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Abstract:

 Glucose homeostasis is a fundamental aspect of life and its dysregulation is associated with important diseases, such as cancer and diabetes. Traditionally, glucose radioisotopes have been used to monitor glucose utilization in biological systems. Fluorescent-tagged glucose analogues were initially developed in the 1980s, but it is only in the past decade that their use as a glucose sensor has increased significantly. These analogues were developed for monitoring glucose uptake in blood cells, but their recent applications include tracking glucose uptake by tumor cells and imaging brain cell metabolism. This review outlines the development of fluorescent-tagged glucose analogues, describes their recent structural modifications and discusses their increasingly diverse biological applications.
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1. Introduction


1.1. Why is Measuring Glucose Utilization so Important?

Glucose (C6H12O6, also known as D-glucose, dextrose, or grape sugar) is a monosaccharide and a pivotal carbohydrate in biology [1,2]. The ability to effectively monitor glucose homeostasis is crucially important in many aspects of biological research and medicine. This is because glucose is the primary source of energy in organisms and an important metabolic intermediate [1,2]. For example, glucose is a major product of photosynthesis and the starting point for cellular respiration. Moreover, high blood glucose levels in diabetes is a precursor of diabetes-associated side effects, such as blindness, atherosclerosis and neuropathy [3,4]. There is also a major need for measuring glucose flux in neuroscience. In the brain, glucose oxidation is believed to support almost all of the energy requirements of neuronal cells, via conversion to lactate by associated astrocyte cells [5]. Glucose flux is tightly linked to neuronal responses and, hence, brain activity. This has been a major reason for developing fluorescent-tagged glucose bioprobes to monitor rapid changes in glucose flux in brain tissue [5]. Contemporary research in this area has focused on defining the astrocyte-neuron metabolic relationships governing brain homeostasis and memory formation [6,7]. A further, very important reason to measure glucose flux is related to the altered metabolism of cancer cells compared to healthy cells [8]. This is known as the Warburg effect and was postulated in the 1920s by the German biochemist, Otto Warburg [9]. The rapidly proliferating cancer cells have glycolytic rates that can be up to 200 times greater than equivalent cells from their normal tissues of origin [10]. Consequently, glucose consumption is markedly increased in cancer cells and, interestingly, occurs even if oxygen is relatively plentiful. Therefore, tracking glucose uptake can delineate cancer from normal tissues, providing a means to image cancer progression and monitor response to therapeutics.

It is interesting to speculate about why glucose is the prominent fuel instead of other monosaccharides, such as fructose or galactose. One reason may be the relatively high stability of glucose compared to other monosaccharides [1]. In their open chain form, monosaccharides contain carbonyl groups that react with the amino groups of proteins to form Schiff bases, which rearrange into a relatively stable amino-ketone linkage that compromises protein function. However, the hydroxyl groups of the glucose ring are equatorial, which contributes to its relatively high stability. It should be noted, however, that glycation still occurs and is linked to complications arising from diabetes [11]. The role of glucose is also of biological importance in this context, because, the addition of glucose to proteins by enzyme-mediated glycosylation is often essential for their function [1].



1.2. Monitoring Glucose Utilization before the Development of Fluorescent-Tagged Glucose Bioprobes

Prior to the invention of fluorescent-tagged glucose bioprobes, radioisotopically-labeled sugars were widely used for measuring glucose utilization (i.e., see [12–16]). These radiolabeled tracers include [14C] 2-deoxy-D-glucose [13], [18F] fluoro-2-deoxy-D-glucose (FDG; [17]), and [14C] or [3H]3-Omethyl-D-glucose [18,19]. It should be noted that FDG still remains an essential non-invasive tool for monitoring glucose utilization and FDG-PET is routinely used for brain mapping or cancer diagnosis and staging (i.e., see [20–28]). Apart from the technical and logistical problems associated with radioactivity, these tracers cannot measure glucose uptake in viable, living cell cultures, i.e., the cells have to be killed for measurement and individual cells in a diverse population cannot be monitored. In addition, 6-NBDG has been used to measure glial cell glucose transport in real-time using confocal microscopy cells [29]. Time resolution was an important consideration in this study because fluorescent techniques can resolve cellular events within seconds, whereas isotopic techniques can only resolve within minutes. This is a critical issue for cells that change their metabolic status very rapidly, which occurs in brain tissue. Subsequent glucose utilization studies using 6-NBDG and 2-NBDG compared co-cultures of glial cells and neurons [30] and cerebellar slices [31], which are also not possible with glucose isotopes. Thus, fluorescent analogues are superior to isotope analogues in terms of temporal resolution and spatial resolution. Thus, autoradiography using isotopes measure cellular phenomena in real-time; the only time point possible for analysis is not compatible with cell physiology and, therefore, should be considered as an ex vivo parameter. Moreover, the limits of two-photon extracellular polar-tracer (TEP), which can be used to image long-term changes in neural or glial cells in a living tissue [32,33], are a poor temporal resolution and poor spatial resolution in the millimetre range. This means that cellular phenomena can remain unresolved. An alternative method was also available for cellular studies; glucose utilization could also be monitored by light scattering effects in red blood cells, caused by volume changes after sugar transfer [34]. In addition, a volumetric method to estimate glucose transport has been utilized in tumor cells [35] and brain cells [29]. However, this method is an indirect measure of glucose transport and that changes in cell volume may affect glucose metabolism via the activation of volume-regulatory cellular mechanisms.

Therefore, the development of a fluorescent glucose bioprobe would have been advantageous, because fluorescence spectroscopy can provide a relatively sensitive platform for monitoring glucose transport [34]. This would also allow the evaluation of cell viability, which could be readily analyzed by coupling with an image analyzing system [36]. In addition, at this time there was no method to measure both glucose transport and its effect on different intracellular functions in single, viable mammalian cells or tissues.

The development of fluorescent-tagged glucose bioprobes began in the 1980s [34]. However, advances in this field of research were relatively slow and it would be another 10 years before an alternative fluorescent-tagged probe would be developed, which became more widely used by the biological research community [37,38]. This spurred research in this field and in the past decade we have witnessed the development of a large number of fluorescent-tagged glucose bioprobes. These advances are shown schematically in Figure 1. Therefore, it is an appropriate time to review these advances and attempt to place them into a relevant research context, by comparing the experimental ‘strengths’ and ‘weaknesses’ of each probe.

Figure 1. Timeline to show that research aimed at the development of fluorescent-tagged glucose bioprobes is increasing. Each new published probe is shown as a yellow box. Please refer to the relevant section of this review for a detailed explanation of each probe.



[image: Sensors 12 05005f1 1024]








2. The First Generation of Fluorescent-Tagged Glucose Bioprobes

Ideally, fluorescent tagged glucose bioprobes should possess a number of characteristics that will make them suitable as glucose analogues. These features should include a suitable molecular weight compared to glucose, low cytotoxicity, competition by glucose for cellular uptake and resistance to quenching or photo-bleaching (for further information, see [39]). In addition, the ability of the probe to be metabolized by the cell should also be considered (this aspect is addressed in the description of 2-NBDG and 6-NBDG, below).


