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Abstract

The facilitative glucose transport protein GLUT1 has important roles in positron emission tomography

(PET) imaging of human diseases. GLUT1 has widespread expression and catalyses the energyindependent facilitated diffusion of glucose down its concentration gradient across red blood cell

membranes, blood-brain and blood-tissue barriers and membranes of some oragnelles. Import is

usually the prevailing direction of transport for providing metabolic fuel, especially in proliferating

cells. PET imaging using 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) measures the uptake of

[18F]FDG into cells and tissues as a marker of glucose transport and glycolytic activity. Diseases can

alter glycolytic activity in localised regions of tissues or organs, which can be visualised using

[18F]FDG PET. Expression and/or activity levels of GLUT1 contribute to the pattern and intensity of

[18F]FDG. [18F]FDG PET imaging is used in diagnosing and monitoring a range of human diseases

and in analysing their response to treatments. Proliferating cancer cells display overexpression of

GLUT1 and a vastly higher rate of glycolysis for satisfying their increased nutrient demands.

Tumours therefore have significantly enhanced [18F]FDG uptake compared with normal cells, so

[18F]FDG PET is routinely used in diagnosing and monitoring cancers. [18F]FDG PET imaging of the

brain allows identification of distinct patterns of hypometabolism and/or hypermetabolism associated

with neurological disorders including Alzheimer’s disease, Parkinson’s disease, epilespsy,
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schizophrenia, multiple sclerosis and cerebral ischemia. Cardiovascular diseases, along with

underlying conditions such as inflammation, sarcoidosis, atherosclerosis, and infections of implants

and prosthetics are routinely assessed using [18F]FDG PET. Diabetes alters the distribution of

[18F]FDG, which can affect diagnosis of other diseases. The effects of anti-diabetic drugs on glucose

metabolism and activation of brown adipose tissue as a preventative measure or treatment for obesity

and diabetes have been investigated using [18F]FDG PET. GLUT1 itself is a potential therapeutic

target for treatment of some diseases, which has also been investigated using [18F]FDG PET.



Keywords: cancer; cardiovascular disease; diabetes; FDG-PET imaging; glucose metabolism;

GLUT1; neurological disorders; positron emission tomography; radiochemistry; transport protein
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1. Introduction

1.1. GLUT facilitative transport proteins

Glucose homeostasis in the human body is maintained by the GLUT or solute carrier 2 (SLC2) family

of facilitative transport proteins, which are members of the sugar porter sub-family of the large and

widespread Major Facilitator Superfamily (MFS) of secondary transport proteins [1,2,3]. GLUT

proteins catalyse the energy-independent facilitated diffusion of hydrophilic glucose molecules and

other substrates down their concentration gradient across hydrophobic cell membranes. Import is

usually the prevailing direction of transport in order to provide metabolic fuel, especially in

proliferating cells (Figure 1A). Fourteen GLUT isoforms (GLUT1-14) have been identified that are

each comprised of ~ 500 amino acid residues. These share a high sequence similarity (19-65%

identity, 39-81% homology) [4] and a number of structural features including twelve putative

transmembrane-spanning α-helices arranged in two distinct N- and C-terminal domains of six helices,

cytoplasmic N- and C-terminal ends, a large intracellular loop between helices 6 and 7 and a single-site

of N-linked glycosylation on one of the extracellular loops. The different isoforms have different

patterns of tissue-specific expression, cellular localisation, substrate specificity and kinetics, which can

be altered under disease conditions. Details and physiologies of the fourteen GLUT isoforms have

been reviewed extensively [5-13].



1.2. Glucose transporter GLUT1

GLUT1 was the first equilibrative glucose transporter to be identified, purified and cloned [14-17] and

has become one of the most extensively studied of all membrane transport proteins. Hexose and

pentose sugars that adopt a pyranose conformation are the preferred substrates of GLUT1 [18], which

recognises D-glucose in both its α- and β-pyranose forms with equal affinity [19], but it does not

recognise L-glucose.



Some glucose analogues including 2-deoxy-D-glucose and 3-O-methyl-D-



glucose (Figure 1B) are transported by GLUT1 and have been used as tools in metabolic and kinetic

transport experiments. On entering the cell 2-deoxy-D-glucose is phosphorylated by hexokinase to

give 2-deoxy-D-glucose-6-phosphate, which is not metabolised any further and is not transported by

