracellular inhibitor, ethylidene glucose [34]. Cytochalasin B was previously shown to inhibit
glucose transport in fish erythrocytes, suggesting the existence of GLUT transporters in fish
before their discovery [46,50-52], and later also in Xenopus oocytes expressing the OnmyGlutl
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transporter [45]. Furthermore, in L6 muscle cells stably expressing btGLUT4, a dose-dependent
inhibition in response to cytochalasin B was also reported [32]. In this same study, the effect
of indinavir, a known GLUT4 mammalian inhibitor [53-55] was analyzed, causing also a
concentration-dependent decrease on 2-DG uptake. Overall, these results confirm that
okGLUT4 presents similar biochemical properties as mammalian GLUT4. In summary, all
these studies have demonstrated that fish GLUT4 is a functional GLUT that is a structural and
functional homolog of mammalian GLUT4 but with the important difference that has lower
affinity for glucose and wider substrate specificity than mammalian GLUT4.

5. Regulation of the expression of GLUT4 in fish

As all membrane solute carriers, GLUT4 exerts its glucose transport properties when is present
in the PM, allowing the flux of glucose across a concentration gradient. Therefore, the GLUT4-
mediated transport of glucose can be determined, at least in great part, by the number of
transporter molecules present at the PM at any given time. In mammals, the abundance of
GLUT#4 at the PM of skeletal muscle or adipose cells is, in turn, dependent on the traffic
mechanisms that translocate pre-existing, vesicle-bound GLUT4 to the PM but, ultimately, on
the synthesis of GLUT4 proteins (reviewed in [29]). The following section reviews available
data on the regulation of fish GLUT4 at the mRNA, protein and promoter activity levels.

5.1. Regulation of GLUT4 mRNA levels in fish

In mammals, GLUT4 is mainly expressed in insulin-sensitive tissues, namely skeletal and
cardiac muscle and adipose tissue. In skeletal muscle, GLUT4 is the main transporter expressed
and it has been estimated that it accounts for approximately 70% of the basal glucose transport
in this tissue (reviewed in [29]). In fish, the pattern of the tissue expression of GLUT4 at the
mRNA level has only been examined in two different species: the brown trout [26] and the
Atlantic cod [56]. In these two fish species, the level of GLUT4 mRNA was shown to be highest
inred (slow) and white (fast) skeletal muscle. In Atlantic cod, the heart also showed high levels
of GLUT4 mRNA but not in brown trout. Lower levels of GLUT4 mRNA were observed in
adipose tissue, gill, kidney and other tissues in these two species. In rainbow trout, GLUT4
mRNA transcripts have also been detected in white skeletal muscle [57]. Overall, the pattern
of tissue expression of GLUT4 transcripts in fish agrees well with the reported main expression
of GLUT4 in the mammalian skeletal muscle, coinciding with this tissue as the primary insulin
target and major site for glucose disposal. The presence of the GLUT4 protein in skeletal muscle
and adipose tissue of trout has been confirmed by immunoblotting [31,32].

The expression of the GLUT4 gene is known to be subjected to an important transcriptional
regulation that determines the protein levels of GLUT4 in skeletal and cardiac muscle and in
adipose tissue in mammals. In mammals, a number of factors are known to influence GLUT4
expression, most notably the nutritional and dietary status and hormones (e.g. insulin, insulin-
like growth factor I (IGF-I) and thyroid hormones) (reviewed in [28,58]). In fish, most current
evidence regarding the regulation of GLUT4 expression is at the mRNA level and in skeletal



48  Glucose Homeostasis

muscle, due to the importance of this tissue in glucose homeostasis. As in mammals, the
expression of GLUT4 mRNA levels increase during muscle cell differentiation in trout, as was
demonstrated by the gradual increase in GLUT4 mRNA levels during the differentiation
process of trout muscle cells in culture from myoblasts to myotubes [59]. In addition, the
amount of immunoreactive GLUT4 was observed to be higher in trout myotubes than in
myoblasts [32], strongly suggesting that GLUT4 can be considered a marker of muscle
differentiation also in fish.

5.1.1. Regulation of GLUT4 mRNA levels by insulin in fish

In mammals, insulin exerts its hypoglycemic action in part by increasing the expression of
GLUT#4 in skeletal muscle. Data in fish also indicates that the expression of GLUT4 mRNA in
skeletal muscle appears to be regulated by circulating insulin levels in a muscle type specific
manner. As it is well known, fish skeletal muscle can be differentiated into two anatomically
and functionally different types of muscle: white muscle, that is a fast, anaerobic muscle that
permits sudden bursts of motion, and red muscle, that is a slow, aerobic muscle that permits
sustained locomotion. Although red muscle only comprises 5-10% of the body weight in fish
(in contrast to > 50% for white muscle), it has a higher glucose uptake rate and insulin receptor
density than white muscle. Interestingly, the in vivo regulation of GLUT4 mRNA levels by
circulating insulin in trout appears to take place only in red skeletal muscle. Decreases in
circulating insulin levels caused by fasting or by feeding a diet containing low protein and
high carbohydrate levels were associated with a decrease in GLUT4 mRNA levels in red but
not white skeletal muscle in trout [60]. In contrast, increases in circulating insulin levels caused
by insulin or arginine (an insulin secretagogue in fish; [24]) administration were accompanied
by an increase in GLUT4 mRNA levels in red but not white skeletal muscle in trout [60]. More
recently, it was shown that GLUT4 expression in white skeletal muscle of trout fed a diet rich
in carbohydrates was not affected [57]. Therefore, there is strong evidence suggesting that
GLUT4 mRNA levels in red skeletal muscle may be regulated in vivo by circulating insulin in
trout, as in mammals. However, these observations raised the question as to whether the
expression of GLUT4 could be regulated in white skeletal muscle, given that it accounts for
the bulk of glucose taken up by skeletal muscle. In contrast to trout, GLUT4 mRNA levels in
the white muscle of Atlantic cod increased after fasting and decreased after refeeding [56],
suggesting the possibility of species-specific differences in the regulation of GLUT4 in this
tissue.

In vitro studies using a primary culture of trout skeletal muscle cells have assessed the effects
of insulin and IGF-I on GLUT4 mRNA levels. The results obtained from these studies clearly
showed that insulin and IGF-I increased the GLUT4 mRNA content in myoblasts and in
myotubes [59] and support the notion that insulin can indeed regulate GLUT4 mRNA levels
in trout skeletal muscle by acting directly on muscle cells. Since insulin is known to stimulate
the uptake of glucose by trout skeletal muscle cells in vitro [32], it has been hypothesized that
this effect of insulin may have been due, at least in part, to its effects on GLUT4 expression.
Therefore, it appears that the hypoglycemic effects of insulin in fish, as in mammals, may
involve the stimulation of GLUT4 mRNA expression in skeletal muscle.
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5.1.2. Regulation of GLUT4 mRNA levels by contractile activity in fish

In mammals, exercise is known to increase the transcription of the GLUT4 gene and, conse-
quently, to increase glucose utilization in skeletal muscle [61,62]. The exercise-induced GLUT4
mRNA expression in the mammalian skeletal muscle is believed to be mediated largely by
AMP-dependent protein kinase (AMPK), an energy sensor that is activated when increases in
the AMP/ATP ratio occur, as in response to exercise [63]. In trout, swimming-induced exercise
was also recently shown to promote glucose uptake and utilization in skeletal muscle [64].
Importantly, swimming-induced exercise increased the mRNA levels of GLUT4 in red and
white skeletal muscle in trout, as in mammals [65], supporting the notion that the increase in
GLUTH4 in skeletal muscle may have been responsible, at least in part, for the decrease in
circulating glucose levels and increased uptake and utilization of glucose by skeletal muscle
of exercised trout [64]. Furthermore, pharmacological activation of AMPK by AICAR or
metformin in trout skeletal muscle cells in culture caused an increase in GLUT4 mRNA levels
[66]. Given that swimming-induced exercise increased AMPK activity in red and white skeletal
muscle in trout (Magnoni and Planas, unpublished observations), there is strong evidence to
believe that swimming-induced exercise increases GLUT4 mRNA levels in skeletal muscle
through the induction of AMPK activity.

5.2. Regulation of the activity of the fish GLUT4 promoter

It is known that changes in the mRNA levels of GLUT4 in skeletal muscle in mammals (i.e.
increases during exercise and decreases during states of insulin deficiency) are due to altera-
tions in the transcription rate of the GLUT4 gene [29]. In mammals, the cis-regulatory region
of the GLUT4 gene is relatively well characterized and is known to contain motifs that are
important for the tissue-specific expression of the GLUT4 gene and its regulation. As indicated
above (section 5.1.1), one of the most effective inducers of GLUT4 mRNA and protein expres-
sion in mammals is insulin. However, the regulation of the transcription of the GLUT4 gene
by insulin in mammals is not well understood, particularly in the light of published data
indicating that, paradoxically, insulin inhibits the transcription of the GLUT4 gene [67,68].
Interestingly, a recent study reported that the activity of a fish (i.e. Fugu) GLUT4 promoter,
when expressed in mammalian muscle L6 cells, is inhibited by insulin [30]. Although the
mechanism by which insulin represses the activity of the GLUT4 gene is not known in
mammals, deletion analyses of the Fugu GLUT4 promoter have indicated that the region of
the Fugu GLUT4 gene that is downstream of the main transcription start site may be sufficient
for mediating the inhibitory effects of insulin on GLUT4 transcription [30]. Further studies are
clearly needed to resolve the question of the paradoxical effects of insulin on GLUT4 gene
transcription. Despite the inhibition of the activity of the Fugu GLUT4 gene promoter by
insulin, other stimuli known to increase GLUT4 mRNA levels have been shown to cause an
induction of Fugu GLUT4 promoter activity. First, ligand activation of PPARy, which in
mammals results in an increase of GLUT4 mRNA levels [69], increased the activity of the Fugu
GLUT4 promoter expressed in L6 cells [30]. Second, electrical stimulation of mouse C2C12
myotubes expressing the Fugu GLUT4 promoter resulted in an increase in the activity of the
Fugu GLUT4 promoter. Given the recent demonstration that swimming-induced skeletal
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muscle activity in trout increased the mRNA levels of GLUT4 in trout skeletal muscle [65],
these results suggest that induction of contractile activity in skeletal muscle cells results in the
transcriptional activation of the GLUT4 gene, resulting in increased GLUT4 mRNA levels that,
in turn, may increase the amount of GLUT4 and, consequently, the entry and utilization of
glucose in skeletal muscle in fish.

5.3. Regulation of GLUT4 protein levels in fish

To date, studies on the regulation of GLUT4 protein levels in fish are limited to salmonid
species. The availability of a polyclonal antibody against okGLUT4 made possible the locali-
zation and the quantification of GLUT4 in trout skeletal muscle. By performing immunoloc-
alization studies of GLUT4 in trout skeletal muscle cells in culture, an increase in the amount
of total GLUT4 protein was observed during the differentiation of myoblasts into myotubes
[32]. Subsequent studies showed that the total content of GLUT4 differs between the two types
of skeletal muscle in trout, with red muscle containing a higher amount of GLUT4 than white
muscle [70]. In agreement with changes in the expression of GLUT4 at the mRNA level, the
total amount of GLUT4 protein in red muscle increased in trout stimulated with insulin in
vivo and decreased after fasting. On the other hand, insulin administration failed to increase
GLUT#4 protein content in trout white muscle [32], supporting the lack of changes of GLUT4
mRNA levels previously described [60]. Interestingly, nutritional factors regulate GLUT4
mRNA and protein levels in white muscle in different manners. In trout, fasting decreased the
amount of GLUT4 protein in white muscle [32], whereas no changes in mRNA levels were
observed in the same condition [60], suggesting that post-transcriptional regulation of GLUT4
expression may take place in white skeletal muscle in fish. Therefore, it appears that insulin
plasma levels may regulate the amount of GLUT4 present in red skeletal muscle in fish and
strongly suggest that insulin may stimulate the de novo synthesis of GLUT4, at least in red
skeletal muscle, by increasing the mRNA levels of GLUT4. The lack of effects after insulin
administration in vivo on GLUT4 mRNA and protein levels in white muscle in trout are
puzzling in the light of data showing that glucose uptake increases in white muscle after a
glucose load in trout and that this tissue contributes about five times more than red muscle to
the total glucose uptake when expressed as percent of the total body mass [23]. Further studies
are required to understand the factors and mechanisms involved in the regulation of glucose
uptake in white skeletal muscle in fish.

As part of the complex regulation of GLUT4, the translocation of this glucose transporter to
the PM from intracellular vesicles is highly dynamic and is regulated by a number of factors
[71], representing an efficient mechanism that allows a fast equilibration of glucose levels at
either side of the PM in response to a hypoglycemic stimulus. In fish, insulin has been shown
to increase the PM levels of GLUT4 in in vitro stimulated trout muscle cells in culture [32],
demonstrating that insulin stimulates glucose uptake in fish skeletal muscle cells by increasing
the levels of the GLUT4 protein at the PM, as in mammals. Other stimuli that have been shown
to increase the uptake of glucose by trout myocytes and that also increase the cell surface levels
of GLUT4 are AMPK activators (i.e. AICAR and metformin) [66] and the pro-inflammatory
cytokine tumor necrosis factor a (TNFa) [72]. These results indicate that the regulation of the
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total amount of GLUT4 protein in skeletal muscle and, more importantly, the cell surface levels
of GLUT4 in skeletal muscle cells are similar between fish and mammals, evidencing a
remarkable degree of conservation of the mechanism(s) by which insulin exerts its hypogly-
cemic effects on skeletal muscle.

6. Regulation of the traffic of fish GLUT4

In mammals, the main feature that characterizes GLUT4 in skeletal muscle and adipose tissue
and makes it unique is its ability to translocate to the PM in response to insulin [15,73]. This
greatly increases the capacity of the cells to uptake glucose during the postprandial state, which
is crucial to properly maintain glucose homeostasis. Notwithstanding, evidence in mammalian
cells clearly indicates that in the basal state GLUT4 is not static; instead, GLUT4 circulates
among numerous intracellular compartments, such as the trans-Golgi network (TGN), early
and late endosomes, a specialized insulin responsive compartment (IRC), as well as the PM
[71,74-75]. The amount of GLUT4 present at the PM in the basal state corresponds to about
only 5-10% of the total GLUT4 protein, whereas the remaining 90-95% is sequestered intra-
cellularly in the IRC compartment [76-78].

The intracellular trafficking characteristics of the two glucose transporters identified in
salmonids (btGLUT4 and okGLUT4) have been studied in comparison with mammalian
GLUT4 mainly when expressed in heterologous systems (mammalian adipocytic or myoblastic
cell lines), but also as the endogenous GLUT4 in primary cultured trout myocytes. In 3T3-L1
adipocytes transiently expressing separately btGLUT4 or okGLUT4 under steady-state
conditions, btGLUT4 exhibited significantly higher protein levels at the PM (30-40%), also
okGLUT4 but to a lesser extent (15-20%), than rat GLUT4 (10-15%) [31,79]. This was not only
observed in adipocytes, since btGLUT4 was present also at the PM at higher levels (20-25%)
than rat GLUT4 (10-15%) when stably-expressed in L6 muscle cells [32]. Importantly, the basal
localization of endogenous GLUT4 at the PM in trout myocytes in culture was also relatively
high [32]. Therefore, under basal or unstimulated conditions fish GLUT4 appears to be less
efficiently retained in the cytosol in adipocytes and myocytes than mammalian GLUT4,
suggesting differences in the mechanisms responsible for the intracellular retention of GLUT4
between fish and mammals (see below). Furthermore, based on the observed differences in
PM localization between fish GLUT4s under basal conditions, with okGLUT4 being more
similar to its mammalian counterparts than btGLUT4, it has been suggested that the different
traffic behavior of these two fish GLUT4 protein variants may be related to differences in
characteristic regulatory features in the GLUT4 protein sequence (i.e. N-and C-terminal protein
motifs) (see section 3; [79]).

Moreover, the ability of fish GLUT4s to respond to insulin has been also evaluated. The first
studies trying to demonstrate that a fish GLUT4 translocates to the PM upon insulin stimula-
tion were performed in Xenopus oocytes [31]. Nevertheless, the system was not appropriate to
study the translocation of GLUT4 and oocytes expressing okGLUT4 or a rat GLUT4 did not
show differences in transporter localization within the cell in response to insulin [31]. Instead,
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the 3T3-L1 adipocyte cell system was used successfully to demonstrate that both okGLUT4
and btGLUT4 were able to significantly translocate to the PM after insulin treatment [31,79],
as it occurs in mammals. Moreover, insulin-stimulated translocation to the PM of btGLUT4
was demonstrated in L6 myoblasts and differentiated myotubes stably-expressing the fish
GLUT#4 transporter [32]. Therefore, the fish homologs of GLUT4 were shown to be insulin
responsive like their mammalian counterpart, despite their higher PM localization at steady-
state.

As previously mentioned, GLUT4 in mammals is distributed inside the cells in two major
storage compartments, the IRC and the endosomal system [75,80]. Interestingly, btGLUT4
showed only partial co-localization with rat GLUT4 when both were co-expressed either in
3T3-L1 adipocytes [79] or in L6 muscle cells [32]. This observation, together with the fact that
btGLUT4 showed lower levels of retention in intracellular compartments during basal
conditions although it still responded to insulin stimulation in both cell types [32,79], suggested
that btGLUT4 is equally distributed between the specialized IRC and the endosomal com-
partment, from where it cycles continuously with the PM. Moreover, both in 3T3-L1 adipocytes
and L6 muscle cells, the higher PM levels observed for btGLUT4 were shown to be due to a
faster externalization rate rather than to a decrease in the rate of endocytosis [32,79].

In mammals, several proteins have been described to interact with GLUT4 to regulate its
intracellular traffic and to maintain the proteins sequestered in the IRC. For example, the Golgi-
localized vy-ear-containing Arf-binding protein (GGA) has been described to function as a
traffic controller of newly synthesized GLUT4 from the TGN to the IRC [73,81]. In this step,
sortilin has been described also to have a key role, as GLUT4 does not contain the specific
targeting motif to be recognized by GGA as a cargo molecule [82]. More recently, the insulin-
regulated aminopeptidase (IRAP), which co-localizes with GLUT4 in intracellular vesicles, has
been shown to play a role in the sorting of GLUT4 from endosomes into the IRC [83]. Moreover,
a protein named TUG (tether containing a UBX domain for GLUT4), has been reported to
interact with the large intracellular GLUT4 loop present between TMVI and TMVII and to
tether GLUT4 to intracellular vesicles through its interaction, via its UBX domain, with cellular
membranes [84]. The possible roles of several GLUT4-interacting proteins in the regulation of
the traffic of the fish GLUT4 isoforms have been explored in 3T3-L1 adipocytes expressing the
corresponding mammalian orthologs. In particular, the adaptor protein GGA has been
reported to be involved in the early sorting steps of GLUT4 from the TGN. The expression in
3T3-L1 adipocytes of rat GLUT4 together with wild-type GGA or a dominant-interfering form
of GGA (GGA-DN) demonstrated that GGA is required for GLUT4 to reach the IRC because
the insulin-stimulated translocation of rat GLUT4 to the PM was completely blunted in the
presence of GGA-DN [40,73]. Interestingly, the intracellular traffic of btGLUT4 and okGLUT4
in 3T3-L1 adipocytes showed differences with regards their sensitivities to GGA because the
traffic of btGLUT4 to the PM either under basal or insulin-stimulated conditions was only
partially suppressed by co-expression with GGA-DN whereas okGLUT4 showed an identical
response as that of rat GLUT4 [79]. These results suggested that okGLUT4 may traffic in
adipocytes through the same pathway as mammalian GLUT4, but that btGLUT4 may be in
part escaping the regulated biosynthetic traffic route, moving to the PM following a GGA-
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independent pathway. In agreement with the different intracellular distribution observed
between btGLUT4 and rat GLUT4 [32], the traffic of btGLUT4 to the PM may be occurring via
the constitutive pathway used by Glut1 or the transferrin receptor [37,73] (Figure 7). It is known
that GLUT4, upon arriving in the IRC, acquires the capability to respond to insulin and to
translocate to the PM. When a plasmid coding rat GLUT4 is transfected into 3T3-L1 adipocytes,
the cells require 6 to 9 hours to produce the new protein and to target it to the IRC [73,85]. In
contrast, both okGLUT4 and btGLUT4, when expressed in the same cellular system, undergo
insulin-stimulated translocation only 3 hours after transfection [79], suggesting that fish
GLUT4 undergoes faster synthesis, processing or traffic. Interestingly, okGLUT4 showed a
temporal response that was intermediate between rat GLUT4 and btGLUT4, but closer to the
latter, despite showing a similar sensitivity towards GGA as the mammalian GLUT4.
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Figure 7. Schematic model illustrating differences in traffic between fish GLUT4s and rat GLUT4 and Glut1 during the
basal state in adipocytes. In (A), the traffic of newly synthesized rat GLUT4 is shown to take place through the Golgi
and the trans-Golgi network (TGN) and into the insulin-responsive compartment (IRC) in a sorting process that is de-
pendent upon the adaptor protein GGA. In the basal state, rat GLUT4 is mainly sequestered into the IRC, a process
that is regulated by AS160 and that requires the F°QQI® amino terminal motif of GLUT4. In contrast, after biosynthesis,
Glut1 directly travels from the TGN to the plasma membrane (PM) in a GGA-independent process. In (B), the traffic of
newly synthesized trout (btGLUT4) or salmon (okGLUT4) GLUT4 is shown. We postulate that the high levels of
btGLUT4 at the PM appear to be due to an increased exocytic rate, as a result of btGLUT4 following a GGA-independ-
ent route from the TGN to the IRC and by showing less AS160-regulated sequestration at the IRC than rat GLUT4. We
hypothesize that the different trafficking behavior of btGLUT4 may be related to the different sequence in its N-termi-
nal motif (FPQHLS). The traffic behavior of okGLUT4 (F°QQLS) appears to be intermediate between that of rat GLUT4
and btGLUT4. ER: endoplasmic reticulum.