2.1. Development of 6-NBDG

The first fluorescent-tagged glucose bioprobe was developed in 1985 [34]. The probe is 6-deoxy-N-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)-aminoglucose (6-NBDG; Figure 2(A)) and it was synthesized by Professor Howard Kutchai's laboratory in the University of Virginia, in conjunction with the company Molecular Probes Inc. At that time, only one fluorescent glucose analogue had been developed: 2-deoxy-2-amino-N-(5-dimethylamino-1-naphthalene sulfonyl)-glucose (III). However, this analogue had only been used as a competitive inhibitor of hexokinase [40]. 6-NBDG was the first fluorescent glucose derivative developed to probe the behavior of glucose transport systems. In designing this fluorescent analogue, the fluorophore 7-nitrobenz-2-oxa-l,3-diazol-4-yl (NBD) was selected because of its relatively strong fluorescence [34]. The C-6 position of D-glucose was selected as the site for covalent attachment, because it was thought that the hydrophobic region of the hexose transporter is in close proximity to this part of the glucose molecule during transport into the cell [41].

Figure 2. (A) Chemical structure of 6-deoxy-N-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)-aminoglucose(6-NBDG), developed in 1985; (B) Chemical structure of 2-deoxy-N-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)-aminoglucose(2-NBDG), developed in 1996. Both probes are commercially available from Invitrogen, Corp.
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Professor Kutchai and his colleagues tested 6-NBDG in red blood cells. Importantly, it was shown that 6-NBDG entry into the cells was inhibited by increasing concentrations of D-glucose [34]. This indicated that 6-NBDG entered the cell through glucose transporters (GLUTs). This was further validated by showing that entry was inhibited by cytochalasin B, which is a mycotoxin and a high affinity GLUT inhibitor that disrupts actin polymerization [42,43].

However, it was also observed that the entry rate for 6-NBDG is much slower compared to other monosaccharides. The authors speculated that this could be due to 6-NBDG having a low affinity for GLUT, or the maximal uptake (Vmax) for 6-NBDG uptake is much lower than glucose [34]. This point would be further addressed in an important study by Barros et al. in 2009 ([44] and discussed in Section 2.2).

Although 6-NBDG was made available by Molecular Probes, Inc., which was subsequently assimilated by Invitrogen, Corp., its use by the biological research community was quite sparse, because in the subsequent nine years there were only four published studies that used 6-NBDG to monitor glucose transport. These reports included assessment of the effects of phorbol esters on glucose uptake and regional differences in glucose transport in the mouse hippocampus [45]. In addition, two photon microscopy has been used to image 6-NBDG uptake in rat brain tissue in vivo [46]. In this study, astrocytes and neurons both take up 6-NBDG at the same rate in the barrel cortex of the rat brain. However, during intense neuronal activity triggered by whisker stimulation, rapid 6-NBDG uptake by astrocytes could be observed, whereas neuronal uptake remained almost unchanged. This latter study was important, because it demonstrated that a fluorescent-tagged glucose bioprobe could be used to monitor glucose uptake in vivo.



2.2. Development of 2-NBDG

Eleven years after the development of 6-NBDG, Hideaki Matsuoka's Laboratory, at Tokyo University of Agriculture and Technology, synthesized 2-(N-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG; Figure 2(B)) [37]. Matsuoka's Research Group was interested in monitoring bacteria viability and metabolic events. The probe 6-NBDG could not be used to directly monitor cell metabolism, because the modification at the C-6 position of glucose would inhibit phosphorylation by the glycolytic enzyme, hexokinase, leading to 6-NBDG accumulation within the cells. However, NBD modification at the C-2 position of glucose, to generate 2-NBDG, would allow phosphorylation by hexokinase and subsequent degradation to non-fluorescent products. Therefore, 2-NBDG should allow the monitoring of cellular metabolic events.

Accordingly, it was found that in Escherichia coli 2-NBDG accumulated in living cells and not in dead cells [37]. The bacteria could be readily imaged using fluorescence microscopy with UV illumination. A further, important validation was that 2-NBDG uptake was competitively inhibited by D-glucose and not by L-glucose (an enantiomer that rarely occurs in the natural world). This suggested that the bacterial glucose transport system was involved in 2-NBDG uptake.

A rapid, follow-up study validated the intracellular fate of 2-NBDG [47]. In bacteria, 2-NBDG was shown to be phosphorylated after uptake, to produce fluorescent derivative (2-NBDG 6-phosphate), presumably by the glycolytic enzyme, hexokinase. 2-NBDG 6-phosphate was then converted back into 2-NBDG by the enzyme glucose 6-phosphatase. 2-NBDG was then rapidly degraded to non-fluorescent products by the glycolytic pathway. The cellular breakdown of 2-NBDG is a useful property, because 2-NBDG signal should indicate both the cellular glucose uptake rate and metabolic activity [47], although it should be noted that 2-NBDG may also accumulate as glycogen [48]. Indeed, the usefulness and simplicity of 2-NBDG as a tracer for eukaryote cell viability was demonstrated in the same year [49].



2.3. Increasing Use of 2-NBDG and 6-NBDG to Trace Glucose Transport in Different Biological Systems

Following the development of 2-NBDG, there has been an increasing number of research publications utilizing this probe. A PubMed search (U.S. National Library of Medicine National Institutes of Health) retrieved 77 publication for 2-NBDG after the year 1996, with 21 publications alone for the year 2011. Two important applications for 2-NBDG appear to account for much of this increased use. Firstly, it was shown that 2-NBDG can be used to image and measure signaling pathway-stimulated glucose uptake in single cells from the pancreas [36,38]. This was followed by a large number of publications using NBDG to validate novel anti-diabetic compounds with similar effects as the hormone insulin, i.e., the promotion of glucose uptake in insulin-sensitive cells, such as adipocytes and skeletal muscle cells (i.e., see [50–54]). Secondly, in cancer research, there has been increasing focus on targeting tumor cell metabolism to develop cancer drugs (reviewed in references [55–57]). This has stimulated the use of NBDG to monitor the increased glucose uptake in cancer cells (the Warburg effect, discussed in Section 1.1) [58]. For example, 2-NBDG has been used to develop high-throughput quantitative assays for glucose uptake in cancer cell lines [59] and as a method to monitor therapy response in breast cancer cell lines [60]. Importantly, potential clinical applications for 2-NBDG are being developed, for example as a tracer for cisplatin treatment in ovarian cancer [61] and as a contrast agent for detecting of Barrett's-associated neoplasia during confocal imaging [62]. A very interesting finding has been the demonstration that, in vivo, 2-NBDG imaging of murine tumors is possible by performing fluorescence colonoscopy [63]. In this study, NBDG-based imaging was compared and correlated with radioactive 2-deoxy-2 [18F]fluoro-D-glucose position emission tomography (FDG-PET) and it was concluded that 2-NBDG is an optical analog of FDG-PET that can extend metabolic imaging to both minimally invasive and intra-operative settings [63].

2-NBDG use has also been extended to the study of brain cells, which, compared to other cell types, rely heavily on blood glucose for their energy supply (i.e., see [30,64,65]). In relation to these findings, another interesting recent report has shown that 2-NBDG can be used for localizing epileptic foci in an animal model, via injection into the tail vein [66]. Studies that show imaging of disease states in animals using 2-NBDG are important, because they can form the basis of subsequent studies which aim to replace the use of radioactive imaging agents in patients, such as FDG.