GLUT1 so it becomes trapped inside the cell [20], whilst 3-O-methyl-D-glucose is not phosphorylated

by hexokinase [21]. When examined in Xenopus laevis oocytes, GLUT1 transports D-glucose with an

apparent affinity (Kmapp value) of 3 mM, whilst values for transport of 2-deoxy-D-glucose and 3-Omethyl-D-glucose have been measured at 5 mM and 17-26 mM, respectively, in the same system [2225]. In the erythrocyte membrane, the apparent Km value for glucose uptake has been measured at

around 1.5 mM and when reconstituted in liposomes at 1-2 mM [26-28]. Other hexoses transported by
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GLUT1 include galactose, mannose, and glucosamine and GLUT1 also transports the oxidized form of

vitamin C, dehydroascorbic acid, in order to confer mitochondrial protection against oxidative injury

[29]. The transport activity of GLUT1 is inhibited by a number of different compounds including

cytochalasin B, forskolin, phloretin and other flavonoids, maltose and mercuric chloride, which all

have low micromolar affinities [30-34] and these have been used in a range of experimental studies of

GLUT1 sugar transport and function.
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B
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Figure 1. The human facilitative glucose transport protein GLUT1. A. Crystal structure of GLUT1 illustrated in a cell

membrane catalysing the inward movement of D-glucose down its concentration gradient. The transported glucose is

metabolised by the glycolytic pathway, the first step being conversion to glucose-6-phosphate catalysed by hexokinase.

The structure of GLUT1 is coloured with the N-terminus in blue and the C-terminus in red, which was drawn using PDB

file 4PYP and PDB Protein Workshop 3.9 [35]. B. Examples of transported glucose analogues: (i) 2-deoxy-D-glucose; (ii)

3-O-methyl-D-glucose; (iii) 2-deoxy-2-fluoro-D-glucose (FDG).



Much of the exploratory mutational analysis, topology predictions and structural modelling of

GLUT1, and of other GLUTs, has been superceded by a recent X-ray crystal structure of human

GLUT1 at 3.2 Å resolution in an inward-open conformation (PDB 4PYP) [36].



The structure



constitutes an overall MFS and predicted GLUT protein fold but also has an intracellular helical
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bundle comprised of four short α-helices that connects the N- and C-terminal domains (Figure 1A).

This intracellular helical bundle was also seen in structures of the homologous proton-coupled active

bacterial sugar porter proteins XylE [37] and GlcP [4]. The structure of GLUT1 has allowed an

accurate mapping of disease-associated mutations and provided further insight into the alternating

access mechanism of transport in GLUT proteins and its relation to the transport mechanism in

homologous active sugar porters [36].



1.3. GLUT1 in human health and disease

The importance of GLUT1 in the development and maintenance of a healthy human cannot be

overemphasised. Firstly, it is the ubiquitous glucose transporter thought to be constitutively expressed

and responsible for basal glucose uptake to sustain respiration in most cells throughout the body and its

level of expression is usually correlated with the rate of glucose metabolism and respiration [7,8].

GLUT1 is expressed at the highest levels in the developing embryo, in the plasma membranes of

erythrocytes and at the blood-brain barrier, but also in cardiomyocytes, adipocytes and smooth muscle

cells, at endothelial and epithelial blood-tissue barriers, and intracellularly within the endoplasmic

reticulum, Golgi apparatus and endosomes [9,38-44]. In erythrocytes GLUT1 is the only significant

isoform of expressed GLUT protein with over 200,000 molecules per cell [16,45], constituting up to 35% of all proteins [10] and 10-20% of integral membrane proteins [46]. This high level of expression

enabled GLUT1 to be the only GLUT protein purified from its native cell type [14,47,48].

Because the human brain is almost entirely dependent upon glucose as an energy source, taking

in ~100-150 g of glucose per day [49], and GLUT1 is unique in mediating glucose transfer across the

blood-brain barrier, GLUT1 is essential for maintaining normal neurological functions. Given the

widespread distribution of GLUT1 and its highly important roles, it is clear that anything affecting the

normal expression or functioning of GLUT1 can have severe consequences on human health. A prime

example is the relatively recently recognised GLUT1-deficiency syndrome [50], which results from

mutations in the gene that expresses GLUT1. An impaired function of the GLUT1 protein reduces the

amount of glucose available to brain cells affecting brain development and function. The condition is

usually inherited in an autosomal dominant manner and neurological problems present in young

children, including, difficulties in movement and speech and delay in development and intellectual

disability [51-57]. GLUT1 defects are also increasingly being recognised as the cause of some genetic

generalised epilepsies and other neurological disorders including early-onset absence epilepsy [58,59],

familial idiopathic generalized epilepsy [60] and paroxysmal exercise-induced dyskinesia [61,62].
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GLUT1 is highly overexpressed in many types of cancer cells [63] including brain [64], breast