As previously mentioned in section 3, among the different regulatory amino acid motifs found
in GLUT4 in mammals, the FPQQI® targeting motif in the N-terminus has been shown to be
important for GLUT4 sequestration into the IRC and insulin-stimulated translocation to the
PM [85-88]. Interestingly, in addition to the fact that both fish GLUT4 transporters have a
shorter N-terminal domain, the FPQQI® motif shows one conserved amino acid substitution in
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okGLUT4 (FPQQLSY), and it is less conserved in btGLUT4 (FPQHLS?), where the double residue
substitution causes important size and charge changes (Figure 8A). The possibility that these
sequence differences were able to account for the increased basal cell surface levels observed
for btGLUT4 was investigated (Capilla and Planas, unpublished data). Figure 8B shows that
mutation of the btGLUT4 motif FFQHLS to FFQQI® caused a slight decrease in basal PM levels;
however, mutation of the FFQHLS® motif to FPFQQLS significantly reduced the cell surface levels
of btGLUT4 to levels comparable to those of okGLUT4 or the mammalian GLUT4. These results
indicate that specific amino acid motifs as well as the folding of the molecule appear to be
important for the intracellular domains of the GLUT4 molecule to interact with the different
regulatory proteins for proper traffic and specific compartment localization and/or retention.
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Figure 8. The elevated basal cell surface levels of btGLUT4 are reduced by mutating the FPQHL® motif. (A) Amino acid
sequence alignment of the N-terminal region of rat, brown trout (btGLUT4, AF247395) and coho salmon (okGLUT4,
AF502957) GLUT4 molecules. The box encloses the important trafficking motif FPQQI® partially conserved in the fish
species. (B) Differentiated 3T3-L1 adipocytes expressing either btGLUT4 or any of the two point mutants (btGLUT4-
FQQI or btGLUT4-FQQL) were incubated with or without insulin (100 nM, 30 min). Data is presented as percentage
(mean + SEM) of cells showing a complete plasma membrane (PM) rim obtained by counting 100 cells per condition in
3 independent experiments. Statistical analysis was performed by unpaired t-test against the wild type btGLUT4 at
basal or insulin-stimulated conditions respectively (* denotes significance at p < 0.05).
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An earlier study in mammals using chimeras between GLUT4 and Glutl demonstrated that
substituting the N-terminus and the intracellular loop of Glut1 for those of GLUT4 is sufficient
to confer to the chimeric Glutl protein the characteristics of GLUT4 in 3T3-L1 adipocytes [89].
Thus, in order to identify the protein domains in trout GLUT4 that confer its particular traffic
characteristics (i.e. lower intracellular retention; higher PM levels under basal conditions),
chimeric proteins were created that have the N-terminus (btN) or the intracellular loop (btL)
of btGLUT4 in a rat GLUT4 backbone and were named btN-GLUT4 or btL-GLUT4, respec-
tively. These constructs were then stably expressed in 3T3-L1 cells and their capacity to be
retained in the cytosol under basal conditions and to respond to insulin were analyzed (Simoes,
Planas and Camps, unpublished results). The results obtained indicated that all constructs
were able to translocate to the PM in response to insulin but with certain differences among
them (Figure 9). First, the insulin-stimulated translocation of btGLUT4 was lower than that of
rat GLUT4. Second, btN-GLUT4 had the weakest response to insulin, suggesting a role for the
N-terminus in the correct targeting of GLUT4 to the IRC or in the translocation of GLUT4 to
the PM. Third, the substitution of the cytoplasmic loop in btL-GLUT4 caused a reduction in
the response of rat GLUT4 to insulin comparable to that of btGLUT4. These preliminary results
support the idea that the N-terminus and the cytoplasmic loop of GLUT4 are responsible for
some of the trafficking differences between btGLUT4 and rat GLUT4.

In the presence of insulin
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Figure 9. Cell surface levels of various GLUT4 constructs in the presence of insulin. N-GLUT4 and L-GLUT4 represent
constructs with the amino terminus (N) or the intracellular loop (L) of btGLUT4 in a rat GLUT4 backbone, respectively.
Differentiated 3T3-L1 adipocytes expressing the various GLUT4 constructs were incubated in the absence or presence
of insulin (100nM) for 30 min and the determination of surface GLUT4 levels was performed as described in [32]. Cell
surface GLUT4 is expressed relative to the unstimulated control for each cell line. Different letters indicate statistically
significant differences (p < 0.05).

Following insulin stimulation, mammalian GLUT4 traffics and fuses with the PM, increasing
its presence in the cell surface up to 10-fold; thus, supporting the increase in glucose uptake
observed after feeding. Insulin increases the number of transporters at the PM not only by
enhancing exocytosis but also by decreasing the rate of endocytosis [90-92]. Insulin exerts its
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effects through two different intracellular signaling pathways [15,93]. The first is the well-
known pathway of phosphatidylinositol-3-kinase (PI3K)/protein kinase B (PKB), also known
as Akt, that is necessary for GLUT4 translocation to occur [94,95] but not sufficient [96]. The
second pathway is that including the Cbl associated protein (CAP), which binds the insulin
receptor and activates a small GTPase from the Rho family named TC10, and that was
described in adipocytes [97]. However, the TC10 pathway appears not to be involved in muscle
cells, in which another Akt-independent input was shown to contribute to the cytoskeleton
remodeling required for complete GLUT4 translocation [98,99]. Downstream of Akt, a protein
named Akt substrate of 160 KDa (AS160) or TCB1D4, has been found to be the key to com-
municate the phosphorylation cascade initiated by insulin with the vesicle trafficking machi-
nery [100,101]. AS160 has 6 residues of threonine/serine that can be phosphorylated to inhibit
its activity, and contains a GTPase-activating protein (GAP) domain that in the basal state
inactivates a series of Rab proteins, small GTPases from the Ras superfamily responsible of
membrane trafficking [100]. Phosphorylation of AS160 by Akt inhibits its GAP activity,
allowing the activation of the Rab proteins; thus, causing the translocation of GLUT4 to the
PM [101,102]. The Rab members identified as responsible for GLUT4 trafficking in mammals
are Rab8a, Rab10 and Rab14 [103-106]. In addition to regulating the movement of GLUT4
vesicles, AS160 has been demonstrated to be required for fully retaining GLUT4 into the IRC
[107]. To demonstrate that AS160 phosphorylation is critical for GLUT4 translocation in
mammals, a dominant-inhibitory form of AS160 was created by mutating 4 of its 6 phosphor-
ylation sites (AS160-4P) [101]. When co-expressed in a cellular system together with rat GLUT4,
the translocation of this molecule to the PM was blocked, as well as the increase in glucose
uptake observed after insulin incubation [40,108]. Regarding their sensitivity towards
AS160-4P, clear differences were observed between okGLUT4 and btGLUT4, with the former
showing similar properties as those of mammalian GLUT4, and the latter being unaffected [79].
These results were in agreement with the differences observed between the two fish GLUT4
proteins in terms of their intracellular retention and support the hypothesis that AS160 may
sequester okGLUT4, but not btGLUT4, in the IRC and that btGLUT4 may be more widely
distributed inside the cell than the other GLUT4 transporters. Moreover, since the results
obtained for btGLUT4 towards AS160 sensitivity agreed with those reported previously for a
GLUT4-F5A mutant [40,73], the faster exocytic rate of btGLUT4 was suggested to be due to
the lack of a conserved FQQI motif [32,79].

In summary, by investigating the trafficking characteristics of the two fish GLUT4 proteins
(btGLUT4 and okGLUT4) compared with mammalian GLUT4 and Glutl, it is clear that
important differences exist between these transporters (Figure 7). In this regard, okGLUT4
behaves in many aspects similarly to mammalian GLUT4 due to its sensitivity towards GGA
and AS160; thus, supporting a role for these molecules in the regulation of the traffic of
okGLUT4 synthesized de novo from the TGN into the IRC, and from the TGN into the PM in
response to insulin, respectively. In contrast, btGLUT4 appears to be less regulated, trafficking
to the IRC independently of GGA, as well as being retained in the IRC and exiting to the PM
only in part under the control of AS160; therefore, moving towards the cell surface possibly,
in part, through a constitutive pathway as that used by Glutl.
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7. Conclusions and perspectives

All the evidence accumulated to date on the function and regulation of GLUT4 in fish indicates
that the various molecular and cellular mechanisms regulating the amount of GLUT4 that is
present at the cell surface in skeletal muscle and adipose tissue cells and that determine the
amount of glucose uptake have been relatively well conserved during evolution from fish to
mammals. Importantly, GLUT4 in fish is regulated by insulin at the level of mRNA and total
protein amount as well as at the level of its abundance at the PM. In fish, like in mammals,
GLUT4 responds to the effects of insulin by facilitating the uptake of glucose in insulin-
sensitive tissues such as skeletal muscle. Therefore, GLUT4 plays an important role in
mediating the hypoglycemic effects of insulin from fish to mammals and underscores the
importance of the maintenance of glucose homeostasis, and the role of GLUT4 in this process,
throughout vertebrates. However, the presence of a seemingly well conserved insulin-
regulated mechanism of glucose transport involving GLUT4 contrasts with the relative glucose
intolerance of teleost fish, that is evidenced by the lower ability of fish to clear a glucose load,
when compared to mammals. It was initially hypothesized that the persistent hyperglycemia
in fish may have been due to the possible lack of an insulin-regulated GLUT [25], given that
fish have functional insulin receptors [109] and insulin is involved in the postprandial
regulation of blood glucose levels [24]. The demonstration of the participation of an insulin-
regulatable glucose transport system involving GLUT4 in skeletal muscle and adipose tissue
of fish [26,31-32,59-60,70,79] rules out that fish may experience peripheral resistance to insulin.
What today appears as a likely contribution to explain the poor regulation of glucose plasma
levels in fish, when compared to mammals, are the particular transport characteristics and
intracellular trafficking behavior of fish GLUT4. Functionally, fish GLUT4 differs from
mammalian GLUT4 in that it has a lower affinity for glucose and a wider substrate specificity.
In addition, the intracellular traffic of fish GLUT4 is somewhat different than that of mamma-
lian GLUT4. Although insulin stimulates the translocation of fish GLUT4 to the PM, the
intracellular route(s) used by fish GLUT4 to reach the PM are not as dependent on proteins
required for the intracellular sorting and retention of mammalian GLUT4, which leads to the
proportionally higher levels of fish GLUT4 at the PM under basal conditions. Differences in
the intracellular traffic behavior of fish GLUT4, when compared to mammalian GLUT4, are
likely due to differences in key protein motifs in GLUT4. Therefore, we propose that during
evolution from fish to mammals, the control of glucose homeostasis has improved possibly
due to the increase in the affinity of GLUT4 for glucose and to the improvement of the
intracellular sorting and retention mechanisms of GLUT4 in insulin-sensitive cells.

Interestingly, GLUT4 from different fish species that contain slightly different amino acid
sequences in key trafficking motifs can be considered natural mutants of mammalian GLUT4
and used to identify and further characterize amino acid motifs or protein domains in
mammalian GLUT4 that are important for the regulation of the traffic of mammalian GLUT4.
Our studies on the traffic behavior of chimeric GLUT4 proteins incorporating fish GLUT4
protein motifs into a mammalian GLUT4 backbone represent a first step in that direction. Given
that the traffic of GLUT4 is dependent on the binding of GLUT4 to sorting and trafficking
proteins that are not fully characterized in mammals, studies comparing the traffic of fish and
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mammalian GLUT4 could potentially identify important binding partners of mammalian
GLUT4 that do not interact or interact poorly with fish GLUT4 motifs. Consequently, the
comparative study of GLUT4 from evolutionarily distant species could contribute to our
understanding of the biology of GLUT4 in health and disease.
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1. Introduction

Insulin therapy, dietary management, and physical activity constitute an essential element in
prevention and treatment for children and adolescents with type 1 diabetes mellitus (TIDM).
Regular physical activity positively affects metabolic and cardiovascular functions, and its
benefits include enhanced insulin sensitivity, decreased fat mass, improved lipid profile and
cardiovascular fitness [1-5]. All of these metabolic changes prevent the development of
metabolic syndrome, decrease the risk of type 2 diabetes mellitus (T2DM), and are beneficial
for patients with type 1 diabetes mellitus (T1DM) [6-12].

The classification of the American Diabetes Association defines four major forms of diabetes
mellitus [13]. The major groups are: type 1 and type 2, gestational diabetes and diabetes due
to other known causes. Type 1 diabetes mellitus is characterized by beta cell destruction caused
by an autoimmune process, usually leading to absolute insulin deficiency [14-15]. Type 1
diabetes is also subdivided according to whether cell destruction is caused by the immune or
other processes, and be classified as typelA or type 1B diabetes mellitus [13-14]. Type 1
diabetes, formerly known as juvenile-onset diabetes, accounts for 10-15 percent of all cases of
diabetes mellitus. Approximately one-half of individuals develop the disease within the first
two decades of life, making T1DM one of the most common chronic diseases of childhood. The
reports of World Health Organization on the incidence of TIDM showed the greatest increase
in the incidence rate among young children aged 4 to 9 years. Such high increase of incidence
rate of type 1 diabetes mellitus suggests an epidemic tendency in many countries [17-18]. The
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fact that the incidence of type 1 diabetes mellitus is the highest among young population has
increased the interest in the role of physical activity in the treatment of the disease [7, 16].

Insulin is a hormone produced by the pancreatic {3 cells. It is not only central to regulating
carbohydrate, protein and fat metabolism, but also acts as a critical TIDM autoantigen.
Autoimmune distraction of pancreatic  cells leads to insulin deficiency and consequent
metabolic decomposition of glucose homeostasis [19-22].

Multidisciplinary research on the pathogenesis of TIDM indicates an involvement of genes
predisposing to autoimmune damage to the pancreatic (3 cells [23-24]. It has been suggested
that type 1 diabetes is a complex polygenic disease. The main susceptibility genes code for
polymorphic HLA molecules and, in particular, alleles of class I MHC genes [15, 25]. Risk of
T1DM progression is conferred by specific HLA DR/DQ alleles (e.g., DRB1*03-DQB1*0201
[DR3] or DRB1*04-DQB1*0302 [DR4]. The HLA alleles such as DQB1*0602 are associated with
dominant protection against the disease [26]. Polymorphism of a variable nucleotide tandem
repeat of the proinsulin gene and a single amino acid change of a gene termed PTPN22, a
tyrosine phosphatase that influences T cell receptor signaling, are associated with increased
risk for diabetes [15]. In physiological conditions there is balance between pathogenic T cells
that mediate disease and regulatory cells that control autoimmunity. However, in TIDM, the
balance between pathogenic and regulatory T cells is altered [27]. Thus, the ability to identify
individuals at high risk for type 1 diabetes using genetic and/or autoantibody markers has
been a main goal of the diabetes research and T1DM prediction strategies [20, 28].

Early diagnosis has expanded the chance for pharmacological treatments for diabetic children
and adolescents. Autoimmune destruction of insulin-producing pancreatic (3 cells requires
constant administration of various insulin preparations designed to meet basal and meal-
dependent insulin requirements. In recent years, several new insulin analogs have been
developed including short-acting insulin analogs with different pharmacokinetic properties
[29-30]; the preparations have been recommended for tight control of blood glucose concen-
trations and significantly reduction of diabetic complications [31].

There is compelling evidence indicating that individuals who have been using intensive
insulin therapy should participate in regular physical activity [1, 7, 32]. Findings from most
experimental and questionnaire studies in youth suggest a positive relationship between
physical activity and health benefits [33-35]. Regular physical activity in people with
diabetes increases the capacity to maintain appropriate plasma glucose levels and enhan-
ces the patient’s metabolic capacity during and after exercise [36-37]. However, in chil-
dren and adolescents with type 1 diabetes, it may also be responsible for the occurrence of
some adverse reactions such as hypoglycemia, hyperglycemia, ketosis and diabetes-
related complications. These effects of exercise on glycemic control depend on several
factors, such as starting levels of glycaemia, type, intensity of exercise, and the use of
exogenous insulin and insulin secretagogues [38].

Contraction of skeletal muscle increases glucose metabolism through an insulin-independent
pathway. In this mechanism, glucose delivery is facilitated by an increase in blood flow to the
working muscle groups. Regular aerobic exercise increases the synthesis of glucose transporter
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(ie. GLUT 4) and enzymes to exercising muscles [39]. At rest, muscles mainly draw their energy
from fats; hormonal control is a result of balance between insulin and glucagon secretion.

The metabolic adaptation during exercise is sequentially characteristic for each different phase
of requirement of the exercising muscle. The first mechanism available for muscle contraction
is to access energy from adenosine triphosphate (ATP) breakdown. Then, the high-energy
phosphate from creatine phosphate (CP) is used to resynthesize ATP from adenosine diphos-
phate (ADP). The limited supplies of CP in the muscle require increased energy production
from the non-oxidative (anaerobic) glycolytic pathway [40]. The fuel for this pathway is
glucose from the blood or glucose stored in the muscle in the form of glycogen. The end product
of glycolysis is pyruvic acid, which may be further processed to produce energy in the
oxidative pathway or can be removed to form lactic acid or alanine. In muscle cell mitochon-
dria, the oxidative pathway can use fats or lipids as a fuel. Both glucose, through the formation
of pyruvic acid, and lipids are oxidized in the tricarboxylic acid (TCA) cycle (Krebs cycle) [41].
It is well documented that the ATP resynthesis depends on glucose transport into the cell
[42-43]. One of the beneficial effects of exercise on glucose homeostasis in people with diabetes
is a marked stimulation of blood glucose utilization via the insulin independent mechanism.
Increased synthesis of GLUT-4 through insulin-independent pathway in the muscles results
in the enhancement of the glycolytic and oxidative energy produced during exercise and post-
exercise glycogen stores [44]. Increased glucose uptake is usually observed after a single bout
of exercise even when insulin level decreases [45-46].