Although 6-NBDG is less popular with the biological research community than 2-NBDG (in terms of published reports), it still continues to be utilized as a glucose tracer. For example, our own research group has used insulin-stimulated 6-NBDG uptake as a test for multipotent stem cell conversion into adipocyte cells [67,68]. Interestingly, much of the published research using 6-NBDG has been physiological studies of neurons and astrocytes (i.e., see [46,69,70]). In addition, 6-NBDG has been used to measure glial cell glucose transport in real-time using confocal microscopy cells [29]. Time resolution was an important consideration in this study because fluorescent techniques can resolve cellular events within seconds, whereas isotopic techniques can only resolve them within minutes. This is a critical issue for cells that change their metabolic status very rapidly, which occurs in brain tissue. Subsequent glucose utilization studies using 6-NBDG and 2-NBDG compared co-cultures of glial cells and neurons [30] and acute cerebellar slices [31], which are also not possible with glucose isotopes. Thus, fluorescent analogues are superior to isotope analogues in terms of temporal resolution and spatial resolution. The stability of 6-NBDG in cells after cellular uptake, where it accumulates instead entering the glycolytic pathway, (which is the cellular fate of 2-NBDG), is a possible reason why 6-NBDG is suitable for studying neuronal glucose transport.

Nevertheless, issues remained concerning the use of NBDG glucose probes. For example, a major issue was the kinetic behavior of these tracers, which is not conventional when compared to cellular glucose uptake. It was shown that NBDG permeates the cell 50–100 times slower than glucose [44]. Moreover, other research groups have shown that glucose cannot compete effectively with NBDG uptake [44,71]. For example, 90% inhibition of 2-deoxyglucose uptake by glucose only produces 20–40% inhibition of 6-NBDG uptake [44]. This finding appears to be confusing if one considers that NBDG enters the cell more slowly than glucose and could indicate significant GLUT-independent uptake of NBDG.

Fortunately, this issue was resolved in an important study from the laboratory of Professor Barros at the Centro de Estudios Científicos, Chile [44]. This research group found that in astrocytes, 6-NBDG binds to GLUT1 with approximately 300 times higher affinity than glucose. This finding provided a valuable, parsimonious explanation for why 6-NBDG uptake is not efficiently displaced by glucose. In addition, this group also reported that, in light of this high affinity binding and low transport through GLUT, when compared to glucose, exofacial GLUT inhibitors, such as 4,6-ethylidene-D-glucose, should be used to confirm GLUT-specific NBDG uptake (please note that cytochalasin B is an intracellular GLUT inhibitor). Although these results were obtained using 6-NBDG, the authors suggest that they can also explain the kinetics of 2-NBDG cellular uptake [44]. Further analysis of 6-NBDG uptake specificity investigated the temperature dependence of 6-NBDG uptake by astrocytes [72]. It was found that the temperature coefficient (Q10) of 6-NBDG uptake in astrocytes was similar to the Q10 of GLUT1 in erythrocytes, which was much higher than the Q10 for simple diffusion. This finding provides further evidence of a minor role for simple diffusion in 6-NBDG uptake.

Our own research experience with 2-NBDG and 6-NBDG has also been positive. For example, we have confirmed that NBDG is transported into cells in an insulin-dependent manner (Figure 3). Thus, the use of NBDG as a relatively fast and convenient measure of glucose transport has greatly facilitated our work, which focuses on the discovery of new diabetes drug candidates. The non-radioactive nature of NBDG probes has allowed us to develop rapid screening systems to discover compounds that induce glucose uptake, for subsequent analysis as anti-diabetic agents [53].

Figure 3. Data from our laboratory indicating that the fluorescent-tagged glucose probe, 6-NBDG, enters cells in response to insulin treatment. Two populations of cells were cultured together; fibroblasts and adipocytes, which can be distinguished under DIC microscopy by adipocyte-specific deposition of lipid droplets. (A) Adipocytes are insulin sensitive cells, unlike fibroblasts. In response to insulin treatment, adipocytes selectively take-up the NBDG probe (as shown by FITC fluorescence microscopy); (B) However, NBDG treatment without insulin produced markedly less NBDG uptake by the adipocytes; (C,D) Two new triazine-based insulin mimetic agents (termed AP-III-a4 and AP-I-h7) could also induce NBDG uptake selectively in adipocytes, suggesting that these compounds are attractive candidates for further development as diabetes drugs. Reference: MolBiosyst. 2011, Feb;7(2):346–358; reproduced with permission from the author).
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The proven usefulness of NBDG for diabetes, neurological and cancer research appears to be a factor in the subsequent development of alternative fluorescent-tagged glucose bioprobes by the research community. In addition, diabetes and cancer are major diseases afflicting our society [73,74]. Thus, the development superior chemical probes to study these diseases are a priority for biomedical researchers. This is especially relevant for cancer research, because the NBDG probe could not replace the radioactive glucose tracer, FDG, as a tumor imaging agent in patients. These new advances in the development of fluorescent-tagged glucose bioprobes will be discussed in the following sections of this review.




3. Fluorescent-Tagged Glucose Bioprobes Developed Since the Year 2000


3.1. Pyropheophorbide 2-deoxyglucosamide (Pyro-2DG)

Pyro-2DG was developed in 2003 by Gang Zheng's research group at the University of Pennsylvania (Figure 4(A)) [75]. Pyro-2DG was synthesized because 2-NBDG internalization in cancer cells had demonstrated that glucose-tagged probes larger than FDG can accumulate into tumors, in both a GLUT and hexokinase-dependent manner.

Figure 4. (A) Chemical structure of pyropheophorbide 2-deoxyglucosamide (Pyro-2DG), developed in 2003 by Gang Zheng at the University of Pennsylvania; (B) Chemical structure of Cy5.5-D-glucosamine (Cy5.5-2DG), developed in 2006 by Sanjiv Sam Gambhir at Stanford University.
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The development of Pyro-2DG marked the initiation of alternative chemical fluorescent groups for glucose attachment. Pyro-2DG contains a near-infrared (NIR) dye conjugate. NIR dyes had produced considerable research interest, because in addition to their use as a fluorescence probe for cancer detection, the NIR dye could also photo-sensitize cancer cells for treatment by photodynamic therapy (PDT) [76]. This was tested in rats that had undergone glioma tumor cell transplantation. Pyro-2DG was delivered to the tail vein of the anaesthetized rats and 30 minutes later the tumor cell graft was subjected to PDT. The tumors were then excised and imaged with a low-temperature scanning fluorometer. This confirmed that Pyro-2DG had localized to the tumors and induced noticeable tumor destruction after PDT.

This same research group rapidly published a follow-up study that assessed the effectiveness of Pyro-2DG as a fluorescent metabolic index for tumors [77]. Rat or mouse cancer models received Pyro-2DG via tail vein injection. The tumors were then surgically excised and subjected to fluorescent imaging and histopathological evaluation. In addition, flattened tumor surfaces were analyzed with a bifurcated optical fiber bundle to measure the PN/(Fp+PN) redox ratio (where PN denotes reduced pyridine nucleotides and Fp denotes oxidized flavoproteins), which is an index for measuring cell metabolism and is relatively high in tumors compared to healthy tissues. For both cancer animal models, it was found that Pyro-2DG selectively accumulated in the tumor models compared to the surrounding normal tissues at a ratio of approximately 10:1. Interestingly, there was also a high degree of correlation between the PN/(Fp+PN) redox ratio and Pyro-2DG uptake. This indicates that Pyro-2DG could be employed as an extrinsic NIR fluorescent metabolic index tracer for tumor tissue, which would allow the monitoring of metabolic responses after treatment with cancer drugs. However, in spite of these advantages, Pyro-2DG has not been utilized by the research community and there is no subsequent published report concerning this probe. This may be due to Pyro-2DG not being commercialized, which restricts its availability for researchers.