[65], cervical [66], colorectal [67], cutaneous [68], endometrial [69], esophageal [70], hepatic [71],

lung [72], oral [73], ovarian [74], pancreatic [75], prostate [76] and renal [77]. Because cancer cells

have an altered metabolism and an increased demand for nutrients they usually show an upregulation

of GLUT1 in order to provide an enhanced uptake of glucose in correlation with a greater rate of

glycolysis. This is accompanied by an increase in rate-limiting enzymes of the glycolytic pathway

including hexokinase [78,79]. The ability of rapidly dividing tumour cells to break down glucose by

glycolysis at a vastly higher rate than in normal tissues, even when ample oxygen is present, is known

as the Warburg effect [80-85]. Under these ‘aerobic glycolysis’ conditions most glucose is converted

to lactate rather than being metabolised through oxidative phosphorylation so a high rate of glucose

uptake is required to sustain energy levels for tumour growth. The levels of GLUT1 expression and

glucose uptake are therefore prognostic and diagnostic markers for the growth of tumours. Measuring

uptake of the



18



F-labelled glucose analogue radiotracer 2-deoxy-2-fluoro-D-glucose ([18F]FDG)



(Figure 1B) into tissues using positron emission tomography (PET) imaging is the most common

method for identifying and monitoring tumours in patients. Intravenous injection of [18F]FDG is

followed by PET scanning to provide two- or three-dimensional images for the distribution of 18F-FDG

within the body. GLUT1 clearly plays a pivotal role in defining the distribution of 18F-FDG using this

important clinical tool. This review article considers the roles that GLUT1 plays in [18F]FDG PET

imaging of cancers and also of neurological disorders, cardiovascular diseases and under diabetic

conditions. GLUT1 itself is also a potential therapeutic target for some of these human diseases.



2. PET imaging using 2-deoxy-2-[18F]fluoro-D-glucose

Positron emission tomography (PET) is a clinical nuclear medicine technique that reflects tissue

physiology and metabolism in two- or three-dimensional images of the body. This is in contrast to

other clinical diagnostic tools such as magnetic resonance imaging (MRI) and x-ray computed

tomography (CT), which provide predominantly anatomic information. The PET system detects pairs

of gamma rays emitted indirectly by a short-lived positron emitting radionuclide (or radiotracer),

which is introduced into the body on a biologically active molecule. The stages involved in PET

imaging of a human body are illustrated in Figure 2. Due to the short-lived nature of the gammaemitting radionuclides (11C - 20 minutes,



13



N - 10 minutes,



15



O - 2 minutes,



18



F - 110 minutes), the



sites of the cyclotron, radiosynthesis and PET scanner are often in relative close proximity of each

other and coordinated alongside interaction with the patient. The longer-lived



18



F isotope can be



transported to more remote locations, however.
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Figure 2. Stages in PET imaging of the human body. (i) Radionuclide generation. A positron emitting radionuclide with a

short half-life is made using a particle accelerator (cyclotron), e.g. fluorine-18 (half-life 110 minutes) is produced by proton

bombardment of oxygen-18 or deuteron bombardment of neon-20. (ii) Synthesis of radiolabelled bioactive molecule. The

cyclotron-generated radionuclide is incorporated into a bioactive molecule or drug compound, e.g. synthesis of 2-deoxy-2[18F]fluoro-D-glucose ([18F]FDG) using fluorine-18. (iii) Injection into a patient. The radiolabelled compound is injected

into the bloodstream, often under fasting conditions, followed by a waiting period (usually 1 hour for [ 18F]FDG) allowing it

to spread to body tissues. (iv) Detection of gamma (annihilation) photons. A positron emitted from the radiolabelled

compound travels in tissue a short distance (typically less than 1 mm) and on encountering an electron there is an

annihilation event where their combined mass is converted into two high energy (511 KeV) gamma photons emitted

approximately 180º apart, which are detected by the scanning array that surrounds the patient. The simultaneous detection

of two emissions (coincidences) approximately opposite each allows the identification of a line of response between the

two detectors along which the decay event occurred (those that do not arrive within a few nanoseconds of each other are

ignored). (v) Image construction. Mathematical equations and computing are used to define the locations of hundreds of

thousands of coincidence events from a scanning session. These are used to generate a two- or three-dimensional image for

the distribution of the radiolabelled compound in body tissues. (vi) Normal [ 18F]FDG PET image. This PET image

(reproduced from http://www.rah.sa.gov.au/nucmed/PET/pet_docguide.htm, © 1997-2009, Nuclear Medicine, PET &amp; Bone

Densitometry, Royal Adelaide Hospital) shows the distribution of [18F]FDG in a healthy individual. The PET image can be

combined with images from MRI and/or CT scans.