Muscle cells differ in their contractile and metabolic properties [47]. Their different recruitment
depends on the exercise intensity and duration [48]. All the aforementioned processes allow
describing the fuel mobilization and muscle metabolism at three levels of exercise intensity ie:
low-, moderate-, and high-intensity exercise. During low-intensity exercise, energy for muscle
contraction is supplied predominantly by oxidation of carbohydrates and free fatty acids
(FFAs) mobilized from the adipose tissue and supplied by intramuscular triglycerides (TGs).
The predominance of oxidative metabolism during low-intensity exercise is a consequence of
selective recruitment of oxidative muscle fibers (type I). At moderate-intensity exercise,
performed in the range of 50% to 75% of VO,,,.,, approximately half of the expended energy
is derived from intramuscular lipids whereas the rest is derived from carbohydrates. Muscle
glycogen and blood glucose contribute to carbohydrate utilization in 80 and 20%, respectively.
Adipose tissue FFAs provide a bit more than half of the lipid fuel, and the rest is supplied by
intramuscular TGs [49]. This pattern of fuel use is a consequence of the metabolic characteristics
of the type Ila muscle fiber recruited during moderate-intensity exercise [50].

At high-intensity exercise (above 80% of VO,,,,), about three quarters of total energy cost of
exercise is supplied by glucose mainly derived from muscle glycogenolysis [36, 51]. FFA
secretion is blocked by the vasoconstrictive action of catecholamine and increased concentra-
tion of lactic acid. High concentrations of lactate indirectly facilitate carbohydrate metabolism
[52]. High concentrations of glycolytic enzymes activate ATP hydrolysis and anaerobic
glycolysis [53]; type IIb glycolytic muscle fibers are preferentially recruited during high-
intensity exercise [54-55].
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It has been well documented that participation in low and moderate-intensity exercise by
individuals with TIDM results in decreased blood glucose concentrations [6, 56-57]. In patients
with diabetes, the effect of low-to-moderate intensity exercise varies according to the starting
levels of glycaemia. In TIDM patients with pretraining hyperglycemia and ketosis resulting
from insulin underdosing, a session of moderate-intensity exercise may increase hyperglyce-
mia [36, 58]. In contrast, when patients with type 1 diabetes are treated with insulin and display
mild to moderate hyperglycemia, exercise can lower plasma glucose concentrations thus
preventing an episode of hypoglycemia [59-60].

The currently available data suggest that patients with TIDM are less likely to develop
hypoglycemia during high-intensity exercise than when they engage in low-intensity exercise
[57, 61]. There is evidence that high-intensity exercise added to low-or moderate-intensity
exercise may maintain blood glucose levels within the normal physiological range and thus
minimize the risk of hypoglycemia [62-63]. Guelfi et al. 2005 first demonstrated beneficial
effects of the above mentioned exercise combinations on blood glucose levels. The effect is
partly due to the fact that intermittent high-intensity exercise (defined as exercise involving
repeated bouts of short duration), intense activity and alternating intervals of low-to moderate-
intensity exercise are typical of many field sports and spontaneous physical activity in children
and adolescents [36, 64-65].

The knowledge of the interactions between specific insulin preparations and various forms of
exercise is essential to optimizing glycaemic control with minimizing the potential for
derangements in glucose homeostasis [66]. The challenge in diabetic patients is to maintain
glucose control during physical activity of varying intensity and to effectively decrease
hyperglycemia as a result of lower catecholamine levels [67-68].

One of the most important therapeutic recommendations in type 1 diabetes is to lower the
percentage of serum glycated hemoglobin, a long-term indicator of glycaemic status [69-70].
Glycated hemoglobin A,c (HbAc) indicates the percentage of total hemoglobin that is bound
by glucose and is formed in a non-enzymatic glycation pathway by hemoglobin's exposure to
plasma glucose. International Expert Committee has recently recommended that HbA,c might
be a better means of diagnosing diabetes than measuring fasting and/or post-challenge glucose,
and established HbAlc > 6.5% as the cut point for diagnosing the disease [69-73].

Type 1 diabetes is among the most common chronic conditions in childhood, occurring with
increasing frequency, particularly in children aged five years or less [74]. Considering its
complexity as well as invasive and continuous treatment, the disease can have a significant
effect on children, parents and other family members by affecting many aspects of their lives.
One of the beneficial effects of exercise on glucose homeostasis in people with diabetes is a
marked stimulation of blood glucose utilization via the insulin independent mechanism.
However, the effect of exercise on glycemic control in diabetes depends on several factors
including exercise intensity, starting levels of glycaemia and use of exogenous insulin [75-77].
Therefore, the aim of the study was to investigate the effect of physical activity on glycaemic
control in children and adolescents suffering from type 1 diabetes mellitus. Another study
objective was to evaluate changes in glucose concentrations, glyceaemia, and glycated
hemoglobin level in diabetic patients in response to regular exercise during diabetes camps.
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2. Methods

2.1. Study participants

The study group comprised a total of 53 (27 girls and 26 boys) children and adolescents with
type 1 diabetes mellitus (T1IDM). Mean age was 11.8 + 2.4 years (range 5 to 17 years); duration
of diabetes was 2.8 + 1.6 years (Table 1). All subjects lived and attended schools in Silesian
Industrial Region in Poland and were recruited at the Diabetes Clinic of the Silesian Center for
Child Health. They were treated with recombinant human insulin divided into daily doses,
and performed self-monitoring of blood glucose on glycaemic control. The types of insulin
used were: NovoRapid, Lantus, Humalog, Apidra. Only patients free of diabetic complications
were enrolled. The other criteria for inclusion were no personal history of other cardiovascular
or metabolic diseases, no simultaneous participation in another clinical trial, being free of any
acute infections up to one week prior to the study, and HbAlc <7.5%.

The medical history and information about diabetes etiology of the study participants were
prepared by medical personnel. The adolescents and their parents were presented with a
comprehensive description of the aim and methods of the study. Written consents were
requested and obtained from all parents. The study protocol was approved by the Ethics
Committee of the Academy of Physical Education in Katowice, Poland, and conformed to the
standards set by the Declaration of Helsinki.

3. Measures

Height and body mass (mean + SD) of the participants were measured according to standard
procedures [78]. Body mass index (BMI) was calculated as weight (kg) divided by height (m)
squared. All subjects were characterized by normal-weight according to international BMI
cutoff values and BMI centiles [79] (Table 1).

The first group were monitored during their school classes (GrS; n=25). We assessed glycemia,
diet and physical activity during the school day and leisure time. The other group comprised
participants of a rehabilitation programme at a summer camp for diabetic children, organized
by the Polish Society for Children and Youth with Diabetes. (GrR; n=28).

Physical activity (PA) assessment was performed using accelerometers (accelerometer
ActiGraph GT3X+, USA). The first PA indicator was the number of steps per day (steps/day)
while the other indicator was daily energy expenditure of physical activity (kcal/kg/day).
According to recommendations, the children wore a device placed firmly on an elastic belt on
the right hip. During the seven-day monitoring period, the accelerometers were taken off only
at bedtime and before potential contact with water [33, 80-81]. The criteria of the 2001-2002
President’s Challenge Physical Activity and Fitness Awards Program were used to assess
physical activity [82]. The authors recommended that the daily number of steps, hops or
position changes should be about 13,000 in boys and 11,000 in girls at least 5 days a week for
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a standard healthy base. Thus, the daily active energy expenditure should be at least 11
kcal/kg/day in boys and 9 kcal/kg/day in girls on most days within a week [83].

Considering the aim of the study, PA measurements were conducted in two groups:

* GrS (n=25)-children and adolescents who participated in their daily PA at school according
to their educational program and own lifestyle

* GrR (n=28)-children and adolescents who participated in their daily PA during a rehabili-
tation summer camp.

The first group of subjects (GrS) were asked to wear an accelerometer for 7 consecutive days,
starting on the day immediately after they had received monitors at school. The second group
(GrR) was monitored during the second week of a summer camp for children and adolescents
with diabetes.

4. Biochemical assessments

Blood samples were collected in the morning using venipuncture after overnight fast. To
analyze the children and adolescents’ glycemia, the measurements of glucose concentrations,
and doses of insulin were repeated 6-8 times per day. The analyses of all individual daily
insulin doses were compared to differences in glucose concentrations (Medtronic MiniMed
Paradigm 715). Glycated hemoglobin (HbAlc) concentrations were checked (Ames
DCA-2000™ Immunoassay Analyzer-normal range: 4.2-6.5%) before and at about two weeks
after the end of the study.

For each subject the mean insulin dose and the average blood glucose concentrations were
monitored in the morning, afternoon, and evening. Moreover, all incidents of hypo-and
hyperglycemia were monitored and recorded and so was the time of their occurrence.

Food intake was recorded and compared to dietary recommendations for all study subjects
[32, 84].

Variables Grs GrR
(n=25) (n=28)

Age [yr] 11.5 (3.4) 12.2(1.5)
Body height [m] 1.67(0.1) 1.55(0.1)
Body mass [kg] 56.0 (9.6) 45.0 (1.0)
BMI [kg/m?] 19.8(1.8) 18.9(2.3)
BMI Centiles[centiles] 51.1(22.1) 54.5(23.2)
HgA1c[%] 7.16 (0.38) 7.02(0.3)

Table 1. Anthropometric and physiologic features of the study population (mean, SD)
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5. Statistical analysis

All results are presented as means + standard deviation. The data were analyzed by two-way
ANOVA followed by the Student-Newman-Keuls test when appropriate. Significant differ-
ences in glucose concentrations and insulin doses and physical efficiency variables in relation
to references ranges were determined using the Bonfferoni post-hock test. Pearson correlation
coefficients were analyzed to determine the inter-variable relationships. All analyses were
performed using the Statistica v. 9 statistical software package (StatSoft, Tulsa, OK, USA).
Statistical significance was set at p < 0.05.

6. Results

We studied the effects of energy intake and physical activity on glycaemic control in children
and adolescents suffering from diabetes type 1. The variables associated with glucose homeo-
stasis (e.g. daily insulin doses, energy intake, and glycated hemoglobin (HbAlc) were
compared during daily activities and in response to exercise/sports participation in a sample
of children and adolescents with TIDM.

The assessment of nutritional status of all children and adolescents who participated in the
study showed normal body mass and normal BMI percentile values (57.5 +20.5 and 52.7 +24.9,
respectively). Before the study all children had similar levels of hemoglobin A,. (HbA ).
Anthropometric features of the two study groups (GrS vs. GrR) were similar for all subjects
(Table 1.) Children from the GrS accumulated an average of 8904 + 981 steps/day while the
average activity-induced energy expenditure was 248 + 40 kcal/day and the relative energy
expenditure was 6.06 + 0.86 kcal/kg/day. The mean number of steps per day during daily PA
at school (GrS) was low compared to recommended values (Fig.1).

Analysis of variance revealed a significant effect of physical activity programme during
diabetes camp on daily steps (F=44.0; p<0.001) and daily energy expenditure (F=21.0; p<0.001).
The two-week adherence to a structured exercise programme increased children and adoles-
cents physical activity. Diabetic children who participated in the camp (GrR) accumulated an
average of 14378 + 1699 steps/day, corresponding to 466 + 48 kcal/day; the relative energy
expenditure was 10.4 + 0.85 kcal/kg/day. A comparison of the study subjects who took part in
their daily PA at school according to their educational program (GrS) and participants of the
camp for diabetics (GrR) revealed significant differences regarding steps per day (p<0.001) and
daily energy expenditure (p<0.01) between these groups (Table 2).

T1DM children participated in the camp exhibited a higher tolerance of physical exercise on
each day of the investigations (Fig. 1). The average daily dose of insulin (Ins/kg) was similar
for all subjects, and no significant differences were observed in GrS compared to GrR. No
differences were observed in mean daily serum glucose levels between GrS vs GrR groups
(p>0.05) (Table 2). However, based on the measurements of blood glucose concentrations
during the day, several incidents of hypo-and hyperglycemia were observed. Two-way
ANOVA revealed a significant effect of physical activity levels on hyperglycemic but not
hypoglycemic incidents (GrS vs GrR; F=1014.7 p<0.001). GrR exhibited a trend to higher
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number of hypoglycemic events between 10.00 to 12.00 hours compared to GrS (Fig. 2).The
number of hyperglycemic events differed depending on the day of the study (F=442.0, p<0.001).
Higher risk of hyperglycemia was noted in children with TIDM who participated in the sports
camp. A significant increase in hyperglycemic incidents was diagnosed between 12.00 to 20.00
hours (Fig.3). This trend coincided with the distribution of physical activities carried out
during the camp. In the morning we used low-intensity exercise of longer duration while the
intensity of afternoon exercises was higher. This might suggest that intense exercise increased
the rate of hyperglycemic episodes. A large number of episodes of hyperglycemia directly
related to the high intensity exercise may suggest higher glucose levels as a defense mechanism
against hypoglycemia.

The analysis of variance indicated a significant effect of the week day on the insulin dose (F=2.2;
p<0.05) with significantly higher doses on Sunday compared to Saturday (p<0.05). The average
daily glucose concentrations were similar in both groups with a tendency to higher differences
in insulin doses in GrR compared to GrS. Sunday results showed an individualized decrease
of daily steps, significant increase of insulin doses, and a tendency to hyperglycemia in all
investigated diabetics.

Analysis of variance revealed a significant effect of daily energy expenditure during school
and rehabilitation programme activities on glycated hemoglobin (HbAlc) concentrations
(F=5.3; p<0.05). A tendency to increased HbAlclevels was observed in GrS after the two weeks
of study while GrR subjects had slightly lower levels after the summer camp (Fig. 4).

Participation in a particular study group had a significant effect on fat consumption (F=15.1;
p<0.001) and protein content of the diet (F=6.9; p<0.01). Children with T1IDM from GrR group
showed higher fat intakes (p<0.05) and lower protein intakes compared to GrS group (p<0.05)
(Table 3). Protein consumption was higher compared to standard dietary guidelines for
children in both GrS and GrR groups (4.7 % vs 2.6% above, respectively). The average values
of fat consumption exceeded standard recommendations for children being higher in GrR
compared to GrS (9% vs 3.5% above). Carbohydrates consumption was lower than recom-
mended in all investigated diabetics (12% for GrS and 15.3% for GrR below the normal
ingestion). Significant correlation was observed between total energy intake and insulin dose
(r=0.57; p<0.01). Lower physical activity was associated with an individualized increase of
daily insulin doses in all investigated subjects.

GrS GrR
Variables

(n=25) (n=28)
Energy expenditure [kcal/kg/day] 6.06 (0.86) 10.4 (0.85)**
Average number of steps [steps/day] 8904 (981) 14378 (1699)***
Dose of insulin [u/kg/day] 0.39(0.03) 0.41(0.03)
Glucose concentration [ mg/dl] 125.1(8.6) 129.8 (4.5)

**p<0.01; ***p<0.001 significant differences between GrS and GrR.

Table 2. Mean energy expenditure, average number of steps, mean daily dose of insulin, and glucose concentrations
on successive week days in the GrS and GrR.
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Figure 1. The number of steps compared to the standards in GrS and GrR. (values presented as percentages differen-
ces)
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Figure 2. The number of hypoglycemic events at particular time of the day.
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Figure 3. The number of hyperglycemic events at particular time of the day. **p<0.01; ***p<0.001 significant differen-
ces between GrS and GrR.
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Figure 4. Glycated hemoglobin concentrations (HbA1c%) in GrS and GrR before and after two weeks of study.
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GrS GrR
Variables

(n=25) (n=28)
Energy supply with diet [kcal/kg/day] 38.8(15.6) 35.6(10.8)
Fat intake [g/kg/day] 1.4 (0.8) 1.7 (0.7)*
Carbohydrate intake [g/kg/day] 3.5(1.8) 3.2(1.2)
Protein intake [g/kg/day] 2.1(1.5) 1.9 (0.8)*

*p<0.05 significant differences between GrS and GrR.

Table 3. Mean energy supply with diet, mean daily fat, carbohydrate, and protein intake on successive days of the
week in the GrS and GrR.

7. Discussion

Children and adolescents engage in different types of exercise, most frequently in unplanned
and spontaneous physical activities, which can, of course, be associated with immediate and
long-term health benefits [36, 62, 85-86]. Children with T1IDM gain similar health benefits from
physical exercise as their healthy peers; however, due to several consequences of the disease,
some specific characteristics of their adaptation to exercise should be considered. Diabetic
children and adolescents differ from the healthy pediatric population in their physiological
responses to exercise. They are characterized by impaired utilization of exogenous glucose as
an energy source during exercise despite hyperinsulinemia and higher rates of perceived
exertion, which persist after glucose ingestion [60, 87]. In patients with diabetes, exercise may
increases insulin sensitivity and insulin absorption from the site of administration. Plasma
glucose levels decrease during and after low-and moderate intensity exercise in response to
enhanced glucose utilization in skeletal muscle [88]. In contrast, high-intensity exercise
protocols may increase the risk of hyperglycemic episodes [51, 57, 62, 89].

In the present study we analyzed the level of physical activity of children and adolescents with
type 1 diabetes and the effect of exercise intensity to compensate blood glucose level depending
on the insulin treatment and the diet. Furthermore the aim of the study was to determine the
energy expenditure associated with the programmed physical activity which is effective for
maintaining normoglycemia in children with type 1 diabetes.

The major findings of our study are that: 1) physical activity in children with type 1 diabetes
was lower than the standards for the population of healthy children and recommendations for
health training, 2) programmed physical activity significantly increased daily energy expen-
diture; however, may also increase the risk of hyperglycemia, 3) greater physical activity
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seemed to provide more effective control of glucose homeostasis as demonstrated by reduc-
tions in HbA,_. Our results also show that children with TIDM do not meet the standards of
consumption of basic nutrients; higher fat and protein intake with lower carbohydrate values
might induce glucose imbalance.

The American Diabetes Association recommends that young patients with diabetes should be
given the opportunity to benefit from participating in every type of physical activity, including
both recreational and competitive exercises. The understanding of the mechanism of glycemic
changes in exercising muscles, modulation of both insulin dose and injection site and appro-
priate dietary supplementation in TIDM patients prevent the occurrence of adverse events
during physical activity [90]. Thus, a thorough understanding of the interactions between
exogenous insulin and insulin secretagogues, diet and various forms and intensities of exercise
seems to be of great importance to achieve tight metabolic control in diabetic patients. The
dose and type of insulin administration (multiple injections/continuous subcutaneous insulin
infusion), the site of injection and the timing of insulin dose and food intake before exercise
may influence the metabolic and hormonal responses to physical activity among T1DM
patients [32, 60, 91].

Plasma glucose concentration is a function of glucose supply, transport rate in the circulation,
and metabolism [92-93]. The glucoregulatory hormones, of which insulin is the most impor-
tant, are designed to maintain circulating glucose concentrations in the physiological range.
Initially, insulin stimulates the cells of insulin-sensitive tissues, primarily skeletal muscle, to
increase their glucose uptake [6, 43]. Secondly, insulin acts on the liver to inhibit glucose
production [42]. The insulin dependent mechanism of glucose transport may be exacerbated
by the skeletal muscle contractions. Insulin enhances translocation of specific transporter
proteins (GLUT-4) which carry glucose into muscle and adipose cells. In patients with type 1
diabetes mellitus, the insulin-independent mechanism is the most important. Translocation of
glucose transporter proteins to cell membrane is initiated by muscle contractions when calcium
is released. Recent investigations also indicate that autocrine/paracrine mechanisms observed
during exercise (e.g., nitric oxide, adenosine, bradykinin, insulin-like growth hormone-1 may
exert alternative or parallel actions [2, 94-96].

It is well established that hypoglycemia is the most common response to exercise; however, in
a diabetic patient blood glucose concentrations may also increase or remain unchanged. It is
also possible that, even in well-controlled patients, exercise-induced increases in glucose
utilization may lead to hypoglycemia [88] both during exercise and up to 31 hours of recovery
[90, 97]. Conversely, excessive snacking before exercise, exercise protocols characterized by
high intensity and sympathetic nervous systems activation may influence the metabolic
response to exercise and increase the risk for hyperglycemia [36, 98]. Several factors may
contribute to these adverse reactions during and after exercise [42]. In patients requiring
exogenous insulin therapy, insulin levels are predominantly associated with medication;
consequently, these levels do not decrease in response to exercise. At the normal exercise-
induced decrease in the portal insulin level, hepatic glucose production remains suppressed
and cannot increase proportionally to the muscle glucose utilization. As a result, blood glucose
declines to hypoglycemic levels [36]. As mentioned above, plasma insulin concentration does
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not decrease during exercise in TIDM compared to healthy subjects. Quite the opposite-it may
even rise, first due to the higher absorption, secondly due to the increased insulin sensitivity,
and, finally, in the case when insulin injection is given shortly before exercise. Consequently,
the ability to mobilize fat and carbohydrate fuels for exercise may be compromised [3] which
facilitates the onset of hypoglycaemia during moderate-intensity exercise [92, 97]. As it was
suggested, low-to-moderate intensity exercise was generally recommended for patients with
type 1 diabetes since numerous benefits on glucose homeostasis had been observed [91, 95,
99]. However, hypoglycemia can be minimized by appropriately reducing insulin dosage or
ingesting additional carbohydrates [60, 90].