3.2. Cy5.5-D-glucosamine (Cy5.5-2DG)

Cy5.5-2DG was developed in by Sanjiv Sam Gambhir at Stanford University in 2006 [78]. The chemical structure of Cy5.5-2DG is shown in Figure 4(B). Like Pyro-2DG, Cy5.5-2DG is a NIR fluorescent glucose analogue synthesized for imaging tumor metabolism in living subjects. Tumor targeting of Cy5.5-2DG was assessed in two rodent subcutaneous tumor graft models and imaged using the XenogenIVIS 200 small animal fluorescent imaging system. Tumor localization was clearly visualized in living mice 30 minutes after tail vein delivery of Cy5.5-2DG. The tumor tissue:healthy tissue image contrast ratio could approach 3:1, which compares favorably with a micropositron emission tomography imaging of 4:1 for FDG [78]. However, Cy5.5-2DG uptake in tumor cells could not be inhibited by a relatively high extracellular glucose concentration, which suggests that neither GLUT or the hexokinase pathway regulate Cy5.5-2DG uptake, unlike 2-NBDG. Nevertheless, Cy5.5-2DG has greater stability in the mouse model (4 days post injection) compared to 2-NBDG. While Cy5.5-2DG can be useful in labeling cancer cells for cell trafficking and in vivo staining of tumors by its high specificity, it is not clear how Cy5.5-2DG localizes and is retained in tumor. This finding emphasizes the importance of fluorescent dye size when preparing fluorescent tagged-glucose analogues. Since the year 2006, there has been no published scientific report concerning this probe, despite its ability to localize in tumor tissue.



3.3. Cy3-Linked O-1-glycosylatedglucose (Cy3-α-glucose and Cy3-β-glucose)

The synthesis of both anomers (α and β) of Cy3-labeled D-glucose was reported in 2007, by the research group of Park at Seoul National University, Korea [71]. The chemical structures of Cy3-α-glucose and Cy3-β-glucose are shown in Figure 5. The Cy3 fluorescent dye was chosen for conjugation because of its compatibility with biological systems and tolerance to intense light sources, compared to the fluorescent group of 2-NBDG.

Figure 5. (A,B) Chemical structures of Cy3-linked O-1-glycosylatedglucose (Cy3-α-glucose (A) and Cy3-β-glucose (B)) developed by Park at Seoul National University.
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Importantly, Cy3-Glc-α labeled cancer cells more intensely than 2-NBDG (to achieve 80% of the Cy3-Glc-α signal, a 10-fold increase in 2-NBDG concentration and a 20-fold increase in fluorescence microscopy exposure time was required). Due to this relatively strong detection, Cy3-Glc-α could be applicable for bioassays without requiring glucose starvation. However, although the Cy3-Glc-α has superior imaging merits compared to 2-NBDG, it has not yet been tested in an animal tumor model. Cy3-conjugated glucose probes would be further developed in follow-up study (discussed in Section 4.2).



3.4. IRDye 800CW 2-DG

IRDye 800CW 2-DG is a NIR fluorescent-conjugated glucose analogue developed in 2009 by LI-COR Biosciences, Inc. [79]. Unfortunately, to our knowledge the precise chemical structure has not been disclosed. Uptake of IRDye 800CW 2-DG in carcinoma cells was shown to be dependent on GLUT, because high extracellular glucose or a GLUT antibody inhibited probe uptake. Intravenous delivery of IRDye 800CW 2-DG in 4–6 weeks old mouse cancer models also demonstrated localization to the tumor tissue within 24 h, as visualized by the Pearl™ small animal imaging system [79]. A rapid follow-up study in 2009, from the University of Texas Southwestern Medical Center, also demonstrated the usefulness of IRDye 800CW 2-DG [80]. Probe localization to an intracranial tumor mouse model was monitored longitudinally by in vivo fluorescence imaging after tail vein delivery. There was significantly higher signal intensity from IRDye 800CW 2-DG in the tumor side of the brain than the contralateral hemisphere, 24 h after injection (tumor tissue/normal tissue signal ratio (TNR = 2.860.7), which was increased after removal of the scalp (TNR = 3.761.1) and skull (TNR = 4.261.1) (Figure 6). Thus, these very promising results suggest that IRDye 800CW 2-DG may serve as a useful probe for noninvasive tumor assessment in preclinical animal models. To date, these are the only published studies describing IRDye 800CW 2-DG and we eagerly await subsequent research papers describing this probe.

Figure 6. Imaging IRDye 800CW 2-DG uptake in a mouse model of intracranial glioma. For the first four hours, there was no obvious contrast between the tumor side of the brain and the normal brain. However, after 24 h later, signal remained only in the tumor side of the brain. Higher contrast was seen after scalp retraction or removal of the skull. Image reproduced from PLoS One; 2009, Nov 30;4(11):e8051.
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3.5. Development of Two-Photon Glucose Tracers

Two-photon excitation microscopy (TPM) allows the fluorescent imaging of living tissue at a relatively high depth (up to 1 mm) [81]. Both 2-NBDG and 6-NBDG have been utilized for two photon microscopy of brain slices [31]. In addition, two photon microscopy has been used to image 6-NBDG uptake in brain tissue in vivo [46]. Two-photon glucose analogues were developed in 2009, from the laboratory of Park at Seoul National University (Figure 7) [82]. Development of novel TPM glucose bioprobes should address a number of parameters, including sufficient water solubility, preferential probe uptake by cancer cells due to enhanced glycolysis and a large two photon cross-section for generating a bright TPM image [82]. The chemical strategy adopted was to link glucose to acedan, which is a polarity-sensitive fluorophore that has been successfully employed in the development of TPM probes [83,84].

Figure 7. Chemical structures of the two-photon glucose analogues, AG1 (A) and AG2 (B), developed for two photon microscopy in 2009 by Park at Seoul National University.
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An important demonstration was that AG2 is taken up by cellular GLUT. In addition, AG2 uptake by tumor cells is decreased by cancer drugs, such as taxol. Moreover, TPM could produce a much brighter image for AG1 and AG2, compared to the probes 2-NBDG or Cy3-α-glucose. Additional tests showed preferential AG2 uptake in colon cancer biopsies, which was dependent on drug treatment, i.e., patients receiving an anti-cancer drug showed reduced AG2 uptake in the cancer biopsy. AG2 uptake can also be monitored at a tissue depth of around 1 mm [85,86]. Thus, AG2 may be become useful in the development of customized cancer therapy for a patient, via comparison of AG2 uptake rates in healthy versus tumor tissue.




4. Recent Developments in Fluorescent Tagged Glucose Bioprobe Development (Since 2010)

Although a number of advances have been achieved in the synthesis of glucose tagged bioprobes, 2-NBDG and 6-NBDG remain the most popular choice for fluorescent-based analysis of glucose uptake in biological systems (in terms of published research papers on PubMed, US National Library of Medicine National Institutes of Health, from 2010–2011). NBDG probes remain the most popular choice because they are commercially available, relatively cheap to purchase and have been already characterized in several research publications. However, there was still no fluorescent-tagged glucose probe that could replace FDG for visualizing tumors in cancer patients. Consequently, in the past two years, a number of new fluorescent tagged glucose bioprobes have been developed. These latest research advances are discussed in the remainder of this review.