By far the most common and successful radiolabelled compound used in PET imaging is

[18F]FDG, which is used in over 95% of PET procedures worldwide [86]. This compound was first

synthesised by the direct electrophilic fluorination of 3,4,6-tri-O-acetyl-D-glucal with 18F-fluorine gas
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[87] (Figure 3A), but this method and its variations have a relatively low radiochemical yield. The

preferred method for synthesising [18F]FDG in PET applications is nucleophilic substitution of the

acetylated sugar derivative 1,3,4,6-tetra-O-acetyl-2-O-trifluoromethane-sulfonyl-β-D-mannopyranose

by 18F-fluoride ions using Kryptofix 2.2.2TM as a catalyst followed by separation of reaction products

and hydrolysis [88] (Figure 3A). This method gives higher radiochemical yields (up to 60%) in a

shorter time with modern automated synthesis modules producing [18F]FDG in under half an hour.

The methods for synthesis of [18F]FDG and associated quality control considerations have been

reviewed [89-91]. The only difference in chemical structure between [18F]FDG and glucose is a

fluorine atom attached at carbon-2 instead of a hydroxyl group (Figure 1), so when injected into the

body [18F]FDG is transported into cells by GLUT1 (and other sugar transporters) in the same manner

as glucose. On entering the cell [18F]FDG is phosphorylated by hexokinase to [18F]FDG-6-phosphate,

but unlike glucose, this cannot be metabolised any further by the glycolytic pathway [92] (Figure 3B).

[18F]FDG-6-phosphate also cannot cross cell membranes so it becomes trapped and accumulates

within the cell. As the 18F label decays radioactively it is converted to



18



O-, which picks up a proton



from a hydronium ion in the aqueous environment and the molecule becomes glucose-6-phosphate

with non-radioactive 18O at the 2-position, which is harmless (Figure 3B). This 18O-labelled glucose6-phosphate can then be metabolised as normal. In PET studies, [18F]FDG is therefore an excellent

marker for the uptake of glucose into specific tissues and of their glycolytic state. A number of other

radiofluorinated carbohydrates have also been used in PET studies [93].

In examining PET scans with [18F]FDG it is important to be aware of the distribution of

[18F]FDG in a healthy individual before using them to recognise disease states. As would be expected,

the highest levels of [18F]FDG accumulation in a normal PET scan are in tissues with the highest

expression of GLUT1 and the highest rates of glycolysis, which are principally the brain and cardiac

tissue (Figure 2). Normal individuals do not excrete glucose via the urinary system because it is freely

filtered by glomeruli and rapidly reabsorbed by the nephron of the kidney. In contrast, [ 18F]FDG is

poorly reabsorbed after filtration and is excreted in large amounts in the urine [86]. Consequently, an

intense [18F]FDG activity is usually observed in the kidneys, ureters and bladder (Figure 2). Lower

levels of [18F]FDG uptake can also be observed in a number of others tissues in a healthy individual

depending on their physiological state [86,94]. This includes a low and diffuse activity in liver and

spleen and variable activity in stomach and bowel smooth muscle. Uptake in skeletal muscle is

dependent on levels of stress and/or physical activity, so a patient is usually rested prior to and

following injection of [18F]FDG. Low uptake in bone marrow produces faint observation of vertebrae,
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pelvis and ends of humerus and femur. Moderate activity in pharynx, tonsils, salivary glands and

vocal chords is often seen and vascular uptake can provide an outline observation of blood vessels.
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Figure 3. Synthesis and metabolism of [18F]FDG. A. Synthesis of [18F]FDG by electrophilic fluorination of 3,4,6-tri-Oacetyl-D-glucal by 18F-fluorine gas or by nucleophilic substitution of 1,3,4,6-tetra-O-acetyl-2-O-trifluoromethane-sulfonylβ-D-mannopyranose by



18



F-fluoride ions using Kryptofix 2.2.2 TM as a catalyst. B. Metabolism of [18F]FDG following



GLUT1-mediated transport into cells. [18F]FDG is phosphorylated by hexokinase to [18F]FDG-6-phosphate, which cannot

be metabolised further by glycolysis. The 18F label decays radioactively to 18O-, which picks up a proton and the molecule

becomes glucose-6-phosphate. This 18O-labelled glucose-6-phosphate is then metabolised as normal.



PET scans using [18F]FDG can cover the whole body or focus on specific organs or body

regions. They can be used to map normal brain and heart function, monitor blood flow to the heart,

determine the effects of myocardial infarction on the heart, detect and follow the spread of cancers,

monitor cancers during and after treatment, identify and monitor neurological disorders, other

cardiovascular diseases and the effects of diabetes. Transport of glucose and [18F]FDG by GLUT1

plays a pivotal role in all of these.
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