Processes regulated by insulin-independent mechanisms are generally preserved when people
with diabetes engage in high-intensity exercise. These processes include normal increases in
glucose production and disposal during and immediately after the exercise [63, 100-101]. After
high-intensity exercise appropriate control of glycaemia is more challenging than in low-
intensity exercise due to the role of insulin in modulating the postexercise decline in glucose
disposal. Low circulating levels of insulin can prolong hyperglycemia during the recovery
after high-intensity exercise, partially counteracting the beneficial effects of exercise on glucose
control. If a patient recognizes that a given exercise leads to postexercise hyperglycemia,
insulin should be administered shortly after the completion of high-intensity exercise.
However, there is evidence that high-intensity exercise, used in combination with low-or
moderate-intensity exercise, may maintain blood glucose levels within the normal physiolog-
ical range and thus minimize the risk of hypoglycemia [62-63].

In the present study, we investigated weekly engagement of children and adolescents with
type 1 diabetes in physical activity using an accelerometer. Data regarding their physical
activity were obtained through the calculation of mean energy expenditure and com-
pared to reference ranges for children and adolescents. The participants were asked to
monitor their physical activity for 7 days during school classes (5 days) and weekend days
(2 days). We observed that children and adolescents with TIDM did not adhere to
recommended levels of physical activity. Sedentary time was higher on Sunday in all
participants and higher in the older group. The proportion of diabetics who did not meet
the physical activity recommendations in the present study is consistent with the results of
previous studies. Sporting habits in children and adolescents with diabetes were ana-
lyzed by Vanelli et al. [102] and Admon et al. [91]. Weekly levels of moderate/vigorous
physical activity and sports participation were investigated using a questionnaire. The
results showed that children with TIDM appeared to spend less time engaged in physi-
cal activity than their non-diabetic peers. Regular physical activity was associated with
better metabolic control and lipid profile [103-105]. The association between physical
activities, sedentary behavior, and metabolic control in adolescents with TIDM was also
observed by Aman et al. [11], who reported that PA was associated with positive health
perception but not with glycaemic control, frequency of hypoglycemia or other beneficial
effects. In youth with TIDM, prolonged moderate aerobic exercise results in a consistent
reduction in plasma glucose and frequent occurrence of hypoglycemia when pre-exercise
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glucose concentrations are < 120 mg/dl. It also seems that treatment with 15 g of oral glucose
is insufficient to reliably treat hypoglycemia during exercise in children and adolescents [88].

Our results showed significantly higher frequency of hyperglycemic events in GrR compared
to GrS, with similar amount of hypoglycemic events. It is worth pointing out that GrR exhibited
lower glucose levels in the morning whereas hyperglycemia usually appeared in the after-
noons and evenings. This coincided with the distribution of physical activities during the
camp. In the morning children performed low-intensity exercise of longer duration while the
intensity of afternoon exercise was higher.

Our investigations revealed that, compared to dietary standards for children, our study
participants showed an excessive intake of proteins and fats and very low carbohydrate intake.
Children with TIDM do not meet the standards of basic nutrients consumption [106]. The
energy intake from proteins, fat and of carbohydrates compared to dietary standards for
children showed an excessive intake of proteins and fats and very low carbohydrate intake.
The analysis of variance showed a significant effect of age on the level of fat consumption and
positive correlation between the value of energy intake and insulin dose.

Increased intake of fat and protein and lower carbohydrate values can cause problems with
insulin administration in response to diet and/or physical activity.

It should be mentioned, that proper nutrition is important in the prevention and treatment of
chronic complications of diabetes [107-110]. According to clinical guidelines [71] 40-50% of
energy should provide carbohydrate diet, especially a low glycemic index (<50 IG), the fats
should provide 30-35% of the energy value of the diet; and protein should be 15-20 %. The ratio
of animal protein to vegetable protein should be at least 50/50%. For important recommenda-
tions should supplement meals with fluids, vitamins, minerals and fiber [32]. Despite the
important role of a balanced diet in the treatment of T1IDM, standard recommendations that
could help clinicians manage glycemia during exercise are still lacking [111]. The type,
duration, and timing of exercise as well as its temporal relation to meals and premeal insulin
doses may affect glucose homeostasis during and after exercise. Moreover, regulation of blood
glucose associated with physical exercise and anabolic hormonal secretion could be important
for long-term glycemic control [112-113]. In the above mentioned studies glycated hemoglobin
(HbA1c) could be a better index of long-term glucose homeostasis than measuring fasting and/
or post-challenge glucose [69-70, 73].

The results of the previous study suggested improvement in long-term glycemic control in
T1DM youth after a programme of physical activity [10, 105] associated with an increase in
aerobic capacity or fitness. Austin et al. [103] also observed a negative correlation between
aerobic physical effort and HgAlc levels and daily insulin doses in diabetic patients.

Consistent with these findings, our data also indicated a tendency to HbAlc levels increase in
children with lower physical activity (GrS) compared to summer camp participants (GrR).

Our results also demonstrate that participation in an organized rehabilitation programme
increased the daily energy expenditure and was associated with tendency to lowering indices
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of long term glycaemic control (HbAlc%) compared to pretraining levels. This study has
limitations that need to be considered before interpreting the findings. The rehabilitation
programme might have been too short to significantly improve glycemic control which could
be documented by decrease HbAlc level. Also, since the baseline HbA1C levels were slightly
over the reference range, ie., below 7.2%, the effects of physical activity in GrR were not so
spectacular.

There is evidence that high-intensity exercise along with low-or moderate-intensity exercise
might be recommended to diabetic patients. The most important exercise-related benefits in
patients with TIDM include reduced serum glucose levels, improved insulin sensitivity and
lipid profile, reduced daily dosage of insulin, improved cardiovascular function, reduced body
weight and fat accumulation, increase in physical efficiency, and quality of life improvement.
Thus, parents, physical education teachers and physical therapists should motivate type 1
diabetic children to engage in physical activity, and supervise them during exercise in order
to create a proper approach to physical exercise and reduce the risk for exercise-related
complications [110-114].

It should be emphasized that, general exercise recommendations for children and adolescents
with T1DM are that they should exercise systematically, for about 30 to 60 minutes, four to
five times a week at a low to moderate intensity [115]. In this way they utilize glucose slowly
and the effects of preferential fat oxidation improve. Apart from aerobic exercises, diabetics
should perform intermittent high-intensity exercise to minimize the occurrence of hypogly-
cemic events. High-intensity physical exercise causes severe lactic acidosis and increases
adrenergic system activation as compared to low-intensity exercise. Consequently, endurance
sports activities performed under aerobic threshold are recommended for TIDM patients [98].
On the other hand, a combination of moderate-and high-intensity exercise, a pattern of
physical activity referred to as intermittent high-intensity exercise, may also be recommended
for youth with TIDM [61, 63, 116]. It is worth to point out that, individual insulin administra-
tion scheme (insulin injections and pump) and blood glucose monitoring are of great impor-
tance [91]. The authors mentioned that the pump should be removed or turned off during
unplanned prolonged exercise to reduce the risk of hypoglycemia.

8. Conclusions

Regular physical activity is an essential element in blood glucose regulation for children and
adolescents with type 1 diabetes mellitus. The obtained results indicate that children with type
1 diabetes are not meeting recommended physical activity and dietary guidelines, and
especially regarding fat intake. Regular physical activity with high energy expenditure may
effectively control glucose homeostasis as documented by HbA, reduction. However,
incorrect dietary behaviors and/or exercise load in TIDM patients may increase the risk of
hypo-or hyperglycemia and long-term metabolic complications.
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1. Introduction

1.1. The liver and glucose metabolism

The liver comprises of hepatocytes, biliary epithelial cells, stellate cells (or Ito cells), Kupffer
cells, sinusoid endothelial cells, and pit cells [1,2]. Most of the clinically quantifiable liver
functions such as metabolic processes and protein synthesis take place within the hepatocytes,
while non-hepatocyte cells are responsible for other functions including inflammatory
response (Kupffer cells), collagen deposition (Ito cells), and cell orientation [2-5]. Regulation
of blood glucose is one of the main functions exerted by the liver. The organ contains a dynamic
storage of glycogen that is rapidly dismissed into the circulation as glucose to maintain
glycemia and support brain functions. Hence, hepatocytes are enzymatically specialized to
switch rapidly between glycogenolysis and glycogenosynthesis based upon hormonal stimuli
and metabolic conditions.

Glucose enters the hepatocytes through the low-affinity transporter GLUT2 (Km=15-20 mM,
Table 1). At variance of GLUT1 and GLUT4 glucose transporter that possess a Km=1-5mM and
are therefore constitutively active near their maximal rate under euglycemic conditions (i.e.
between 60 to 100 mg/dl), GLUT2 is maximally activated following a meal. The high Km of
GLUT2 (~15-20mM) correlates well with the high Km glucokinase responsible for the conver-
sion of glucose to glucose 6-phosphate [6].

Glucose 6-phosphate (G6P) can be routed towards glycogenosynthesis, glycolysis, or oxidation
by the cytoplasmic glucose 6-phosphate dehydrogenase, de facto entering the pentose shunt
pathway, an alternative path that generates ribose 5-phosphate utilized in nucleic acid
formation (cell cycle) or return as glucose 6-phosphate to be used once again as most conven-
ient for the cell (Fig.1). Glucose 6-phosphate is also transported into the endoplasmic reticulum

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Transporter Affinity for Glucose (Km) Location
Glut1 1-2 mmol/L ubiquitous
Glut2 15-20 mmol/L hepatocytes, B-cells
Glut3 1-2 mmol/L ubiquitous
Glut4 3.5-8 mmol/L skeletal muscles, adipocytes

Table 1. Glucose Transporters

to undergo hydrolysis via glucose 6-phophatase, or oxidation via the hexose 6-phosphate
dehydrogenase, the reticular variant of the glucose 6-phosphate dehydrogenase [7].

Glucose Glucose
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Figure 1. Cartoon depicting the different destinies of glucose 6—-phosphate (G6P) within the hepatocyte.

The modality whereby glucose 6-phosphate enters the hepatic E.R. lumen is still debated. The
substrate-transport theory postulates that G6P enters the ER lumen via a specific transporter
(T1) distinct from the glucose 6 phosphatase. In this model, T1 represents the rate-limiting
factor for the G6Pase system [8]. The conformational flexibility substrate-transport theory proposes
that the G6Pase enzyme possesses a hydrophilic region that spans the E.R. membrane and
project into the cytoplasm. This region is specific for substrate binding and is distinct from the
hydrolytic site. Upon binding to glucose 6-phosphate this cytoplasmic site of the protein
undergoes a conformational change and delivers the substrate to the intra-luminal catalytic
site. According to this model, the substrate binding site and a hydrolytic site of the G6Pase are
two parts of the same protein, and the enzyme is not specific for a particular substrate [9].
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Irrespective of the modality of entry, the hydrolysis of glucose 6-phosphate by the hydrolytic
site of the glucose 6-phosphatase generates two byproducts, glucose and inorganic phosphate
(Pi), which are released into the cytoplasm via two additional, specific transport mechanisms
[8-11]. The glucose exported out of the ER is either earmarked for glucose output from the
hepatocyte into the bloodstream or is converted anew to glucose 6-phosphate by the glucoki-
nase thereby contributing to the glucose-glucose 6-phosphate futile cycle [12]. The inorganic
phosphate (Pi) is either exported out of the ER lumen through its specific transporter, or forms
a complex with the Ca?ions that are actively transported into the ER lumen by the SERCA
pumps [13]. Far from being static and irreversible, this Ca*Pi complex promotes an enlarge-
ment of the reticular Ca*pool within the hepatocyte, and it can be dynamically reversed to
Ca*and Pi, with both moieties being mobilized out of the ER following IP;-induced Ca*-
release [13]. Thus, this enlargement of the reticular Ca*pool is an integral part of the hepatic
response to hormones such as vasopressin or norepinephrine that tap into the IP;-related Ca*-
response for metabolic and functional purposes [14].

Further investigation is required to fully elucidate the functional implications of the reticular
hexose 6-phosphate dehydrogenase. This enzyme also utilizes the glucose 6-phosphate
transported into the E.R., oxidizing it to 6-phosphogluconolactone [7]. Essentially, this enzyme
performs the first two steps of the pentose shunt pathway within the E.R. [7.] and is responsible
for maintaining a reduced pyridine nucleotide pool (NADPH/H") within the E.R. to be utilized
in various reticular functions including E.R. stress regulation [15]. Presently, it is unknown
whether the expression and activity of the hexose 6-phosphate dehydrogenase (H6PD) change
as a result of hormonal stimuli, metabolic conditions, or liver pathologies.

The liver plays a critical role in maintaining blood glucose levels within the normal range
during the fed-fast cycle. During early fasting, hepatic glycogenolysis and glucose output from
the organ maintains glycemia within a suitable range for brain function and metabolism. As
the amount of glycogen stored within the liver (i.e. ~10% of the organ weight) is not sufficient
to maintain glycemia over an extended period of time or prolonged fasting, gluconeogenesis
becomes essential to synthesize glucose from amino acids, lactate and pyruvate dismissed into
the circulation by skeletal muscles through glycogenolysis and glycolysis, and from glycerol
dismissed by adipose tissue through lipolysis.

The complex metabolic scenario of fed to fast cycling is maintained through the antagonistic
roles of insulin on one side, and glucagon, catecholamine and glucocorticoids on the other side.
All these hormones modulate liver metabolism through the glucose to glucose 6-phosphate
futile cycle [12], with insulin inhibiting the glucose 6-phosphatase activity and expression, and
the pro-glycemic hormones increasing them.

During fed and postprandial states, elevation in blood glucose level promptly increases insulin
secretion from pancreatic (3-cells, which in turn, decreases glucagon release from pancreatic
a-cells. The combined effect of these hormonal changes decreases hepatic glucose output and
production by suppressing gluconeogenesis and glycogenolysis while increasing glucose
storage within skeletal muscles via glycogenosynthesis and adipocytes via lipogenesis. In
addition, insulin promotes glucose utilization in peripheral tissues through activation of
glycolysis [16].
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1.2. Physiological magnesium homeostasis

1.2.1. Cellular magnesium distribution

Our body absorbs minerals through food and drinks consumed daily. However, industrial
food processing techniques limit to a varying extent the dietary content and intake of minerals
and vitamins, making necessary the utilization of supplements. This is indeed the case of the
macro mineral magnesium. Overall, Mg?is the fourth most abundant cation in vertebrates and
the second most abundant cation within cells after potassium. In humans, total body magne-
sium (Mg?) is found mostly in the bones (60-65% of total content), soft tissues and cells in
general [17]. Only 1% of total body magnesium is found in the extracellular fluid, thus making
serum magnesium level a poor indicator of total magnesium content and availability in the
body. Of the 1% total body Mg*present in the extracellular fluid, about sixty percent (60%) is
free, the reminder (~33%) being bound to proteins, citrate, bicarbonate, ATP' and phosphate
(£7%) [18].

Whole body Mg*homeostasis changes overtime. At an early stage, most Mg?*'in the bones can
readily exchange with serum, representing an optimal store to compensate for occasional
dietary deficiency. As age progresses, however, the proportion of readily exchangeable Mg*'in
the bones decreases significantly due to a change in bone crystal size with age [19]. In indi-
viduals consuming Mg*enriched diet, a positive association between bone mineral density
and Mg* content within the erythrocytes has been reported [20].

At the cellular level, Mg*is highly compartmentalized within nucleus, endoplasmic or
sarcoplasmic reticulum, mitochondria, and cytoplasm [18], the only notable exception being
the erythrocytes, in which Mg*is merely cytoplasmic [21]. In the majority of mammalian cells
examined, including the hepatocytes, total cellular Mg*concentrations range from 15 to 20mM
as measured by various techniques including electron X ray microprobe analysis (EXPMA),
fluorescent dyes, and scanning fluorescence x-ray microscopy [21]. Total Mg concentrations
between 15 and 20mM have also been measured within the nucleus, the mitochondria, and
the rough endoplasmic reticulum of various cell types by EPXMA [21]. In the cytoplasm,
Mg?*is present as a complex with ATP (~4-5mM=Mg*ATP) and other phosphonucleotides [22].
Consequently, the free Mg*concentration ([Mg*];) within the cytoplasm and the mitochon-
drial matrix ranges between 0.5 and 1.2 mM [21,23], i.e. slightly below or at the concentration
present in the extracellular environment. These measurements suggest that the majority of
mammalian cells are near zero frans conditions as far it concerns the cellular distribution of
Mg?".

Despite the large amount of Mg*present within the majority of mammalian cells, limited
information is available about the physiological role of Mg*for specific cell function. In liver
cells, Mg*controls ATP production by the mitochondria and its utilization by various ATPases
including the Na*/K*-ATPase [21] and the reticular Ca*-ATPase [21]. As a result, 90% of
cytoplasmic ATP is in the form of a complex with Mg*[24]. Moreover, in hepatocytes Mg*'is
a cofactor for many enzymes involved in energy metabolism, including glycolysis and Krebs
cycle [25]. The list of Mg*-regulated glycolytic enzymes includes hexokinase, phosphofructo-
kinase, aldolase, phosphoglycerate kinase and pyruvate kinase [26]. The regulation of specific
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enzymes or channels by Mg?*is not restricted to the cytoplasm occurring also in the cellular
organelles in which Mg*is compartmentalized. In liver mitochondria, changes in matrix
Mg*content regulate the activity of succinate and glutamate dehydrogenases but not -
ketoglutarate dehydrogenases [23]. In addition, Mg*regulates the opening of the inner
mitochondrial anion channel (IMAC), the permeability transition pore (PTP), K,p-channels,
and possibly the H'/Kexchanger, thus regulating the organelle volume [23]. It is still unre-
solved as to whether Mg?*'is required for the adenine nucleotide translocase to operate [23]. At
the level of the hepatic rough endoplasmic reticulum (R.E.R.), Mg*regulates Ca*"uptake via
the Ca-ATPase, and its release through the IP; receptor [27], as well as the rate of protein
synthesis and dismissal into the cytoplasm via the translocon [28]. Experimental evidence
suggests that Mg»inversely regulates the rate of glucose 6-phosphate entry into the E.R. lumen,
thus providing higher level of substrate to the glucose 6-phosphatase (G6Pase), and the hexose
6-phosphate dehydrogenase (H6PD) under conditions in which cellular Mg*levels are
reduced [29]. In the nucleus, changes in Mg?*content have been associated with inhibition of
specific endonucleases and chromatin folding [21]. Less known is the function of Mg*within
the Golgi lumen. The recent localization of a Mg*transporter in the Golgi cisternae, however,
suggests a possible role of the cation in regulating protein glycosylation [23]. As for endosomal
and lysosomal vesicles, nothing is known about the Mg*concentration within these vesicles
and its role in modulating their physiological processes.

Despite its large total concentration within the cell, Mg*'is not a static cation. Major Mg*fluxes
have been detected across the cell membrane of the hepatocyte and other mammalian cells.
Various hormones and pharmacological agents modulate total and free Mg*concentrations
within the hepatocyte, supporting the hypothesis that many of the metabolic changes elicited
by these agents are attained by changing the concentration of Mg*within the cells and/or
within specific cellular compartments, which then results in the up-or down-regulation in the
activity of Mg-sensitive enzymes.

1.2.2. Cellular magnesium transport mechanisms

The current understanding of Mg*transport across the hepatocyte cell membrane indicates
that Mg*exits the liver cell via a Na*/Mg*exchanger [30,31], which functionally depends on
the physiological concentration of extracellular Na*[30,32] and the cellular level of cAMP [33],
which activates the exchanger through phosphorylation [34]. Under conditions in which
limited inward Na*gradient is present across the cell membrane, or Na‘transport is inhibited
by agents like amiloride or imipramine, cellular Mg*is extruded via a Na*-independent
mechanism that utilize different cations or anions in counter-transport for or co-transport with
Mg?*, respectively [32].