4.1. Development of CyNE 2-DG

The NIR fluorescent deoxyglucose analogue, CyNE 2-DG, was synthesized by the laboratory of Professor Young-Tae Chang at the National University of Singapore (Figure 8(A)) [87]. The performance of CyNE 2-DG was directly compared with IRDye 800CW 2-DG, with the demonstration that CyNE 2-DG produced significantly higher fluorescence signal after incubation in cancer cells. It was speculated that this difference is due to the more negatively charged chemical structure of IR Dye 800CW 2-DG, which would decrease cell membrane permeability. Importantly, high extracellular glucose could dose dependently reduce CyNE 2-DG uptake in cancer cells, indicating that cellular GLUT regulates probe uptake. However, it should be noted that tumor labeling by CyNE 2-DG was not tested in an animal cancer model.

Figure 8. (A) Chemical structure of CyNE 2-DG, developed by Chang at the National University of Singapore; (B) Chemical structure of GB2-Cy3, developed by Park at Seoul National University.
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4.2. Next Generation of Cy3-Labeled Glucose Probes

As a follow-up to their study in 2007, the laboratory of Park at Seoul National University synthesized seven new Cy3-labeled glucose probes [88]. The aim of this approach was to produce a Cy3-labeled glucose probe that would be applicable to the monitoring of glucose utilization in diabetes drug screening. The best probe from these seven was selected on the basis of glucose-dependent probe uptake in fibroblast cells. The probe GB2-Cy3 (Figure 8(B)) was found to produce the best fluorescent signal in the cells, which was also inhibited dose dependently by competition with extracellular glucose. In fact, this competition by extracellular glucose was greater than that measured for 2-NBDG. The performance of GB2-Cy3 was monitored in insulin-sensitive muscle cells, because novel anti-diabetic drug candidates should be able to mimic the effects of insulin [53]. GB2-Cy3 cellular uptake increased after insulin treatment and this could be blocked by wortmannin, which is a well-known insulin pathway inhibitor [89]. Importantly, GB2-Cy3 uptake can be measured in real-time using confocal laser scanning microscopy. Thus, GB2-Cy3 has the potential to become a useful glucose probe for diabetes drug screening research. This work is also of interest, because much of the other current research for glucose probe development is aimed at cancer applications, rather than diabetes.



4.3. Luminescent Rhenium(I) Polypyridine Glucose Conjugates

Luminescent transition-metals have also been recently investigated as tools to monitor cellular glucose uptake [90]. The laboratory of Kenneth Kam-Wing Lo, at the University of Hong Kong, has recently developed three rhenium(I) polypyridine glucose complexes and assessed their uptake in cancer cells. The chemical structure of the best performing complex (complex 3) is shown in Figure 9, as determined by both relative signal intensity and cellular uptake rates. Complex 3 performed well in cellular assays, showing uptake that was dependent on extracellular glucose concentration and decreased uptake in cancer cells treated with the cancer drug, taxol [91]. Interestingly, complex 3 was shown to accumulate in the cell mitochondria. This could also be an encouraging feature for this probe, because the glycolysis enzyme, hexokinase (that phosphorylates glucose), is localized at the mitochondria [92]. Another positive feature of the probe is photostability. Excitation for 150 seconds produced 30% decreased intensity, compared to a 90% reduction for 2-NBDG. Thus, this may become a promising probe for monitoring glucose uptake in cancer, although animal studies still need to be undertaken.

Figure 9. Chemical structure of the pyridine4,7-diphenyl-1,10-phenanthroline (Ph2-phen)rhenium(I) polypyridine glucose complex, developed by the laboratory of Professor Kenneth Kam-Wing Lo at the University of Hong Kong.
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4.4. A New Two Photon Tracer: Star-Shaped Glycosylated Conjugated Oligomer

A star-shaped glycosylated conjugated oligomer, TFBS, has recently been developed by the laboratory of Bin Liu at the National University of Singapore (Figure 10) [93]. TFBS is a NIR multibranched octupolar chromophore, which was designed to maximize the cross section that can be imaged by TPM. TFBS is also water soluble, unlike other related chromophores with relatively high cross section values, making TFBS suitable for biological applications. The TFBS probe has a significantly larger molecular weight, relative to the other fluorescent-tagged glucose bioprobes described in this review. However, cellular uptake of TFBS was shown to be dependent on the presence of the glucose groups. This led the authors of this study to conclude that glucose transporters may have a role in TFBS uptake. However, further validation experiments, such as competition of cellular uptake by extracellular glucose or uptake inhibition by GLUT inhibitors, was not performed in this study. So far, TFBS has only been tested in cancer cells; staining of patient tumor biopsies was not assessed. Nevertheless, the cross sectional range for TFBS in stained cancer cells was higher than the majority of reported two-photon fluorescence probes designed for cellular imaging [93].

Figure 10. Chemical structure of the star-shaped glycosylated conjugated oligomer, fluorescent-tagged glucose bioprobe, TFBS (4,4′,4″-tris(4-(2-(4-(benzo-[d]thiazol-2-yl)phenyl)-9,9′-bis(6-thiol-β-D-glucose)-hexyl)-fluoren-7-yl)phenylamine), developed by the laboratory of Bin Liu at the National University of Singapore.
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5. Conclusions

The development of novel fluorescent-tagged glucose bioprobes is a priority for biomedical research. Altered glucose metabolism is a fundamental aspect of cancer and diabetes [3,94]. It has been 16 years since the development of the glucose probe, 2-NBDG, but, in terms of published scientific papers per year, this probe still remains the most popular choice for laboratory researchers. Moreover, basic research publications using glucose radioisotopes, such as 2-deoxyglucose, still outnumber publications that use NBDG. However, research publications that use fluorescent-tagged glucose bioprobes are increasing each year (Figure 11), which may be due to increasing awareness among scientists that fluorescent probes can offer substantial advantages, such as superior spatial resolution for imaging and avoidance of logistical problems associated with using radioactivity in the laboratory.

Figure 11. Histogram comparing research publications for 2-NBDG and 6-NBDG since the year 2005, according to PubMed (US National Library of Medicine National Institutes of Health). However, it should be noted that in 2011, there were 1,740 publications that used 2-deoxyglucose.
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This is an exciting time for the development of fluorescent-tagged glucose bioprobes, because an increasing number of novel probes are being reported each year. In addition, a number of these possess features that are superior to NBDG. Especially, new probes that utilize NIR appear to be promising for biomedical applications because they can be utilized for live imaging and are now commercially available [80]. Advances in microscopy, such as the rapid development of TPM is also being exploited by researchers [82,93] and it can be envisaged that these new TPM-optimized glucose bioprobes will soon become commercially available. Moreover, the new Cy3-labeled glucose probes also possess a number of advantages compared to NBDG [71,88]. Individual features of the currently reported fluorescent-tagged glucose bioprobes are shown in Table 1. The personal opinions of the authors of this review is that it will only be a few years before a fluorescent-tagged glucose bioprobe will be developed that can replace the current reliance on radioisotopes to visualize glucose uptake in the clinical setting.

Table 1. A comparison of current fluorescent-tagged glucose bioprobes.