Asfor Mg*entry, hepatocytes appear to utilize predominantly the TRPM7 channel [35]. Protein
kinase C (PKC) appears to regulate this channel directly via phosphorylation of its C terminus,
or indirectly by removing RACKI1-inhibition [36].

Several other Mg*'entry mechanisms have been observed to be present in liver cells [32] but it
is still unclear to which extent these mechanism cooperate with TRPM7 in mediating Mg*entry
and in regulating hepatic Mg*homeostasis.
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1.2.3. Regulation of magnesium transport

The specific modality of operation and regulation of the various Mg*transport mechanisms
have been extensively addressed in recent review articles [32,37-39], and we refer to those
reviews for further information. For the purpose of this chapter, we will only mention that in
liver cells both Mg*entry and extrusion are under hormonal control. Hormones like catechol-
amine and glucagon, which increase cAMP level within the hepatocyte, all promote
Mg*extrusion by phosphorylating the Na‘/Mg*exchanger mentioned above [40]. Activation
of a;-adrenoceptors by catecholamine also induces Mg*extrusion. Stimulation of this class of
adrenergic receptors activates PLCy, which in turn hydrolyzes phosphatidyl-inositol bisphos-
phate (PIP2) to diacylglycerol and inositol 1,4,5-trisphosphate (IP;). The IPs;-induced
Ca*release from the endoplasmic reticulum and the subsequent capacitative Ca*entry
through the hepatocyte plasma membrane promote Mg*extrusion from the hepatocyte, most
likely by displacing Mg*for Ca*from organelle and cytosolic binding sites [41]. This is
consistent with the observation that distinct Na*and Ca*-dependent Mg*extrusion mecha-
nisms operate in the basolateral and the apical portion of the hepatocyte cell membrane,
respectively [34,42]. The differential activation of the Na*-dependent ([3-adrenergic receptors
and glucagon receptor) and the Ca?-dependent Mg*extrusion mechanism (a;-adrenergic
receptors) points to the ability of the hepatocytes to activate Mg*extrusion by different
modalities and circumvent possible inhibitory mechanisms. It has to be noted, in fact, that
insulin pre-treatment abolishes the Mg*extrusion mediated by cAMP but not that mediated
via a;-adrenoceptor activation [43]. Conversely, hormones or agents that maximize Ca*release
from the ER elicit a time-dependent inhibition of a,-adrenergic receptor mediated
Mg*extrusion that leaves unaffected the extrusion occurring via (-adrenergic receptors
stimulation and cellular cAMP elevation [44]. In this contest, it has to be noted that cytoplasmic
free [Mg*]i modulates adenylyl cyclase activation in a variety of cell types including hepato-
cytes [45]. Under resting conditions, cytoplasmic [Mg?*]i is insufficient to activate the adenylyl
cyclase maximally. Following -adrenoceptor or glucagon receptor stimulation the cytoplas-
mic Mg*pool increases markedly but transiently via the release of Mg?from other cellular pool
(namely mitochondria and endoplasmic reticulum) promoting adenylate cyclase activity and
cAMP synthesis [45]. Elevation of cytoplasmic [Mg*1i also inhibits IP;-induced Ca*-release
[27] most likely via a direct modulatory effect of Mg?on the IP; receptor subunits.

Cellular Mg*accumulation is also under hormonal regulation. Among the hormones involved
in the process there are insulin and vasopressin. These hormones either counteract cAMP
production by acting at the level of the [3-adrenergic receptor (inhibition) or the cytoplasmic
phosphodiesterase that converts cAMP to AMP (stimulation), and/or activate PKC signaling,
which acts as cAMP alter ego. Due to its ubiquitous presence and abundance, the TRPM7
channel is the mechanism most likely responsible for Mg**accumulation in the hepatocyte [46].
It is presently unclear whether PKC activates the channel by binding RACK1 and removing
this protein from a specific site near the C terminus of the channel through which RACK1
inhibits TRPM7 conductance [36], or whether phosphorylation of the channel C-terminus is
also required for full activation [46]. In the case of insulin, a direct modulatory effect on the
putative Na'/Mg*exchanger has also been observed [47].



Role of Magnesium in the Regulation of Hepatic Glucose Homeostasis
http://dx.doi.org/10.5772/57564

Both Mg?*extrusion and Mg*accumulation are quantitatively and timely limited processes
[48,49], implying the movement of Mg*from and to specific cellular compartments. The
cytoplasm is but one of the cellular compartments involved in Mg*transport out of the cell or
into the cells [21,22], other compartments being the mitochondria and the endoplasmic
reticulum [21]. This notion is supported by the observation that the co-stimulation of hepatic
[3,-and a,-adrenergic receptors by the mix agonist epinephrine results in a Mg*extrusion that
is quantitatively similar to the sum of the Mg*amounts mobilized by the stimulation of each
adrenoceptor class by specific agonists [40]. However, the mechanisms involved in
Mg*transport in-and-out of these compartments have not been fully elucidated. It is known
that mitochondria accumulate Mg?through Mrs2, a Mg*-specific channel, the absence of
which affects complex I expression and activity [50]. Less certain is whether Mg*extrusion
from the mitochondria occurs via the adenine nucleotide translocase [21]. As for the cytoplasm,
this compartment acts as a temporary step-in between the extracellular compartment and the
cellular organelles both in the extrusion and in the accumulation of Mg*due to the high
concentration of ATP that buffers Mg*with a very high Kd (~75uM) and the presence of other
phosphonucleotides and binding proteins [22]. The role of ATP is further supported by the
observation that pathological conditions that decrease cellular ATP content through dysme-
tabolic processes (namely diabetes and alcoholic liver disease) ultimately cause Mg*loss from
the cell [51-53].

2. Insulin signaling in the liver

Insulin signaling is mediated by a complex and highly integrated signaling network that
controls several processes including whole body glucose homeostasis. The liver is the first
organ ‘seen’ by insulin following its release from the p-cells into the portal vein, and is
responsible for the clearance of 50% of the released insulin at the first pass. Stimulation of the
insulin receptor in liver cells is a key event to regulate hepatic glucose homeostasis. In addition,
insulin acts indirectly on hepatic glucose homeostasis in that insulin released from B-cells
inhibits glucagon release from pancreatic a-cells thus limiting the drive on hepatic gluconeo-
genesis. The impairment of both these processes observed in insulin resistance is linked to
major health problems including type 2-diabetes.

Insulin initiates its signaling cascade by interacting with the insulin receptor on the cell surface.
Binding of insulin to the extracellular a-subunits of the insulin receptor results in a confor-
mation change that translates to the intracellular f-subunits of the receptor. The consequent
activation of the kinase domain in the B-subunits of the receptor results in the autophosphor-
ylation of specific tyrosine residues in the intracellular 3-subunits. The phosphorylated insulin
receptor now recruits the insulin receptor susbstrate (IRS), which upon phosphorylation on
tyrosine residues acts as a docking unit for numerous cellular proteins including the phos-
phatidyl inositol 3-kinase (PI3K) [54]. Recruitment of these proteins to the IRS results in their
activation. Activation of PI3K results in the phosphorylation of PIP2 to PIP3 and in the
subsequent activation of protein kinase B (PKB or Akt), which then phosphorylates Forkhead
box protein O1 (FoxO1), preventing its translocation to the nucleus. In its un-phosphorylated
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state FoxO1 localizes in the nucleus, binds to the insulin response element sequence of
gluconeogenesis-related genes, chiefly glucose 6 phosphatase and PEPCK, and increases their
transcription rate, indirectly increasing the rate of hepatic glucose production. In its phos-
phorylated state, FoxO1 is unable to translocate to the nucleus and to activate the gluconeo-
genesis-related genes. Inhibition of FoxO1 could then improve hepatic metabolism in cases of
insulin resistance and metabolic syndrome [55].

2.1. Role of Mg*on insulin receptor activation and signaling

The human insulin receptor homodimer is heavily glycosylated and contains a total of 19
predicted N-linked glycosylation sites in each monomer. The presence of sialic acid residues
on molecules and cells is critical to their biological function and the presence of sialic acid
residues on glycoproteins is partly responsible for the binding and transport of molecules,
masking of the surface charge, aggregation and shape of cells [56]. Most recently, neuramini-
dase-1(Neu-1) an enzyme responsible for hydrolyzing sialic acid (neuraminic acid), has been
associated with the positive regulation of insulin signaling [57]. Neu-1 is transported to the
cell surface and gets involved in the regulation of cell signaling. Insulin binding to its receptor
rapidly induces interaction of the glycan chains of the receptor with Neu-1 which hydrolyzes
sialic acid residues in the glycan chains of the receptor consequently inducing activation of the
insulin receptor. Impaired insulin-induced phosphorylation of Akt, thus identifies Neul as a
novel component of the signaling pathways of energy metabolism and glucose uptake. Insulin
binding to the insulin receptor has been shown to induce the interaction of the receptor with
a pool of Neu-1 near the cell surface [57]. Also, insulin signaling is partially impaired in tissues
of Neu-1-deficient mice [3], and desialylation of the insulin receptor by Neul promote the
receptor activation [57]. While CaCl, has no significant effect on human liver neuraminidase
activity, 10mM MnCl, or MgCl, shows a mild stimulatory effect (112% and 125% over control
activity, respectively) [56].

Additional experimental evidence indicates that Mg*is required for the activated insulin
receptor to phosphorylate IRS [54].

3. Magnesium and hepatic glucose metabolism

In liver cells, adrenergic stimulation of a;-and -adrenergic receptors, and glucagon receptors
elicit a Mg*extrusion that is associated with activation of glycolysis and glucose output on
functional and temporal bases [40]. Although the nature of this association requires further
clarification, it is fairly evident that conditions that limit the amplitude of Mg*extrusion
decrease the amount of glucose outputted from liver cells, and vice versa [40]. This association
is further supported by several pieces of observation. Overnight starvation, which depletes
the liver of its glycogen content, decreases total hepatic Mg*content by 10-15% [58] rendering
liver cells unresponsive to any subsequent adrenergic stimulation [58]. Both type-1 and type-2
diabetes present with a marked decrease in hepatic Mg*content [59], and treatment with the
anti-diabetic drug metformin, which operates predominantly on liver metabolism, increases
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intra-hepatic Mg*content [60]. The loss of hepatic Mg*observed under diabetic conditions
depends on the enhanced phosphorylation of the Na*.Mg?*exchanger [61,62], and can be
attenuated to a significant extent by the presence of glycogen, amylopectin, or glucose within
liver plasma membrane vesicle [62].

The functional association between Mg*and glucose is also observed for Mg*accumulation.
Insulin, one of the hormones involved in Mg*accumulation, is also responsible for glucose
accumulation and conversion to glycogen [58]. Following insulin administration,
Mg*accumulation is directly proportional to the amount of glucose present in the system [63].
Conversely, decreasing Mg?'content in the extracellular system decreased the accumulation of
glucose within the cells [40,63]. In part, the limited accumulation of glucose into insulin-
stimulated cells in the presence of low extracellular Mg*concentration can be explained with
the reduced activation of the insulin receptor occurring in these cells as Mg?'is essential for the
proper autophosphorylation of the insulin receptor and the subsequent recruitment of the
insulin receptor substrate to the activated receptor [54]. All together, these pieces of evidence
and observation support an essential role of Mg*'in glucose regulation and pose for the cation
as an important player in the onset and development of insulin resistance and diabetes in
human patients.

3.1. Magnesium and enzyme activation in glucose metabolism

The physiological role of magnesium is principally related to enzyme activity. All enzymes
utilizing ATP require Mg for substrate formation. Intracellular free magnesium also acts as an
allosteric activator of enzyme action including critical enzyme systems such as adenylate
cyclase, phosphofructokinase, phospholipase C, and Na*/K*-ATPase [64]. Magnesium is an
enzyme substrate (ATPMg, GTPMg) to enzymes such as ATPase (Na*, K*ATPase, Ca?* ATPase),
cyclases (adenylate cyclase, guanylate cyclase), and the kinases (hexokinase, protein kinase)
[64]. Recently, our laboratory has provided evidence that Mg**also modulates the amount of
glucose 6-phosphate being routed into the endoplasmic reticulum (E.R) to be hydrolyzed to
glucose plus Pi by the glucose 6-phosphatase, or to be converted to 6-phosphogluconolactone
by the hexose 6-phosphate dehydrogenase, the reticular version of the G6PD. Moreover, our
laboratory has provided significant evidence that both glucose and Mg*homeostasis are
altered under pathological conditions such as diabetes [61] and alcoholic liver disease [65].

Many of the enzymes of glycolytic pathway that utilizes glucose have a requirement for Mg
[26] and utilize MgATP?as a cofactor [66]. The Km values for Mg*in the glycolytic enzymes
of the human erythrocyte are between 1 and 2.3 mM for hexokinase, 0.025 mM for phospho-
fructokinase (PFK), 0.3 mM for phosphoglycerate kinase (PGK), and 1 mM for pyruvate kinase
[26]. Magnesium ions (Mg?) and MgATP*regulate the most important glycolytic enzymes,
namely hexokinase, phosphofructokinase, aldolase, phosphoglycerate kinase, and pyruvate
kinase [66]. Glucokinase (Hexokinase IV or D), an enzyme expressed predominantly in liver
and pancreatic f-cells of vertebrates, shows marked deviations from Michaelis-Menten
kinetics when the glucose concentration is varied at a constant MgATP*concentration, but
shows no deviations from Michaelis-Menten kinetics with respect to MgATP*[26,67]. Com-
pared to the other hexokinase isoenzymes, this isoform has a low affinity for glucose (Table
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1). Maximum binding of glucokinase and its regulatory protein to the hepatocyte matrix occurs
at low [glucose] (<5mM) in a Mg?*-dependent manner (Table 2, [68]). The regulatory protein
binds to the hepatocyte matrix with ionic characteristics similar to those of glucokinase but,
unlike glucokinase, it does not translocate from the binding site. Since the binding of gluco-
kinase to its regulatory protein is associated with a decrease in the affinity of the enzyme for
glucose, the bound enzyme in the presence of Mg*represents an inactive state and the
translocated enzyme a more active state [69].

Substrates Dissociation Constants (K,)
0 mM Glucose 0.14+0.02 uM
5 mM Glucose 0.27 +£0.03 uM
10 mM Glucose 0.54+0.09 uM
20 mM Glucose 0.66 £0.07 uM

Table 2. Effect of [Substrate] on Ky of the high affinity binding sites of Glucokinase

4. Magnesium and gluconeogenesis

Gluconeogenesis is the process of glucose synthesis from non-carbohydrate precursors.
Phosphoenolpyruvate Carboxy kinase (PEPCK), fructosel,6-bisphosphatase (F1,6BP), pyru-
vate carboxylase and glucose-6-phosphatase (G6Pase),catalyze irreversible reactions in the
pathway and have lower activities compared to the other enzymes in the pathway and are
thus considered rate limiting for glucose synthesis. Experiments by McNeill et al, [70] suggest
that magnesium deficiency alters PEPCK by affecting secretion of pancreatic hormones. Of
these four enzymes, Mg*is required by three, that is, pyruvate carboxylase, PEPCK, and F1,
6BP reactions. Though hormones such as insulin, glucagon, glucocorticoids and epinephrine
influence the key enzyme activities of gluconeogenic enzymes, Mg*plays a role in the secretion
of all these hormones [70]. Thus in Mg*deficiency, enzyme activities may change, as a result
of altered circulating levels of one or more hormones. In this study like in earlier studies, an
increase in PEPCK activity was observed in magnesium deficient rats making Mg* deficiency
a possible contributing factor to the maintenance of low insulin levels an increased PEPCK in
diabetes [70].

5. Conclusion

In the last two decades, our understanding of the importance of Mg*ions for numerous cell
and body functions has increased significantly. The initial experimental evidence has been
corroborated to a significant extent in clinical conditions such as diabetes, alcoholism, and
dysendocrinopathies.
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Figure 2. Graphic representations of the different glucose-related functions controlled by Mg?#in the hepatocyte.”

In the case of liver cells, we have moved from the initial observation that Mg*is abundantly
represented within the hepatocyte as a whole to the notion that the cation’s homeostasis is
controlled by hormones, which promotes the movement of Mg*in-and-out of the cell mem-
brane to support and regulate specific liver metabolic functions. The observation that Mg*'is
highly compartmentalized within cellular compartments and organelles support the notion
that the cation plays a key role in regulating enzymes, channel activities, and metabolic
processes within each of these organelles. Figure 2 recapitulates the relevance of Mg*for the
regulation of glucose homeostasis and bioenergetics within the hepatocyte. In the cytoplasm,
Mg*regulates glucokinase and glycolytic enzymes but also ATP utilization. In the mtiochon-
dria, Mg*regulates mitochondrial dehydrogenases and pyruvate dehydrogenase by promot-
ing the activity of the pyruvate dehydrogenase phosphatase, responsible for
dephosphorylating the enzyme to its active conformation. In the endoplasmic reticulum (ER),
Mg?*regulates protein synthesis and the entry of glucose 6 phosphate (G6P), the limiting step
for the utilization of this substrate by the glucose 6-phosphatase (G6Pase) and the hexose 6-
phosphate dehydrogenase (H6PD), the reticular variant of the cytosolic glucose 6 phosphate
dehydrogenase (G6PD). The oxidation of G6P by the H6PD generates high levels of NADPH
within the ER lumen to be used for other metabolic processes within the organelle and in the
rest of the cell, including fatty acid synthesis and cholesterol synthesis. Far from being
complete, the picture is a dynamic scenario in need to further clarification and study in the
years to come.
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1. Introduction

One of the major functions of brain cells (neurons) is to receive, store, and participate in
information retrieval — an important process for the successful daily activities of humans [1-3].
This function of neurons is termed “memory’ [1, 4, 5]. The present understanding of memory
function is the product of the pioneering work of the German scientist Hermann Ebbinghaus
[5]. Research suggests that many factors (both endogenous and exogenous) could affect
memory function [6-8]. However, the effect of glucose on memory function remains extremely
significant for the following reasons [9-12]. First, glucose is the vital energy substrate for
neuronal functions [13, 14]. Second, inadequate level of glucose in the blood has been associ-
ated with a decrease in memory function [15]. Third, disorders in glucose metabolism have
been related to various aspects of memory disorders [8, 16]. Furthermore, metabolic products
of glucose in neurons themselves participate in one or more stages of memory formation
[17-20]. Notwithstanding the significant accumulation of research data in last decades on the
relationship between glycemia and neuronal functions [11, 12, 21], the mechanisms of how
glucose affect memory functions remains entirely not understood. In this chapter, we shall
examine the possible mechanisms and processes involved in the glucose regulation of memory
function. We shall elaborate on the effect of glucose on the major processes of memory
functions, precisely on the formation and retrieval of “neural data” — memory.

2. Memory as an integral function of neurons

More than 90% of human activities are dependent on higher integrative brain functions —
a major subdivision, which is the topic of our discussion in the chapter. The higher
integrative brain functions are the driving force during physical work. This is because the
brain is the “chief” that directs resources for the successful completion of the task. Successful
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activities of humans are largely dependent on memory function [22]. This function of
neurons becomes vividly indispensable in situations involving its disorder. Memory is that
function of neurons that involve storage and retrieval of information [22]. Some research-
ers have argued “forgetting” as an important aspect of memory function [23, 24]. This is
partly because without forgetting, some new information might hardly go into storage.
Hence, there are theories of forgetting — the most known ones are the single-trace fragili-
ty theory, decay theory, retrieval failure, interference theory, repression, consolidation
theory [22]. Generally, several concepts/theories/models/hypotheses have been used to
explain memory function of neurons [22, 25-27]. However, with steady scientific progress
it is becoming clearer that none of these gives a complete, and precise definition of memory.
In this regard, we shall also discuss briefly on the modern concepts of memory function of
neurons in relation to cerebral glucose metabolism.