	Probe and Year Developed
	Molecular Weight
	Commercial Availability
	Research Application
	Wavelength (nm)
	Cell Types Tested
	Competition with D-glucose
	Tested in Animals





	6-NBDG (1985)
	342.26
	Invitrogen, Corp.
	Diabetes, Cancer, Neurology
	Ex 470Em 538
	Multiple cell types from various tissues
	Yes
	Mouse & Rat



	2-NBDG (1996)
	342.26
	Multiple companies
	Diabetes, Cancer Neurology
	Ex 475Em 550
	Multiple cell types from various tissues
	Yes
	Mammalian, fish, invertebrates



	Pyro-2DG 2.3 (2003)
	681.77
	No
	Cancer
	Ex 665Em 720
	Rat glioma
	Yes
	Rat



	Cy5.5-2DG (2006)
	1077.20
	No
	Cancer
	Ex 675Em 695
	Melanoma, glioma and carcinoma
	No
	Mouse



	Cy3-labeled α-glucose (2007)
	734.92
	No
	Cancer
	Ex 545Em 555
	Fibroblasts and carcinoma cells
	Yes
	No



	IRDye 800CW 2-DG (2009)
	Not published
	LI-COR Biosciences
	Cancer
	Ex 774Em791
	Fibroblasts, melanoma and carcinoma
	Yes
	Mouse



	AG2 (2009)
	501.57
	No
	Cancer
	Ex 780Em 520-620
	Embryonic kidney,embryonic fibroblast and carcinoma
	Yes
	No



	CyNE 2-DG (2011)
	970.71
	No
	Cancer
	Ex 740Em 815
	Carcinoma
	Yes
	No



	GB2-Cy3 (2011)
	717.91
	No
	Diabetes
	Ex 488Em 564-606
	Fibroblast and myoblast
	Yes
	No



	Phen complex (2011)
	1168.33
	No
	Cancer
	Ex 405 (Em not stated)
	Carcinoma
	Yes
	No



	TFBS (2011)
	2951.75
	No
	Cancer
	Ex 800Em 500-600
	Carcinoma
	No
	No













Acknowledgments

Our research is supported by two grants from the National Research Foundation funded by the Korean government (MEST basic science research program (NRF-2010-0006002) to Darren Reece Williams and MEST basic science research program (NRF-2009-0067894) to Da-Woon Jung). This work is also supported by a grant from the Bioimaging Research Center at GIST. We apologize to any researchers whose work we have inadvertently omitted from this review article.



References


	1. 
Berg, J.M.; Tymoczko, J.L.; Stryer, L. Biochemistry: International Edition, 6th ed.; W.H. Freeman: New York, NY, USA, 2006. [Google Scholar]

	2. 
Clark, D.; Sokoloff, L. Basic Neurochemistry: Molecular, Cellular and Medical Aspects; Lippincott: Boston, MA, USA, 1999. [Google Scholar]

	3. 
Brownlee, M. The pathobiology of diabetic complications: A unifying mechanism. Diabetes 2005, 54, 1615–1625. [Google Scholar]

	4. 
Sindoni, A., Jr. Fasting blood sugar vs. postprandial blood sugar as observed in normal individuals, medical (non-diabetic) patients, and patients with diabetes; special references to; plain, protamine zinc and globin insulins, compatible hyperglycemia and arteriosclerosis. Am. J. Dig. Dis. 1946, 13, 178–192. [Google Scholar]

	5. 
Pellerin, L.; Magistretti, P.J. Neuroscience. Let there be (NADH) light. Science 2004, 305, 50–52. [Google Scholar]

	6. 
Suzuki, A.; Stern, S.A.; Bozdagi, O.; Huntley, G.W.; Walker, R.H.; Magistretti, P.J.; Alberini, C.M. Astrocyte-neuron lactate transport is required for long-term memory formation. Cell 2011, 144, 810–823. [Google Scholar]

	7. 
Allaman, I.; Belanger, M.; Magistretti, P.J. Astrocyte-neuron metabolic relationships: For better and for worse. Trends Neurosci. 2011, 34, 76–87. [Google Scholar]

	8. 
Kim, J.W.; Dang, C.V. Cancer's molecular sweet tooth and the Warburg effect. Cancer Res. 2006, 66, 8927–8930. [Google Scholar]

	9. 
Warburg, O.; Wind, F.; Negelein, E. The metabolism of tumors in the body. J. Gen. Physiol. 1927, 8, 519–530. [Google Scholar]

	10. 
Lopez-Lazaro, M. The warburg effect: Why and how do cancer cells activate glycolysis in the presence of oxygen? Anticancer Agents Med. Chem. 2008, 8, 305–312. [Google Scholar]

	11. 
High Blood Glucose and Diabetes Complications: The Buildup of Molecules Known as AGEs May Be the Key Link; American Diabetes Association: Alexandria, VA, USA, 2010.

	12. 
Pauwels, E.K.; Ribeiro, M.J.; Stoot, J.H.; McCready, V.R.; Bourguignon, M.; Maziere, B. FDG accumulation and tumor biology. Nucl. Med. Biol. 1998, 25, 317–322. [Google Scholar]

	13. 
Sokoloff, L.; Reivich, M.; Kennedy, C.; Des Rosiers, M.H.; Patlak, C.S.; Pettigrew, K.D.; Sakurada, O.; Shinohara, M. The [14C]deoxyglucose method for the measurement of local cerebral glucose utilization: Theory, procedure, and normal values in the conscious and anesthetized albino rat. J. Neurochem. 1977, 28, 897–916. [Google Scholar]

	14. 
Som, P.; Atkins, H.L.; Bandoypadhyay, D.; Fowler, J.S.; MacGregor, R.R.; Matsui, K.; Oster, Z.H.; Sacker, D.F.; Shiue, C.Y.; Turner, H.; et al. A fluorinated glucose analog, 2-fluoro-2-deoxy-D-glucose (F-18): nontoxic tracer for rapid tumor detection. J. Nucl. Med. 1980, 21, 670–675. [Google Scholar]

	15. 
Segal, J.; Ingbar, S.H. Studies of the mechanism by which 3,5,3′-triiodothyronine stimulates 2-deoxyglucose uptake in rat thymocytes in vitro. Role of calcium and adenosine 3′:5′-monophosphate. J. Clin. Invest. 1981, 68, 103–110. [Google Scholar]

	16. 
Keevil, C.W.; McDermid, A.S.; Marsh, P.D.; Ellwood, D.C. Protonmotive force driven 6-deoxyglucose uptake by the oral pathogen, Streptococcus mutans Ingbritt. Arch. Microbiol. 1986, 146, 118–124. [Google Scholar]

	17. 
Turkheimer, F.; Moresco, R.M.; Lucignani, G.; Sokoloff, L.; Fazio, F.; Schmidt, K. The use of spectral analysis to determine regional cerebral glucose utilization with positron emission tomography and [18F]fluorodeoxyglucose: Theory, implementation, and optimization procedures. J. Cereb. Blood Flow Metab. 1994, 14, 406–422. [Google Scholar]

	18. 
Dienel, G.A.; Cruz, N.F.; Adachi, K.; Sokoloff, L.; Holden, J.E. Determination of local brain glucose level with [14C]methylglucose: effects of glucose supply and demand. Am. J. Physiol. 1997, 273, E839–E849. [Google Scholar]

	19. 
Axelrod, J.D.; Pilch, P.F. Unique cytochalasin B binding characteristics of the hepatic glucose carrier. Biochemistry 1983, 22, 2222–2227. [Google Scholar]