3. Factors that affect memory: Scanning for glucose’s role

Several factors affect memory functions, and they can either be endogenous or exogenous.
Generally, the widely known substances/factors include narcotics, some prescription drugs,
alcohol, some biomolecules (most notably glucose, fatty acids, amino acids), environmental
factors, genetic and epigenetic factors [6-8, 21, 28]. Among the biomolecules that affect memory
formation and retrieval, glucose is widely known and well-studied molecule. Glucose is the
main substrate for memory formation and retrieval. Glucose not only provides the energy for
memory formation and retrieval, but also, is involved in providing the necessary subunits or
components for the formation of various neural components of the “neural data” — memory
[9,11, 12, 14, 21, 29, 30].

4. Glycemia: A key regulating factor for memory formation and retrieval

Decades of research have shown that a change in the glycemic level leads to a corresponding
change in memory function of the brain [21, 29-41]. For example, decrease in blood glucose
below the set point is reported to negatively affect memory function [9, 21, 29, 30]. Glycemia
affect both memory formation and retrieval [9, 29].

Results of several studies have observed an inverted-U shaped dose-response relationship
between glucose load and memory [31-34]. Recent study has shown that the optimum dose of
glucose memory enhancement may differ under conditions of depleted glucose resources, and
has other peculiarities [21].

Several controversies in the glucose memory facilitation effect remain. While some previous
studies reported a “no effect relationship” between glucose and memory function [35, 36],
others confirm this dose-response relationship [9, 31, 37, 38]. Researchers have suggested that
this relationship is extremely dependent on the type of cognitive/memory task [39, 40].
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Modulating factors of the glucose memory facilitation effect include physiological state (body
mass index etc.), glucose dose, types of cognitive tasks used and cognitive demand [9, 39].
These factors are the possible sources of variance in the glucose facilitation of memory. Owen
and colleagues (2008) investigated the dose response relationship of the glucose memory
facilitation effect at glucose dosages of 0, 15, 25, 50 and 60 g [9]. They also examined the
interactions between length of fasting interval (2 hours versus 12 hours) and the optimum dose
of glucose. Their results revealed glucose facilitation of spatial working memory and verbal
declarative memory following 25 g glucose. Furthermore, they observed that glucose memory
facilitation effect is dependent on the following: the greater the length of fasting, the greater
the glucose dose needed to facilitate memory [9]. So, at overnight fast (approximately 12 hours)
the higher dose of glucose (i.e. 60 g) was needed to facilitate memory, whereas the lower dose
(25 g) enhanced working memory performance following a 2 hour fast [9].

Neuro-endocrine Processes: Exogenous, - —
control || Gluconeogenesis, | endogenous Synthesis & act1.V1ty
glucogenolysis Ethanol of neurotransmitter
systems (dopamine,
l d-serine, glutamate,
Brain Ach etc.)
__--1 (Hypothalamus)
¥ I E Y yy Synthesis &
e - activity of
v A v / receptor subunits
'Gastro- Liver, Plasma Set point Cerebral 4 Memory
intestinal =M yidney [ glucose [7] (~4.5 7| glucose
tract mmol/l) \ Metabolic |-
of signaling
T v glycemia 9 pathways
Carbohydrate || Self-regulatory
containing mechanisms > v
food (glucose cycling) I‘TP‘/‘I D

Genetic and
epigenetic

modifications

Figure 1. Comprehensive model of glucose memory facilitation

The mechanisms responsible for memory formation and retrieval are in constant perturba-
tions of several factors (which might be competing factors, endogenous or exogenous in
nature). The processes and mechanisms that ensure memory formation are the synthesis
and activity of neurotransmitters (dopamine, d-serine, glutamate, acetylcholine etc), and
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receptor subunit systems; metabolic signaling pathways; LTP/LTD (long-term potentiation/
long-term depression); genetic and epigenetic modifications. (Memory retrieval might
involve the same systems and processes, but with different mechanisms). Both memory
formation and retrieval involve other brain functions, including attention. The systems and
processes earlier stated are affected by cerebral glucose, which can serve as a substrate or
produce intermediate substrates for some stages of their syntheses. The cerebral glucose
content is dependent on the plasma glucose, both of which are under constant regulation
by the brain (hypothalamus), some internal organs (liver, kidney). The blood glucose is
constantly regulated, also by the effect of the neuro-endocrine control on the gastrointesti-
nal tract, organs (such as the liver and kidney), as well as the effect of the hypothalamus
on these organs. The processes that are regulated in these organs by the higher regulato-
ry centres (e.g. hypothalamus) are food intake, gluconeogenesis, glycogenolysis, glucose
cycling — to ensure normal glycemic allostasis. These higher control centres, and the memory
function are under constant pressure from modulating factors such as exogenous (e.g.
environmental, ethanol), endogenous (ethanol, some physiological indices) — might affect
the resultant effect of glucose on memory function. Alcohol actions [42-45] as represented
on the model are one of a bi-directional effect of summation, meaning that alcohol affects
memory, as well as glucose regulatory systems. The receptor systems of the brain could be
modulated by both alcohol and glucose [46, 47]. Alcohol is a psychotic substance in
widespread usage in the world. Importantly, this substance is also produced in vivo during
biochemical reactions in an organism (including humans). In certain circumstances (varying
physiological state, for instance during pregnancy, disease states), the level of endoge-
nous ethanol produced significantly increases. This increase might have a protective effect,
but the reason or mechanism on the general role of the increase in endogenous concentra-
tion ethanol is not fully known. Ethanol affects some neurotransmitters and receptor
systems. Ethanol acts on ionotropic, metabotropic G-protein receptor, potassium ion
channels [48-50]. Ethanol acts on metabotropic receptors of mGluR5, mGluR2/3, mGluR1
[51-53]. These metabotropic receptors (mGIluR3 of the prefrontal cortex) have been also
implicated in cognitive disorders in especially alcoholics [54]. mGluR5 and mGluR1
receptors have been recently implicated in cognition [53]. Ethanol causes hypoglycemia [43,
55]. Besides, it is reported that alcohol causes disorders in the expression of several genes,
although the mechanisms remain not quite clear [56].

Glucose plays a pivotal role in memory and might enhance LTP/LTD [57] as hypoglycemia is
associated with deficits in memory, and learning [58, 59]. Apart from producing ATP for neural
energy, other substances may be synthesized from glucose that affects neuronal activity and
functions (including memory) [60-62]. For example, it is known that d-serine (maybe synthe-
sized from glucose molecule) affects LTP, synaptic plasticity, enhance information retrieval
[60-64]. Hypoglycemia is associated with both d-serine and NO release aimed at enhancing
LTP [58]. These substances can also regulate neuronal transcription factors [65]. A vast number
of these signaling pathways, neurotransmitter and receptor systems, and are dependent on
the activity level of neurons, and activity dependent transcriptions — activators and suppressor
[66, 67]. Other brain cells (especially astrocytes) can modulate neuronal activity through
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various mechanisms, involving NMDA, d-serine, Ca2+, ATP, glutamate. Hence, these brain
cells, which are affected by ethanol, might exert their resultant effect on neurons through
astroglial linkages [68, 69].

5. Mechanisms of glucose effect on memory

While several studies have noted that glucose is a critical factor for memory function, what is
not exactly clear is whether the effect is a direct or indirect one. In this section, we shall be
mainly concerned with the mechanisms and processes of how glucose affects memory.
Pertinent literature and latest developments in the field will be reviewed. It will be necessary
to have in mind that memory function (formation and retrieval of neural data) is overlapped
or is connected with other brain functions such as perception, attention etc. Therefore, glucose
is a vital regulating factor for other brain functions. We shall consider the various views,
concepts and models of how glucose affects memory function, and provide a comprehensive
model of glucose memory facilitation effect (Figure 1).

5.1. Conceptual model of glucose memory facilitation

Smith and colleagues (2011) suggested a conceptual model of glucose facilitation of memory.
Their neurocognitive model stipulates that glucose or acute stress/emotional arousal increases
the concentration of circulating glucose in the periphery, and subsequently, the central nervous
system. This increase in glucose exerts its effects on insulin, acetylcholine (Ach) synthesis and/
or K,pp channel function which subsequently leads to memory enhancement. Research has
confirmed that there is specific cognitive domain that is most amenable to the glucose memory
facilitation effect. The domain is episodic memory [41].

5.2. Comprehensive model of glucose memory facilitation

Memory formation or retrieval involves the synthesis of many biomolecules related to glucose
metabolism [41, 70-73]. Glucose memory facilitation effect is a complex phenomenon com-
prising of several players including organs/systems of glucose metabolism, several competing
factors, both genetic and epigenetic [42, 46, 72, 74]. Based on available data, here we propose
a comprehensive model of glucose memory facilitation.

5.2.1. Neurotransmitter systems

Several neurotransmitter systems have been implicated in memory function. Here, we shall
briefly consider a few of the principal neurotransmitter systems involved in memory function.
The literatures report significant role of dopaminergic, glutamatergic, serotonergic, choliner-
gic, and noradrenergic systems in memory function [75-78]. We shall consider d-serine
involvement in memory formation owing to the fact that its main receptor — the NMDA
receptor is one of the key receptors involved in long-term memory formation (as a result of its
long-term potentiation effect). Long-term potentiation, as opposed to long-term depression is
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an integral process necessary for memory formation (especially long-term memory) [68, 69].
In fact, the NMDA receptor itself is implicated as one of the “alcohol receptors” [79]. Therefore,
bi-directional effect of summation might occur through alcohol effect on neurotransmitter
receptor systems, and glucose metabolism. The resultant effect is aggravation of memory
dysfunction.

5.2.2. Metabolic signaling pathways

Since glucose is a metabolic product or must be involved in the cell’s metabolic pathways
before its usefulness is realized; therefore, it is necessary to assume that metabolic pathways,
involving glucose molecule are those pathways crucial for memory formation or retrieval.
Unfortunately, research in this aspect is scanty. A number of signaling pathways are involved
in glucose metabolism, but there is no sufficient evidence on how they are associated with
memory function [80]. The widely studied signaling pathways that have a relationship
between glucose metabolism and memory functions [81, 82] include CREB pathway [83, 84],
AMPXK [85, 86], Notch signaling [87], mTOR pathway [88] etc. The mTOR pathway has been
majorly implicated in both glucose and memory function. Importantly, it was reported that
glucose specifically affects memory through this pathway [84, 88, 89].

5.2.3. Genetic and epigenetic regulation (activity dependent genes and epigenetic factors)

The enhancement of memory by glucose might be related partly to the functions of activity
dependent genes [90, 91], as well as epigenetic modifications (DNA methylation and histone
modifications) by glucose or its metabolites [10, 91-94].

Since epigenetic profile of the cells play crucial role in glucose metabolism and neuronal cell
functions, here, we would suggest that the initial epigenetic data (program) of the involved
cells responsible for glucose memory facilitation are partly important for the differences
reported in the literature. Epigenetic mechanisms of glucose metabolism and memory
functions are regulated by the activity of transcription factors [10, 95]. Due to the importance
of glucose in the functioning of the CNS [96], this regulation may be modulated by glucose
molecule itself. For example, the data of Li et al. (2010) indicate that glucose regulates gene
transcription in the liver by increasing the level of ATP, hence inhibiting AMP-activated
protein kinase and inducing hepatocyte nuclear factor 4alpha to stimulate cytochrome P450
7A1 gene transcription. Glucose also increases histone acetylation and decreases H3K9
methylation in the cytochrome P450 7A1 chromatin [97].

Recent experiments show that glucose is involved in the regulation of functions even at the
progenitor cell level. Metabolism-sensing factors have recently been implicated in the regula-
tion of neural stem cell fate through epigenetics modification [92, 98]. Hayakawa et al. (2013)
reported that in embryonic stem cell population, glucose metabolite induces switching from
the inactive state by Ogt-Sirtl to the active state by Mgea5, p300, and CBP at the Hecrt gene
locus [92]. The many pathways of glucose metabolism allows for the inclusion of its metabolic
products into numerous cellular activities. For example, substrates of glucose metabolic
pathways (acetyl-CoA, ATP, NAD+, glutamine, UDP-N-acetyl-glucosamine, N-acetyl-D-
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mannosamine etc.) are candidates of epigenetic modifications. Acetyl-CoA is a donor of
histone acetylation. NAD+regulates Sirtl, a member of the sirtuin family, which functions as
histone deacetylase and is also a metabolic sensor [92] (for review see Hayakawa et al. 2013).
Epigenetic regulation by glucose or its metabolites affects memory functions and glucose
metabolism itself through a shift in the cellular concentrations of critical metabolites implicated
in higher integrative brain functions and metabolism.

A key mechanism for this epigenetic regulation is executed by the peripheral circadian
oscillation [99]. However, importantly the peripheral clock and the central one could have
some kind of metabolic associations. The concentration of NAD+/NADH plays critical link
between metabolism and circadian rhythm [99]. Glucose and other metabolic substances may
modulate the circadian rhythm by fluctuations in NAD+/NADH ratio. Compelling evidences
now indicate that circadian misalignment could cause serious metabolic problems. In fact,
transgenerational inheritance in metabolic alterations could be related to some mechanisms of
epigenetic origin modulated by circadian clocks. Methylation of the leptin gene is associated
with impaired glucose tolerance in the period of gestation [100]. This and many other discov-
eries on transgenerational inheritance represent substantial contribution to understanding the
pathogenesis of diabetes, obesity in children [100-102].

Epigenetic regulations are not only affected by metabolites, but also body mass index,
intrauterine environment, exercise, and other environmental factors [101].

It might be possible that epigenetic dysregulation of cerebral glucose metabolism is the result
of cognitive impairment since glucose metabolism is controlled by epigenetic mechanisms and
is also associated with cognition. Emerging evidences indicate that metabolic regulation
(through epigenetic mechanisms) might be involved in memory function disorders. Reports
show that a major pathogenesis of the CNS disorder such as Alzheimer's disease involves
metabolic alterations, especially in glucose metabolism and associated hormonal or peptide
signaling. Metabolic disorders in CNS pathologies are associated with brain insulin signaling.
For example, a substantial quantity of insulin receptors is located in the hippocampus (a brain
region which is basically concerned with the acquisition, consolidation and recall of new
information) [103]. Impaired brain insulin signaling is implicated in cognitive impairment.
Moreover, cognitive impairment is associated with diabetes and obesity, which are metabolic
disorders [104]. De la Monte (2009) reported that in the initial stage of Alzheimer's disease,
cerebral glucose metabolism is reduced by 45% and cerebral blood flow approximately by 18%
[104]. Earlier, Arnaiz et al. (2001) reported that among twenty patients with mild cognitive
impairment, impaired cerebral glucose metabolism and cognitive functioning were able to
predict deterioration in mild cognitive impairment [105]. Mild cognitive impairment is an
important indicator of the development of Alzheimer's disease. Notably, impairment in
cerebral glucose metabolism was even a better predictor (75%) compared to neurospcyholog-
ical tests (65%) widely used in the assessment of cognitive impairment [105]. The authors
further concluded that measures of temporoparietal cerebral metabolism and visuospatial
function may aid in predicting the evolution to Alzheimer's disease for patients with mild
cognitive impairment [105].
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These data are very important especially when we consider the increasing prevalence of
cognitive disorders. For instance, it is estimated that in 2030 years, the cases of Alzheimer's
disease in relation to 2012 will double (35.6 million). No doubts, research in this direction is
exceedingly necessary [106]. Previously other authors have also reported that impairment in
cerebral glucose metabolism is associated with decline in cognition and memory functions.
Schapiro et al (1988) studied the rate of cerebral metabolism for glucose with positron emission
tomography and [18F]2-fluoro-2-deoxy-D-glucose in a 47 year-old man with trisomy 21
Down's syndrome and Alzheimer related dementia, and reported poorer general intelligence,
visuospatial ability, language, and memory function compared with younger (19-33 years)
patients with Down's syndrome [107]. Cerebral metabolism for glucose in the older patient
was 28% less than in the younger patients. Besides, hypometabolism was reported in the
parietal and temporal lobes of the brain cortices. Importantly, the study of Schapiro et al (1988)
was probably one of the most comprehensive investigations to show the association between
different diseases involving CNS disorder and their relationship with cerebral glucose
metabolism [107]. Approximately a decade after Schapiro et al.'s (1988) work [107], Pietrini et
al. (1997) reported another predictor method for Alzheimer's disease risk prior to dementia in
patients with Down's syndrome who were above 40 years (mean of 50 years) of age [108].
Pietrini, et al. (1997) confirmed their hypothesis that despite normal cerebral glucose metab-
olism at rest, an audiovisual stimulation (was used as a stress test) revealed abnormalities in
cerebral glucose metabolism before the development of dementia in the parietal and temporal
cortices which represent most vulnerable regions to Alzheimer's disease [108].

These CNS pathologies are now believed to be regulated by epigenetic mechanisms [109] and
could have pretty good correlations with epigenetic mechanisms of cerebral glucose metabo-
lism. Other CNS pathologies involving cognitive impairments such as epilepsy [110], schizo-
phrenia [111, 112], Parkinson's disease [113], multiple sclerosis [114] had been associated with
disturbances in glucose metabolism.

Endogenous and
exogenous factors (e.g.
ethanol)
v
Neural systems of » Error monitoring and | Glucose allostasis
memory function |« processing system A regulatory systems

\

Figure 2. Interacting system (comprising of memory function, error monitoring and processing system, and modula-
tors) of the reciprocability of neural systems of memory and the error monitoring and processing system. The modula-
tors between the two reciprocals are glucose, other endogenous and exogenous substances/factors. N/B: Glucose can
be an endogenous, as well as an exogenous factor; exogenous sources include per os administration of glucose, etc.;
endogenous sources include gluconeogenetic production of glucose molecules, etc.
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6. Glucose error commission depression effect: Cue to an overlapping
bridge of neural error systems, memory and glucose metabolism?

Our data and those of other authors show strong negative relations between glycemia and
error commission. Whether this is due to the effect of glucose on memory or neural systems
of error commission, is what is not exactly clear (see figure 2). There are no precise borders
between the brain regions responsible for memory and error commission. Therefore, it is
possible that the effect of glucose on error commission could be the resultant effect on the chief
brain regions for memory function. Neural systems (or regions) of memory implicated in error
commission have been linked to brain regions also involved in some aspects of memory
function [115-117]. The brain systems concerned with error commission are referred to the
error monitoring and processing system. The major regions of the brain concerned with error
commission are the anterior cingulate cortex, basal ganglia, prefrontal cortex. These brain
regions (especially the prefrontal cortex) are also implicated in memory function [45, 115, 117].

7.Effect of alcohol on glycemia and memory: More than just a bi-directional
modulating effect

Alcohol is the most prevalent psychotic substance in the world. While alcohol affects glucose
metabolism, memory also remains one of the most vulnerable functions of the brain that suffers
from the negative effect of alcohol use [15, 16, 29, 30, 44, 45, 118]. Hence, there is the need to
examine its effect on memory function and glucose regulatory mechanisms. Here, we view
alcohol as a positive modulating factor for memory (especially at endogenous concentration),
and as a psychopathological substance at blood concentrations higher than the normal
physiological level.

8. Conclusion

Glucose is the foremost energy substrate for neuronal functions (memory). It provides the
energy bonds needed for the formation of memory and takes part in information retrieval from
neural stores. Both glucose and its metabolites are involved in different stages of memory
formation and retrieval. Several factors such as ethanol, some physiological indices, and other
competing factors modulate the effect of glucose on memory function.
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1. Introduction

Recent studies have reported adipose tissue as a crucial site for the generation of inflammatory
responses and mediators in metabolic syndrome. In addition to the intrinsic properties of
adipocytes in energy storage and metabolic homeostasis, adipose tissue serves as a key area
for the interaction of adipocytes with other factors of the immune system.

An important feature of inflammation is recruitment of immune cells such as neutrophils,
eosinophils, and macrophages. Macrophage infiltration of adipose tissue in obese conditions
has been studied in both mice and humans. It has been suggested that expanding adipocytes
or neighboring pre-adipocytes could start to produce chemotactic signals inducing to macro-
phage recruitment, and this event is linked to systemic inflammation and insulin resistance.

In this chapter, we describe several chemotactic factors that have been implicated in the
recruitment of inflammatory monocytes and macrophages into adipose tissue.

2. Body

2.1. Adipose tissue inflammation

2.1.1. Adipose tissue as a site of inflammation: expansion of adipose tissue induces an inflammatory
response that contributes to metabolic disorders
2.1.1.1. Composition and function of adipose tissue

Adipose tissue is connective tissue composed primarily of adipocytes. The highest percentage
of cells within adipose tissue is adipocytes; other cell types present in adipose tissue are
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collectively termed the stromal vascular fraction (SVF), which includes pre-adipocytes,
adipose tissue macrophages, fibroblasts, and endothelial cells. Adipose tissue primarily plays
a role in the storage of energy in the form of lipids when nutrients are in excess or in the
regulation of homeostasis of non-shivering thermogenesis. Adipose tissue regulates whole
body energy homeostasis by responding rapidly and dynamically to changes in nutrient
deprivation and excess through regulation of adipocyte size and number [1, 2]. In this reaction,
free fatty acids (FFAs) are released from lipoproteins by lipoprotein lipase (LPL) and enter the
adipocyte, where they are reassembled into triglycerides by esterification onto glycerol.
Adipose tissue also provides feedback for hunger and diet to the brain under normal condi-
tions through secretion of hormones [3].

2.1.1.2. Adipose tissue mediates obesity-induced inflammation

Obesity negatively affects the functioning of peripheral tissues, including adipose tissue,
skeletal muscle, the pancreas, liver, heart, joints, and central nervous system (CNS) [4]. The
fundamental characteristic of obesity is chronic imbalance between caloric intake and energy
expenditure, resulting in the storage of excess nutrients in white adipose tissue (WAT) [5].
WAT was traditionally considered a long-term energy storage organ, but it is now known that
it has a key role in the systemic regulation of metabolism. The metabolic function is largely
mediated by the ability of WAT to secrete numerous proteins [6, 7]. The cytokines secreted by
adipose tissue are called adipokines. In the obese state, the secretory status of adipose tissue
ismodified by changes in the cellular composition, including diverse alterations in the number,
phenotype, and localization of immune, vascular, and structural cells [6]. Adipose tissue in
obese human patients and in animal models of obesity are infiltrated by a large number of
macrophages, and this recruitment is linked to systemic inflammation and insulin resistance
[8, 9]. The secretion of most adipokines is upregulated in the obese state, and these proteins
primarily include proinflammatory cytokines such as monocyte chemotactic protein-1
(MCP-1), TNF-a, and interleukin (IL)-6, which function to promote the development of a
chronic and systemic inflammatory state and contribute to metabolic dysfunction [6, 10, 11].
Therefore, adipose tissue-mediated inflammation is a considered to be a pathophysiological
condition (Figure 1).

Increased levels of the cytokine TNF-a in adipose tissue of obese mice were the first
discovered link between inflammation and obesity [12]. This discovery was soon fol-
lowed by many studies describing changes in the levels of inflammatory molecules between
obese and lean states in animals as well as humans. It is now known that, in addition to
TNEF-a, an array of inflammatory cytokines including IL-6, IL-13, MCP-1, and others are
increased in obese tissues [13, 14].

2.1.2. Obesity-mediated macrophage recruitment into adipose tissue and metabolic disease

It is generally accepted that obesity causes adipocytes to secrete chemokines such as MCP-1
and leukotriene B4 (LTB4), which provide a chemotactic gradient that recruits monocytes into
adipose tissue, where they become adipose tissue macrophages (ATMs) (Figure 2). Once
proinflammatory ATMs migrate into adipose tissue, they also secrete their own cytokines,



Adipokines Involved in Macrophage Recruitment
http://dx.doi.org/10.5772/57558

Adipose Tissue

o<

(&
+ Pro-inflammatory cytokines
* Fres fatty acids
Liver Skeletal Muscle
«Lipid storage? . = Insulin signaling |
.|Em3;;,?:jng_ Metabolic syndrome - .guc;wlﬂa“;:';ﬂ

complications

* Diabetes

= Hy pertension

+ Atherosclerosis

+ Nonalcohaolic fatty liver Disease

« Cancers
+ Alzheimer’s disease

Figure 1. Adipose tissue affects peripheral metabolic tissues and induces diverse metabolic syndrome complications

recruit additional macrophages, and ultimately set up an amplified inflammatory process [15].
Specifically, ATMs together with hypertrophic adipocytes, pre-adipocytes, and other immune
cells produce an array of chemokines, proinflammatory cytokines, and metabolites that induce
endothelial activation during obesity. This reaction causes endothelial cells to produce various
cellular adhesion molecules such as ICAMs, selectins, vascular cell adhesion molecules, and
PECAM-1. Through a rolling and adhesion step, monocytes slow down and finally bind to
endothelial adhesion proteins via selectin ligands and integrins. After a series of events
including actin-dependent spreading, polarization, the monocytes undergo integrin-depend-
ent lateral migration on the luminal surface of the endothelium. Then, the monocytes migrate
across the endothelium, either through para-or transcellular routes [16]. After entering adipose
tissue, macrophages undergo differentiation towards M1-or M2-like macrophages (See Section
2.2) [17]. Differentiation processes can occur according to their initial circulating phenotype
and/or in response to local micro-environmental stimuli. However, repolarization of M1
macrophages into M2 macrophages and conversely, proliferation of macrophages within the
adipose tissue still remain unclear [17].

The recruitment of macrophages into adipose tissue is the initial and important event in
obesity-induced inflammation and metabolic disease [15]. Activation of tissue macrophages,
as the outcome, triggers the secretion of proinflammatory cytokines, which can induce insulin
resistance in various pathways. Genetic studies using knockout (KO) and transgenic techni-
ques to disable macrophage-mediated inflammatory pathways also support this pathway [15].
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Figure 2. Adipokines induce obesity-mediated immune cell recruitment into adipose tissue

2.2. Adipose tissue macrophages: types and functions in metabolic disease

2.2.1. Origin and function of ATM

Pre-adipocytes have been shown to convert to macrophages [18], but most ATMs migrate from
blood monocytes during obesity. Bone-marrow transplantation experiments using transgenic
mice with antigenically distinct forms of the CD45 protein, a leukocyte marker, showed that
85% of ATMs after 6 weeks of a high fat diet (HFD) were from donor cells, which indicates
that blood circulating monocytes migrated into adipose tissue while receiving the HFD [9].
Therefore, there are likely some signals that attract blood monocytes to adipose tissue (see
Section 2.3). Since ATMs are the primary source for proinflammatory cytokines in adipose
tissue, it was hypothesized that ATMs might be the critical player for systemic insulin
resistance. Several studies have supported this hypothesis in in vivo models. For example,
myeloid-specific IKK3 KO mice showed improved insulin sensitivity with the HFD [19], and
mice with JNK1 and 2 deficiencies in macrophages were obese but were still insulin sensitive
with fewer macrophages and lower proinflammatory cytokine expression in adipose tissues
[20]. These studies suggested that changes in macrophage activation might affect whole body
insulin sensitivity.

2.2.2. General aspects of macrophage activation

Macrophages are a heterogeneous cell population exhibiting a wide spectrum of phenotypes
due to cellular differentiation, wide spread tissue distribution, and responsiveness to many
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endogenous and exogenous stimuli. Macrophage activation has been defined across 2 separate
polarization states, M1 and M2 [21]. M1 macrophages are referred to as classical activated
macrophages where activation is dependent on products of specifically activated T helper 1
(Tyl)-type lymphocytes and natural killer cells. Similar to interferon-gamma (IFN-vy) [22] and
IL-12, IL-18 is presented by antigen presenting cells (APCs). M1 macrophages secrete high
levels of proinflammatory cytokines (TNF-q, IL-6, IL-12) and generate reactive oxygen species
(ROS) through the actions of inducible nitric oxide synthase (NOS2). M2 macrophages are
activated by IL-4 and IL-13, cytokines produced generally in a Ty -2-type response, which is
referred to as alternative activation. This type of activation is believed to be involved in allergic,
cellular, and humoral responses to parasitic and extracellular pathogens. M2 macrophages
secrete low levels of proinflammatory cytokines and high level of anti-inflammatory cytokines
[21]. Three different subsets of M2 macrophages have been identified, including M2a, M2b,
and M2c. IL-4 and IL-13 lead to M2a macrophages, immune complexes in combination with
IL-1b or lipopolysaccharide (LPS) drive the M2b subtype, whereas IL-10, TGF-3, or glucocor-
ticoids induce M2c macrophages [23]. In alternative activation, IL-4 and IL-13 upregulate
expression of the mannose receptor and MHC class I molecules, which stimulate endocytosis
and antigen, while intracellular enzymes such as arginase are implicated in cell recruitment
and granuloma formation.

2.2.3. Activation of adipose tissue macrophages (ATMs)

Originally, ATMs were suggested to have roles in the production of proinflammatory cyto-
kines [8, 9]; therefore, it seems plausible that most ATMs are M1 macrophages in obesity. In
initial pioneering studies regarding ATMs, ATM content was determined by F4/80 or CD11b
antibodies, which are common macrophage markers that cannot differentiate between M1 and
M2 macrophages. Subsequent studies have shown that ATMs are operationally defined across
M1 to M2 polarization states. Using flow cytometry, it was shown that ATM from lean mice
showed the M2 macrophage phenotype, but ATMs that accumulated following a HFD
exhibited the proinflammatory M1 phenotype. Based on these data, it was suggested that
ATMs underwent a phenotypic switch from the M2 polarization state to a more M1 polariza-
tion state [24]. Inline with ATM polarization, ATMs with M1-like activation were characterized
by F4/80*/CD11b*/CD11c*surface markers, whereas F4/80*/CD11b*/CD11ccells were present
following M2-like activation [24, 25]. Since F4/80 and CD11c were primarily considered as
surface markers for macrophages and dendritic cells, respectively, these ATMs with triple
positive surface markers are unusual in that they have both macrophage and dendritic cell
features [25]. These data are supported by the fact that CD11c*cells have a deleterious effect
on insulin resistance; it was shown that selective depletion of CD11c'cells reversed insulin
resistance with a HFD [26]. A recent article showed the temporal dynamics of macrophage
activation where it was shown that M2 ATM polarization was enhanced in the early phase of
obesity (both in the 0b/ob model and the diet-induced obesity (DIO) model), and M1 polariza-
tion was subsequently gradually enhanced [27]. These data indicate that there are temporal
and spatio differences between M1 and M2 macrophages during obesity. While M2 macro-
phages (resident macrophages) were localized to interstitial spaces between adipocytes in lean
mice, M1 ATMs surrounded dead adipocytes with DIO, thus forming crown-like structures
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(CLSs) [28]. However, the activation status of ATMs does not seem to be static. Whereas HFD-
induced insulin resistance followed by a normal chow diet could reverse body insulin
sensitivity, mice still contained a similar level of CD11c*ATMs in adipose tissue, but these
macrophages no longer exhibited inflammatory pathway markers [29]. Furthermore, a class
of macrophages that express a marker for both M1 and M2 (i.e,, CD11c*, CD209a") was
identified in obese adipose tissues. These macrophages were likely transformed from M2 to
M1 macrophages through lipid accumulation [27]. Therefore, there might be some mechanism
to regulate activation of ATMs in adipose tissue along with obesity development.

2.2.4. Regulation of ATM polarization

Classical activation of macrophages (M1) is induced by Toll-like receptor (TLR) ligands and
IFN-vy, while alternative activation of macrophages (M2) is induced by IL-4/IL-13 (M2a),
immune complexes (M2b), or anti-inflammatory cytokines IL-10 or TGF-f3 (M2c) to mediate
Th1/Th2 immune responses [30]. In the classical activation of macrophages, adipose tissue
secretes FFAs, which can activate TLR4 [31] by lipolysis and IFN-y. On the other hand, it was
shown that adipocytes secrete Th2 cytokines such as IL-4 and IL-13, which is important for
alternative macrophage activation [32]. Adiponectin is also reported to induce M2 polarization,
which was shown using adiponectin KO mice and adenoviral delivery of adiponectin [33].

In terms of intracellular signaling in adipose tissue macrophages, transcription factors and
related machinery that regulate ATM polarization have been studied. Peroxisome proliferator—
activated receptor gamma (PPARY) is one of most striking regulators because it is known as
a master regulator of adipogenesis. However, PPARY was expressed at relatively high levels
in monocytes and macrophages [34], and it was reported that PPARy activation reduced
proinflammatory cytokines in monocytes/macrophages [35, 36]. When PPARY was knocked
out in macrophages, bone marrow-derived macrophages showed impaired alternative
macrophage activation, and these mice were obese, with an insulin resistant and glucose
intolerant phenotype following HFD feeding [37]. PPARY, another PPAR family member, is
also important for ATM polarization. Myeloid-specific KO of PPAR® resulted in enhanced
adipose tissue inflammation and insulin resistance, which is consistent with the M1 polariza-
tion phenotype [32]. PGC-1p, a co-activator of the PPAR family, is also clearly involved in
alternative macrophage activation by cooperating with STAT6, which is a critical signal
mediated by Th2 cytokines [38]. In addition, Kriippel-like factor 4 (KLF4), which belongs to
the zinc finger class of DNA-binding transcriptional regulators, was suggested to be a master
regulator of macrophage polarization during obesity. KLF4 expression was markedly reduced
in obese adipose tissue, and KLF4 deficiency exhibited an enhanced inflammatory response.
In particular, myeloid specific KO of KLF4 led to obesity, insulin resistance, and impaired
glucose tolerance [39]. Interferon regulatory factor 4 (IRF4) is also known to be involved in
ATM polarization. Macrophage-specific IRF4 KO mice exhibited significant insulin resistance
and adipose tissue inflammation with a HFD [40].
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2.3. Adipose tissue-derived chemotactic factors and macrophage recruitment in metabolic
diseases

Human studies and mouse models have both been used to identify the chemokines and
associated receptors that are elevated in obese adipose tissue [41] and those that contribute to
monocyte recruitment [17].

2.3.1. MCP-1 and CCR2

MCP-1 (CCL2) is produced mostly by macrophages and endothelial cells and is a potent
chemotactic factor for monocytes [42-44]. The level of MCP-1 in both WAT and plasma was
increased in obese mice [45], suggesting that MCP-1 might be an adipokine whose expression
is increased in obesity [46].

Binding of MCP-1 to its receptor CCR2 is considered crucial in obesity-induced insulin
resistance. Several groups have demonstrated that mice with targeted deletions in the genes
for Mcp-1 and its receptor Ccr2 have decreased ATM content, decreased inflammation in WAT,
and protection against obesity-induced insulin resistance [46, 47]. On the contrary to this, mice
overexpressing MCP-1 in adipose tissue had increased ATM and insulin resistance [46, 48].
Therefore, the MCP-1-CCR2 axis is important to promote ATM recruitment and insulin
resistance in mice. Recent studies; however, have shown conflicting results and indicate a
greater complexity than suggested by previous reports. In studies done by several groups,
results showed that loss of MCP-1 did not attenuate obesity-associated macrophage recruit-
ment to WAT or improve metabolic function, suggesting that MCP-1 is not pivotal for obesity-
induced macrophage recruitment and systemic insulin resistance [49, 50]. Furthermore,
although Ccr2”'mice fed a HFD had fewer macrophages in WAT compared with wild type
(WT) mice [47], CCR2 deficiency did not normalize ATM content and insulin resistance to the
levels in lean mice, indicating that ATM recruitment and insulin resistance are also regulated
by MCP-1-CCR2 independent signals. The intricacy and redundancy of chemokine signaling
may account for these conflicting results.

2.3.2. CCL3, CCL5, CCR1, and CCR5

Macrophage inflammatory protein-1 (MIP-1/CCL3) is a CC chemokine with upregulated
expression in obese WAT of humans and mice. CCL3 transcript and protein are remarkably
elevated in WAT of ob/ob, db/db, and DIO mice [8, 51]. In obese humans, the expression of CCL3
and its receptors CCR1 and CCR5 were increased in omental and subcutaneous WAT com-
pared with normal weight individuals [41]. Moreover, expression of CCL3 and CCR1 in WAT
was positively correlated with fasting blood insulin levels in humans [41, 52, 53]. Although
many reports have shown a functional role of CCL3 in obesity, the consequences of this have
not been established [54].

Keophiphath et al. identified CCL5 as the most upregulated gene in human pre-adipocytes
provided with macrophage-secreted factors [55]. Although its role and its target receptors in
human WAT are unknown, this chemokine is involved in blood monocyte recruitment to
inflammatory sites by binding to the G-protein-coupled receptors CCR1, CCR3, and CCRS5.
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CCLS5 production in fibroblasts, platelets, and monocytes/macrophages is a known feature of
inflammatory disorders [56]. In atherosclerosis, CCL5, via CCR1 and CCRS5, contributes to
transmigration of monocytes and T cells in atherogenic lesions [57].

Kitade et al. revealed that CCR5 plays a crucial role in the regulation of adipose tissue
inflammation in obesity and the development of insulin resistance [58]. Expression of CCR5
and its ligands is highly increased in WAT of both ob/ob and DIO mice. FACS analysis clearly
demonstrated that CCR5'macrophages accumulate in WAT of obese mice. The loss of CCR5
improved obesity-induced insulin resistance in mice. Both Ccr5'mice fed a HFD and mice
deficient in Ccr5 bone marrow-derived cells showed ameliorated insulin sensitivity and
protection from obesity-induced insulin resistance via reduction of ATM accumulation.

2.3.3. LTB4 and BLT-1

LTB4 is a kind of proinflammatory lipid mediator generated from arachidonic acid [59, 60].
LTB4 is rapidly produced by activated leukocytes, it promotes leukocyte chemotaxis, and
regulates proinflammatory cytokines [59, 61]. The biological actions of LTB4 are mediated by
an interaction with a G protein-coupled receptor termed BLT-1 [61]. Although the LTB4/BLT-1
axis plays a critical role in host defense during acute infection, chronic activation of this
pathway provides continuous inflammation, which is feature of inflammatory pathologies
such as atherosclerosis and arthritis [62-67]. Moreover, LTB4 levels increased in adipose tissue
of both mice and rats consuming a HFD [67-69]. Spite et al. reported that deficiency of BLT-1
protects against the progression of insulin resistance in DIO by regulating ATM accumulation
and inflammation in peripheral tissues [70].

2.3.4. Fractalkine (CX3CL1) and CX3CR1

CX3CL1, a chemokine that binds to a single known receptor (CX3CR1), is involved in the
recruitment and adhesion of both monocytes and T cells in atherosclerosis and rheumatologic
disorders [71]. CX3CR1 is a G-protein-coupled receptor expressed in many leukocyte subtypes
[72, 73] and promotes leukocyte activation and survival [74]. To develop macrophage-rich
atherosclerotic lesions, CX3CR1 is required for monocyte recruitment. [75, 76]. Digby et al.
suggested that adipocytes also expressed CX3CL1 and that CX3CR1 signaling in macrophages
was inhibited by PPARYy agonists [77]. Moreover, modulation of the CX3CL1/CX3CR1 system
can regulate chronic inflammatory diseases, including atherosclerosis, independent of CCL2/
CCR2 [78], which indicates that this also occur in adipose tissue inflammation and its related
complications. Recently, Shah et al. found that CX3CL1 is one of markedly upregulated genes
in human adipose tissue through in vivo inflammation by using a microarray of adipose tissue
mRNA during experimental endotoxemia [79, 80].

2.3.5. CXCL14

CXCL14 (originally designated as BRAK, BMAC, or Mip-2g) is expressed in WAT, brown
adipose tissue (BAT), and skeletal muscle, which indicates that it may have a role in
adipogenesis, myogenesis, and metabolic complications. CXCL14, as a chemoattractant, is



Adipokines Involved in Macrophage Recruitment
http://dx.doi.org/10.5772/57558

required for activated tissue macrophages and dendritic cells [81-87]. Nara et al. generat-
ed Cxcl14 deficient mice and described that CXCL14 is involved in the obesity-induced
infiltration of macrophages into WAT, serum adipokine levels, hepatic steatosis, and
attenuation of insulin signaling in skeletal muscle; thereby, contributing to systemic insulin
resistance in DIO mice [88].