	20. 
Giovacchini, G.; Squitieri, F.; Esmaeilzadeh, M.; Milano, A.; Mansi, L.; Ciarmiello, A. PET translates neurophysiology into images: A review to stimulate a network between neuroimaging and basic research. J. Cell. Physiol. 2011, 226, 948–961. [Google Scholar]

	21. 
Nobili, F.; Morbelli, S.; Arnaldi, D.; Ferrara, M.; Campus, C.; Brugnolo, A.; Mazzei, D.; Mehrdad, N.; Sambuceti, G.; Rodriguez, G. Radionuclide brain imaging correlates of cognitive impairment in Parkinson's disease (PD). J. Neurol. Sci. 2011, 310, 31–35. [Google Scholar]

	22. 
Duncan, J.S. Imaging in the surgical treatment of epilepsy. Nat. Rev. Neurol. 2010, 6, 537–550. [Google Scholar]

	23. 
Yang, H.L.; Liu, T.; Wang, X.M.; Xu, Y.; Deng, S.M. Diagnosis of bone metastases: A meta-analysis comparing (1)FDG PET, CT, MRI and bone scintigraphy. Eur. Radiol. 2011, 21, 2604–2617. [Google Scholar]

	24. 
Allen, T.L.; Kendi, A.T.; Mitiek, M.O.; Maddaus, M.A. Combined contrast-enhanced computed tomography and 18-fluoro-2-deoxy-D-glucose-positron emission tomography in the diagnosis and staging of non-small cell lung cancer. Semin. Thorac. Cardiovasc. Surg. 2011, 23, 43–50. [Google Scholar]

	25. 
Smyth, E.C.; Shah, M.A. Role of (1)F 2-fluoro-2-deoxyglucose positron emission tomography in upper gastrointestinal malignancies. World J. Gastroenterol. 2011, 17, 5059–5074. [Google Scholar]

	26. 
Arens, A.I.; Troost, E.G.; Schinagl, D.; Kaanders, J.H.; Oyen, W.J. FDG-PET/CT in radiation treatment planning of head and neck squamous cell carcinoma. Q. J. Nucl. Med. Mol. Imaging 2011, 55, 521–528. [Google Scholar]

	27. 
Mak, D.; Corry, J.; Lau, E.; Rischin, D.; Hicks, R.J. Role of FDG-PET/CT in staging and follow-up of head and neck squamous cell carcinoma. Q. J. Nucl. Med. Mol. Imaging 2011, 55, 487–499. [Google Scholar]

	28. 
Fuccio, C.; Castellucci, P.; Marzola, M.C.; Al-Nahhas, A.; Fanti, S.; Rubello, D. Noninvasive and invasive staging of ovarian cancer: Review of the literature. Clin. Nucl. Med. 2011, 36, 889–893. [Google Scholar]

	29. 
Loaiza, A.; Porras, O.H.; Barros, L.F. Glutamate triggers rapid glucose transport stimulation in astrocytes as evidenced by real-time confocal microscopy. J. Neurosci. 2003, 23, 7337–7342. [Google Scholar]

	30. 
Porras, O.H.; Loaiza, A.; Barros, L.F. Glutamate mediates acute glucose transport inhibition in hippocampal neurons. J. Neurosci. 2004, 24, 9669–9673. [Google Scholar]

	31. 
Barros, L.F.; Courjaret, R.; Jakoby, P.; Loaiza, A.; Lohr, C.; Deitmer, J.W. Preferential transport and metabolism of glucose in Bergmann glia over Purkinje cells: A multiphoton study of cerebellar slices. Glia 2009, 57, 962–970. [Google Scholar]

	32. 
Kasai, H.; Kishimoto, T.; Nemoto, T.; Hatakeyama, H.; Liu, T.T.; Takahashi, N. Two-photon excitation imaging of exocytosis and endocytosis and determination of their spatial organization. Adv. Drug Deliv. Rev. 2006, 58, 850–877. [Google Scholar]

	33. 
Nemoto, T. Living cell functions and morphology revealed by two-photon microscopy in intact neural and secretory organs. Mol. Cells 2008, 26, 113–120. [Google Scholar]

	34. 
Speizer, L.; Haugland, R.; Kutchai, H. Asymmetric transport of a fluorescent glucose analogue by human erythrocytes. Biochim. Biophys. Acta 1985, 815, 75–84. [Google Scholar]

	35. 
Barros, L.F. Measurement of sugar transport in single living cells. Pflugers Arch. 1999, 437, 763–770. [Google Scholar]

	36. 
Yamada, K.; Nakata, M.; Horimoto, N.; Saito, M.; Matsuoka, H.; Inagaki, N. Measurement of glucose uptake and intracellular calcium concentration in single, living pancreatic beta-cells. J. Biol. Chem. 2000, 275, 22278–22283. [Google Scholar]

	37. 
Yoshioka, K.; Takahashi, H.; Homma, T.; Saito, M.; Oh, K.B.; Nemoto, Y.; Matsuoka, H. A novel fluorescent derivative of glucose applicable to the assessment of glucose uptake activity of Escherichia coli. Biochim. Biophys. Acta 1996, 1289, 5–9. [Google Scholar]

	38. 
Yamada, K.; Saito, M.; Matsuoka, H.; Inagaki, N. A real-time method of imaging glucose uptake in single, living mammalian cells. Nat. Protoc. 2007, 2, 753–762. [Google Scholar]

	39. 
Johnson, I.; Spence, M. Molecular Probes Handbook, A Guide to Fluorescent Probes and Labeling Technologies, 11th ed.; Molecular Probes: Eugene, OR, USA, 2010. [Google Scholar]

	40. 
Lartey, P.A.; Derechin, M. Preparation and study of a fluorescent sugar analog competitive inhibitor of yeast hexokinase. Prep. Biochem. 1979, 9, 85–95. [Google Scholar]

	41. 
Barnett, J.E.; Holman, G.D.; Munday, K.A. Structural requirements for binding to the sugar-transport system of the human erythrocyte. Biochem. J. 1973, 131, 211–221. [Google Scholar]

	42. 
May, J.A.; Ratan, H.; Glenn, J.R.; Losche, W.; Spangenberg, P.; Heptinstall, S. GPIIb-IIIa antagonists cause rapid disaggregation of platelets pre-treated with cytochalasin D. Evidence that the stability of platelet aggregates depends on normal cytoskeletal assembly. Platelets 1998, 9, 227–232. [Google Scholar]

	43. 
Deves, R.; Krupka, R.M. Cytochalasin B and the kinetics of inhibition of biological transport: A case of asymmetric binding to the glucose carrier. Biochim. Biophys. Acta 1978, 510, 339–348. [Google Scholar]

	44. 
Barros, L.F.; Bittner, C.X.; Loaiza, A.; Ruminot, I.; Larenas, V.; Moldenhauer, H.; Oyarzun, C.; Alvarez, M. Kinetic validation of 6-NBDG as a probe for the glucose transporter GLUT1 in astrocytes. J. Neurochem. 2009, 109, S94–S100. [Google Scholar]

	45. 
Shimada, M.; Kawamoto, S.; Hirose, Y.; Nakanishi, M.; Watanabe, H.; Watanabe, M. Regional differences in glucose transport in the mouse hippocampus. Histochem. J. 1994, 26, 207–212. [Google Scholar]