2.3.6. Osteopontin

Osteopontin (OPN) is a secreted matrix glycoprotein and proinflammatory cytokine that has
previously been reported as a major element of cell-mediated immunity [89]. Many studies
have provided evidence that OPN is secreted by macrophages at sites of inflammation where
it mediates monocyte adhesion [90], migration [91], differentiation [92], and phagocytosis [93].
OPN play a role in the development of atherosclerosis. OPN induces chemotaxis of monocytes
and elevates cellular migration through a direct interaction with its receptors [94, 95]. No-
miyama et al. demonstrated that OPN secretion is upregulated during obesity and greatly
expressed in ATMs of DIO mice, characterizing OPN as an adipokine. OPN deficiency
attenuated ATM accumulation, adipose tissue inflammation and improved whole body
insulin resistance [96].

2.3.7. Apoptosis inhibitor of macrophage (AIM/CD5L)

AIM [97] is incorporated into adipocytes via CD36-associated endocytosis, and it mediated
lipolysis by suppressing the activity of fatty acid synthase (FAS) [98]. AIM is a member of the
scavenger receptor cysteine-rich superfamily and was initially characterized as an apoptosis
inhibitor that supports the survival of macrophages against apoptosis-inducing stimuli [97].
AIM is a direct target for regulation by nuclear receptor liver X receptor/retinoid X receptor
(LXR/RXR) heterodimers [99, 100], and it is exclusively produced by tissue macrophages. As
a secreted molecule, AIM is found in both human and mouse blood [97, 100-103] and increases
in blood with the progression of obesity in DIO mice [98]. AIM-associated lipolysis is respon-
sible for the obesity-induced recruitment of ATMs. Kurokawa et al. demonstrated the role of
AIM in the initiation of adipose tissue inflammation that links obesity and insulin resistance
[104]. Firstly, AIM-induced lipolysis is required for macrophage recruitment into obese
adipose tissues. Increased blood AIM levels induce dynamic lipolysis in obese adipose tissues,
augmenting local extracellular fatty acid concentrations to a level sufficient for the stimulation
of TLR4, which promotes chemokine production by adipocytes and macrophage infiltration.
Secondly, an increase in blood AIM is required as well as adipocyte hypertrophy for the
initiation of macrophage recruitment. In AIM deficient mice, although the level of AIM-
independent lipolysis escalated in line with adipocyte hypertrophy [98], it may not reach a
level sufficient for macrophage infiltration. Thirdly, crosstalk between adipocytes and
macrophages within adipose tissue establishes a vicious circle that accelerates inflammation;
saturated fatty acids brought about by lipolysis activated TLR4 to induce TNFa, which in turn
activated the TNFa receptor to produce inflammatory cytokines [105]. This response induces
a further progression of inflammation, lipolysis, and macrophage recruitment.
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2.3.8. Macrophage migration inhibitory factor (MIF)

MIF is a multifunctional proinflammatory cytokine which is responsible for inflammatory
processes. The primary source and target of MIF have been identified as macrophages [106].
MIF is rapidly released in response to inflammatory stimuli such as lipopolysaccharide, TNF-
a, and IFN-y. MIF can have both paracrine and autocrine effects [106-108]. MIF elevates
adipose tissue inflammation through amplification of migration, recruitment, and activation
of leukocytes at the site of inflammation through upregulation of adhesion molecules such as
ICAM-1 and MCP-1 [109-111]. MIF can utilize its chemotactic properties via CXCR2 and
CXCR4 in macrophages and T cells, respectively [111]. The interaction of MIF with CXCR4 on
the surface of fibroblasts and T cells induced CXCLS8 secretion [112]. Interestingly, the alter-
native MIF receptor CD74, which is traditionally involved in the activation of the mitogen-
activated protein kinases pathway, has recently been demonstrated to also mediate
macrophage chemotactic responses [113, 114]. Although these roles in macrophage recruit-
ment have been demonstrated, a recent study showed MIF-/-mice did not exhibit significant
changes in ATM content compared to WT mice when fed a HFD [115].

3. Conclusion

Adipose tissue inflammation and macrophage infiltration are well-established features of
obesity. ATMs are separated into at least two groups: M1 and M2. In obesity, more than 90%
of recruited monocytes become M1 macrophages that can secrete proinflammatory cytokines
resulting in adipose tissue inflammation and insulin resistance. Many studies have identified
adipokines that can recruit monocytes into adipose tissue in obesity. Consequently, adipose
tissue-derived chemokines may be promising therapeutic targets for insulin resistance and
metabolic diseases. Although modulation of a single chemokine can affect the chemotaxis of
monocytes when they are studied individually, it is likely that chemokines have overlapping
functions in the more complex in vivo environment. Moreover, the complicated process of
monocyte recruitment and subsequent differentiation into M1 or M2 macrophages in obese
adipose tissue appears to be substantially different in mouse and human obesity, which
emphasizes the need for investigations in humans. Therefore, whether macrophage depletion
stands for an appropriate tool to ameliorate adipose tissue homeostasis and restore insulin
resistance in obesity remains an open question.
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1. Introduction

Neural tripeptide amide L-pyroglutamyl-L-histidyl-L-prolineamide (L-PHP, Thyrotropin-
releasing hormone, TRH) is a fine molecular peptide that was first identified in the Central
Nervous System (CNS) and discovered in many other regions of body later as a neuropeptide
hormone or neuromodulator [1]. L-PHP stimulates the thyroid stimulating hormone (TSH)
after it is released from the hypothalamic nerve in the median eminence. L-PHP was named
as its functional action-TRH [2]. Beyond neuronal tissue, expression of L-PHP was also found
in the pancreatic islets where it identifies to the Langerhans-insulin-producing beta cells [3].
However, L-PHP expression and production is significantly different from its production in
the nervous system; it is primarily expressed during the early developmental period in rat [4]
and human fetal pancreatic tissue [4]. L-PHP stimulates glucagon release and inhibits other
pancreatic secretion other than TSH [5]. In this review, based on evidence found in L-PHP gene
knockout animal models and its function in regulating insulin release in pancreatic tissue [6],
L-PHP may play an important role in carbohydrate metabolism and pancreatic L-PHP
disruption may lead to the development of diabetes mellitus.

Expression of L-PHP in the pancreas: L-PHP is expressed in the insulin granules of {3 cells in
pancreatic islets, [7] with high levels during the neonatal period but significantly decreased as
postnatal development progresses [4]. A Comparison with L-PHP expression, in the primary
transition period between E12 and E14, shows insulin secretion in both rat and mouse while
L-PHP remains unexpressed[4, 8]. During this period, insulin stained cells do not express any
Rab3A, SNAP-25 (two molecules important for the control of insulin secretion) nor Glut 2 and
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granules resemble 3 cells. However, at E16, L-PHP expression was found and thereafter, high
expression of molecules such as Glut2 and Pdx-1, which are necessary for insulin production,
maturation and full insulin cell function, were found in the insulin and L-PHP positive cells.
L-PHP’s significant expression coincides with factors for insulin production, maturation and
insulin cell development suggesting that L-PHP is critical for insulin cells as they become
functionally mature during early development.

2. Effects of L-PHP on pancreatic insulin secretion

Beyond regulating TSH, L-PHP is also found to be involved in the regulation of neuronal
growth [9], facilitating spinal cord injury recovery [10], appetite control [11], and alcohol
consumption [12]. The most important role of L-PHP is considered to be its regulation of blood
glucose levels in vivo, presumably via the CNS [6, 13-16]. L-PHP’s anti-hyperglycemia function
was identified by eliminating pituitary-thyroid axis by a hypophysectomy, which also
eliminated other hormones released from pituitary, and suggests its anti-hyperglycemia
function beyond its activation in CNS [17]. In another experiment, pancreatic beta cells were
destroyed by Streptozotocin and CNS administration of L-PHP failed to reverse high blood
glucose, supporting this notion of function outside of CNS activation. L-PHP regulating blood
glucose may have a direct effect in pancreatic beta cell instead of via CNS or thyroid hormone,
which was supported by application of thyroid hormone in hypothyroidism of hyperglycemic
animal but did not reverse high blood glucose. Blood glucagon and insulin level was increased
by intravenous injection of L-PHP in rabbit [18] and cultured fetal islet identified L-PHP
expression by a quantitative analysis [19] which supports the possibility of L-PHP’s direct
effect on pancreatic beta cell function.

Pancreatic L-PHP can stimulate pancreatic endocrine function and/or endocrine cell develop-
ment. The mechanisms as to how L-PHP regulates pancreatic 3-cell development have not
been identified. Gathering evidence from in vivo and in vitro, we propose that L-PHP may
modulate insulin secretion directly when glucose stimulates $-cell, which was demonstrated
in isolated perfusion of fresh islets [20] and islet cell lines (Fig. 1). The mechanisms may relate
to L-PHP regulating glucagon-containing (alpha) cell secretion resulting in eliminating
somatostatin (r-cells) and inhibiting insulin production. A clinical study in hyperparathyroid-
ism patients showed that L-PHP application to these patients significantly elevated serum
levels of insulin and glucagon and it also had a dose-dependent inhibition of carbachol-
stimulated amylase secretion, suggesting a role for L-PHP in the paracrine regulation of
exocrine as well as endocrine pancreatic secretion.

L-PHP protects pancreatic tissue from damage and toxins like the reduction of glycodeoxy-
cholic acid. Evidence suggests that L-PHP plays a critical role in 3-cell maturation. During the
phase of pancreatic development, which includes high levels of L-PHP expression in early
pancreatic (3-cell development, dexamethasone treatment eliminated the L-PHP peak and
resulted in retarded (3-cell development [21]. Also, newborn rats were found to have reduced
L-PHP levels due to maternal diabetes caused by streptozotocin (STZ) injection [22]. The



Thyrotropin-Releasing Hormone (TRH) a Small Molecule in Pancreas Promotes Insulin Producing Cell Proliferation
http://dx.doi.org/10.5772/57550

_ 12000 =
=
2
g‘i‘:’
=2 8000
£38
D
S5
= O *
59 4000
w
] i
o L
Control TRH Control TRH
pTC-6 INS-1

* p<0.01 vs. Control (BTC-8)
=+ p<0.01 vs. Control (INS-1)

@a)

300
=5 200
=32
£
Es
§§100
- &

Control TRH Control TRH

* p<0.01 vs. Conirol (BTC-8)
**p<0.01 vs. Control (INS-1)

Figure 1. Insulin levels in BTC-6 (a mouse derived pancreatic B cell line) cell extracts and medium after exposure to
TRH Cells were cultured for 24 hours with or without TRH (n=6 each group). Culture Medium was collected and har-
vested cells were extracted by 5% TCA. Insulin content and secretion were measured by ELISA. Insulin content was
normalized relative to protein concentration (mg/ml) in the cell extracts. L-PHP treated cells contained greater levels
of insulin in cell extracts A and culture medium B vs controls. (From reference #25, with permission)

observation of ten-fold lower L-PHP in pups of diabetic rat followed by a postnatal day 5
elevation of L-PHP reducing blood glucose levels [22] suggest that L-PHP expression during
[3-cell development is important and it may prevent diabetes from developing in later life.

The L-PHP receptor consists of two major sub-types (R1 and R2, recently identified third type).
Using RT-PCR, receptor R1 is identified as expressed in HIT-T15 (HIT) cells, a hamster clonal
B-cell line [23], and mouse pancreatic islets, but expression of R2 is not found. R2 was identi-
fied as expressed predominantly in the CNS, but not other tissue. By northern blot analysis it
was found that R1 in pancreas is of 3.7-kb size and shares 93.3% homology with that in the
pituitary. Evaluation of R1 function by receptor affinity found various kDa values in 3 —cells
[23]. £ —cell intracellular calcium concentration was significantly increased by L-PHP and
removal of extracellular calcium does not change this effect [24]. Our group work has shown
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R1 expression in rat-derived [3-cell lines as well as whole pancreas that included nonislet tissue
[25]. R1 receptor was also found to associate with EGF receptor function called cross linking
[25] (Fig. 2).

Figure 2. In situ hybridization of L-PHP-receptor-1(R1) in rat pancreas A. and D. Dual fluorescent image of rat pan-
creas. Red indicates insulin immuno-fluorescence; Green indicates R1 in situ hybridization. B. and E show H&E staining
for tissue morphology, C and F show dapi for nuclei staining. The large arrows indicate the yellow color, a mixture of
green and red represents colocalization of insulin and R1 in islet and the small white arrows indicate the positive stain-
ing of R1 in epithelial A. B. and ductal D. E. (From reference #25, with permission)

3. Regulation of L-PHP in the pancreas

In vitro studies have shown that L-PHP is stimulated by glucose and suppressed by insulin
release. Cellular cAMP production regulated by somatostatin may involve glucose and insulin
regulation of L-PHP [26, 27]. We hypothesize that there is an a-p-y integrating system, which
releases insulin-L-PHP-somatostatin coordinated in respond to glucose challenge in islet. To
support this hypothesis, it needs further study but evidence in that tissue cultures of pure 3
cell do not function as well as an entire islet may be part of the support.

4. L-PHP alteration of gene expression modifys microenvironment within
the pancreas

Pancreatic microenvironment alteration by L-PHP has been reported [28]. The findings show
that multiple functional genes in rat pancreas were influenced by L-PHP in vivo. A total of 60
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genes are found to be regulated by L-PHP, 29 genes in the pancreas and 31 genes in rat derived
pancreatic 3-cell line, INS-1 cells. These genes include Ca2+channel enhancers (Ca2+/calmo-
dulin-dependent protein kinase, type I and II), G-protein coupling receptor related genes
(GPCR kinase 4 and 5, transducin-f3 1 subunit,Arrestin-f1, transducin-f31), Protein kinases
(serine/threonine kinase-3,PKC {3, PCTAIRE-3, v-mos), proliferation or differentiation signal
transduction related genes (MAPKS3, growth factor receptor-bound protein 2, n-myc, GAP-43)
and down-regulated pro-apoptotic Bax gene. Genes relative to insulin secretion are signifi-
cantly increased by L-PHP including N-methyl-D-aspartate receptor-2A, GABA-A receptor,
RAB2, Ras-related GTPase and ADP ribosylation factor 1 and 5. The differential gene expres-
sion between (3-cells and total pancreatic tissue in response to L-PHP shows that of the 36 genes
that are initiated and 36 genes that are turned off relative to signal transduction. In rat pancreas
6 genes were initiated and 14 genes were turned off, with one initiating the anti-apoptotic BcLX
gene. While in rat INS-1 {3 cell line only 4 genes were initiated and 4 genes turned off from the
34 signal transduction genes. These significant variations between pure {3-cell and entire
pancreatic tissue indicate that L-PHP can regulate $-cell function by directly working on f3-
cells or by indirectly altering pancreatic microenvironment to maintain and facilitate (-cell
response to glucose resulting in a balance in vivo of glucose metabolism.

5. Regulation of B-cell proliferation by signal pathways from L-PHP to
growth hormone activity in pancreatic islet

L-PHP has been reported to stimulate R1 and dissociate the GPCR complex, activating protein
kinase C [29] and mitogen-activated protein kinase (MAPK) [29] in both a PKC-dependent and
a PKC-independent manner in the neuronal cell lines [30]. These effects may involve activation
of tyrosine kinase, which leads to the activation of Ras and MAPK cascade. The signaling
pathways initiating from G-coupled L-PHP receptor in activating MAPK may overlap with
the receptor tyrosine kinases activating the Ras-MAPK cascade [31, 32]. There is evidence that
L-PHP and EGF have overlapping activities [33] leading to the stimulation of tyrosine
phosphorylation of EGF receptors in GH3 cells, a pituitary cell line [34]. L-PHP-induced EGF
receptor phosphorylation led to the recruitment of adapter protein Grb2 and Shc in GH3 cells.
The hypothesis that L-PHP would activate EGF receptors in  cells through multiple pathways
is tested, and data indicated that L-PHP trans-activates EGF receptors through several intra-
and extracellular pathways, which are distinguished from pituitary-derived cell lines. R1 can
initiate multiple signal transduction pathways to activate the epidermal growth factor (EGF)
receptor in pancreatic (3 cells [35]. By initiating R1 G-protein-coupled receptor (GPCR) and
dissociated afy complex, L-PHP (200nM) activates tyrosine residues at Tyr845, (a known
target for Src) and Tyr1068 in the EGF receptor complex in an immortalized mouse 3-cell line,
BTC-6. Through manipulating the activation of Src, PKC and heparin-binding EGF-like growth
factor (HB-EGF) with corresponding individual inhibitors and activators, multiple signal
transduction pathways linking L-PHP to EGF receptors in TC-6 cell lines have been revealed.
The pathways include the activation of Src kinase and the release of heparin-binding EGF as
a consequence of MMP3 activation. Alternatively, L-PHP inhibited PKC activity by reducing
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EGF receptor serine/threonine phosphorylation, thereby enhancing tyrosine phosphorylation.
L-PHP receptor activation of Src may have a central role in mediating the effects of L-PHP on
the EGF receptor (Fig. 3). The activation of the EGF receptor by L-PHP in multiple circum-
stances may have important implications for pancreatic  cell biology. Since EGF receptor
expression has been found to have a high activity during the embryonic developmental period
[4, 36], the possibility exists that L-PHP activation of EGF receptors in pancreatic 3 cells may
play a role in [3-cell development.

TRH-EGF-R Cross-Talk Pathways

Figure 3. The scheme summarized the mechanism of L-PHP cross talk with EGF receptor in pancreatic B cells. L-PHP
binds to its receptor and dissociates GPCR afy complex into a and By units. The By unit activation of the Src kinase
directly results in phosphorylation of EGF receptor Tyr 845. In addition, Src indirectly stimulates Tyr 845 phosphoryla-
tion by activation of MMP3 to release heparin-binding EGF. Meanwhile, activation of Src kinase inhibition of PKC re-
sults in reducing serine/threonine phosphorylation which blocks off the inhibition of serine/threonine
phosphorylation on tyrosine phosphorylation and indirectly activates Tyr 1068 phosphorylation in EGF receptor. L-PHP
activation of EGF receptor phosphorylation results in the activation of cellular signal pathways such as MAPKs. The
activation of Src may have a central role in mediating the effects of L-PHP on the EGF receptor. (R=receptor; _____=ac-
tivation;------ =suppression) (From reference #35, with permission)

6. Conclusions

The small sized L-PHP neuropeptide may play a significant role in direct regulation of
pancreatic [3-cell function and, through modulation of pancreatic microenvironment, support
[-cell survival. The role of L-PHP may be similar to that of the gut peptide GLP-1, that increases
[3-cell regeneration, but may also have a role in inducing adult stem cell differentiation into
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functional p-cells during pancreatic tissue injury, which may be significant for diabetic
therapy.

7. Future directions

Rat islet cell function can be recovered 90-95% from a pancreatectomy after application of
glucagon-like peptide 1(GLP-1) [38]. This [3-cell regeneration from damaged rat pancreas has
also been mimicked by STZ damaged rat pancreas following administration of L-PHP [39].
However, human islet -cell regeneration may differ from rat and it may require a totally
different microenvironment. In order to initiate human islet B-cell functional recovery from
damage or loss, pancreatic stem cells or stem cells from other tissue, such as bone marrow,
must be able to in vivo differentiate into multiple types of endocrine cells (a3y) to reconstitute
a new endocrine system in response to glucose challenge. Initiating L-PHP generation in
vivo or administration from in vifro may be a way to approach this goal. Before the application
of this peptide, a series of studies must be performed 1) to prove L-PHP can induce stem cells
in the pancreatic environment to differentiate into (3-cells and 2) L-PHP can induce other islet
endocrine cells, such as a and vy cells, to support and regulate -cell function, even [-cell
regeneration. The current evidence from in vivo animal models and in vitro is very promising
and encouraging; still multiple steps are needed before L-PHP can be applied in human
diabetic therapy.
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Most tissues and organs, such as the brain, need glucose constantly, as an important
source of energy. The low blood concentrations of glucose (hypoglycemia) can cause
seizures, loss of consciousness, and death. On the other hand, long lasting elevation
of blood glucose concentrations (hyperglycemia) can result in blindness, renal failure,
cardiac and peripheral vascular disease, and neuropathy. Therefore, blood glucose
concentrations need to be maintained within narrow limits. The process of maintaining
blood glucose at a steady-state level is called glucose homeostasis. This is accomplished by
the finely hormone regulation of peripheral glucose uptake (glucose utilization), hepatic
glucose production and glucose uptake during carbohydrates ingestion.
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