	46. 
Chuquet, J.; Quilichini, P.; Nimchinsky, E.A.; Buzsaki, G. Predominant enhancement of glucose uptake in astrocytes versus neurons during activation of the somatosensory cortex. J. Neurosci. 2010, 30, 15298–15303. [Google Scholar]

	47. 
Yoshioka, K.; Saito, M.; Oh, K.B.; Nemoto, Y.; Matsuoka, H.; Natsume, M.; Abe, H. Intracellular fate of 2-NBDG, a fluorescent probe for glucose uptake activity, in Escherichia coli cells. Biosci. Biotechnol. Biochem. 1996, 60, 1899–1901. [Google Scholar]

	48. 
Louzao, M.C.; Espina, B.; Vieytes, M.R.; Vega, F.V.; Rubiolo, J.A.; Baba, O.; Terashima, T.; Botana, L.M. “Fluorescent glycogen” formation with sensibility for in vivo and in vitro detection. Glycoconj. J. 2008, 25, 503–510. [Google Scholar]

	49. 
Yoshioka, K.; Oh, K.B.; Saito, M.; Nemoto, Y.; Matsuoka, H. Evaluation of 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose, a new fluorescent derivative of glucose, for viability assessment of yeast Candida albicans. Appl. Microbiol. Biotechnol. 1996, 46, 400–404. [Google Scholar]

	50. 
Zhang, W.Y.; Lee, J.J.; Kim, I.S.; Kim, Y.; Myung, C.S. Stimulation of glucose uptake and improvement of insulin resistance by aromadendrin. Pharmacology 2011, 88, 266–274. [Google Scholar]

	51. 
Wang, L.; Xu, M.L.; Rasmussen, S.K.; Wang, M.H. Vomifoliol 9-O-alpha-arabinofuranosyl (1-->6)-beta-D-glucopyranoside from the leaves of Diospyros Kaki stimulates the glucose uptake in HepG2 and 3T3-L1 cells. Carbohydr. Res. 2011, 346, 1212–1216. [Google Scholar]

	52. 
Alonso-Castro, A.J.; Zapata-Bustos, R.; Dominguez, F.; Garcia-Carranca, A.; Salazar-Olivo, L.A. Magnolia dealbata Zucc and its active principles honokiol and magnolol stimulate glucose uptake in murine and human adipocytes using the insulin-signaling pathway. Phytomedicine 2011, 18, 926–933. [Google Scholar]

	53. 
Jung, D.W.; Ha, H.H.; Zheng, X.; Chang, Y.T.; Williams, D.R. Novel use of fluorescent glucose analogues to identify a new class of triazine-based insulin mimetics possessing useful secondary effects. Mol. Biosyst. 2011, 7, 346–358. [Google Scholar]

	54. 
Kuhn, C.; Arapogianni, N.E.; Halabalaki, M.; Hempel, J.; Hunger, N.; Wober, J.; Skaltsounis, A.L.; Vollmer, G. Constituents from Cistus salvifolius (Cistaceae) activate peroxisome proliferator-activated receptor-gamma but not -delta and stimulate glucose uptake by adipocytes. Planta Med. 2011, 77, 346–353. [Google Scholar]

	55. 
Ponisovskiy, M.R. Warburg effect mechanism as the target for theoretical substantiation of a new potential cancer treatment. Crit. Rev. Eukaryot. Gene Expr. 2011, 21, 13–28. [Google Scholar]

	56. 
Israel, M.; Schwartz, L. The metabolic advantage of tumor cells. Mol. Cancer 2011, 10, 70. [Google Scholar]

	57. 
Zhao, Y.; Liu, H.; Riker, A.I.; Fodstad, O.; Ledoux, S.P.; Wilson, G.L.; Tan, M. Emerging metabolic targets in cancer therapy. Front. Biosci. 2011, 16, 1844–1860. [Google Scholar]

	58. 
Knowles, J.R. Enzyme-catalyzed phosphoryl transfer reactions. Annu. Rev. Biochem. 1980, 49, 877–919. [Google Scholar]

	59. 
Hassanein, M.; Weidow, B.; Koehler, E.; Bakane, N.; Garbett, S.; Shyr, Y.; Quaranta, V. Development of high-throughput quantitative assays for glucose uptake in cancer cell lines. Mol. Imaging Biol. 2011, 13, 840–852. [Google Scholar]

	60. 
Millon, S.R.; Ostrander, J.H.; Brown, J.Q.; Raheja, A.; Seewaldt, V.L.; Ramanujam, N. Uptake of 2-NBDG as a method to monitor therapy response in breast cancer cell lines. Breast Cancer Res. Treat. 2011, 126, 55–62. [Google Scholar]

	61. 
Egawa-Takata, T.; Endo, H.; Fujita, M.; Ueda, Y.; Miyatake, T.; Okuyama, H.; Yoshino, K.; Kamiura, S.; Enomoto, T.; Kimura, T.; et al. Early reduction of glucose uptake after cisplatin treatment is a marker of cisplatin sensitivity in ovarian cancer. Cancer Sci. 2010, 101, 2171–2178. [Google Scholar]

	62. 
Thekkek, N.; Maru, D.M.; Polydorides, A.D.; Bhutani, M.S.; Anandasabapathy, S.; Richards-Kortum, R. Pre-clinical evaluation of fluorescent deoxyglucose as a topical contrast agent for the detection of Barrett's-associated neoplasia during confocal imaging. Technol. Cancer Res. Treat. 2011, 10, 431–441. [Google Scholar]

	63. 
Sheth, R.A.; Josephson, L.; Mahmood, U. Evaluation and clinically relevant applications of a fluorescent imaging analog to fluorodeoxyglucose positron emission tomography. J. Biomed. Opt. 2009, 14, 064014. [Google Scholar]

	64. 
Itoh, Y.; Abe, T.; Takaoka, R.; Tanahashi, N. Fluorometric determination of glucose utilization in neurons in vitro and in vivo. J. Cereb. Blood Flow Metab. 2004, 24, 993–1003. [Google Scholar]

	65. 
Beltran, F.A.; Acuna, A.I.; Miro, M.P.; Angulo, C.; Concha, I.I.; Castro, M.A. Ascorbic acid-dependent GLUT3 inhibition is a critical step for switching neuronal metabolism. J. Cell. Physiol. 2011, 226, 3286–3294. [Google Scholar]

	66. 
Tsytsarev, V.; Maslov, K.I.; Yao, J.; Parameswar, A.R.; Demchenko, A.V.; Wang, L.V. In vivo imaging of epileptic activity using 2-NBDG, a fluorescent deoxyglucose analog. J. Neurosci. Methods 2012, 203, 136–140. [Google Scholar]

	67. 
Jung, D.W.; Williams, D.R. Novel chemically defined approach to produce multipotent cells from terminally differentiated tissue syncytia. ACS Chem. Biol. 2011, 6, 553–562. [Google Scholar]

	68. 
Kim, W.H.; Jung, D.W.; Kim, J.; Im, S.H.; Hwang, S.Y.; Williams, D.R. Small molecules that recapitulate the early steps of urodele amphibian limb regeneration and confer multipotency. ACS Chem. Biol. 2012. [Google Scholar] [CrossRef]

	69. 
Cruz, N.F.; Ball, K.K.; Dienel, G.A. Astrocytic gap junctional communication is reduced in amyloid-beta-treated cultured astrocytes, but not in Alzheimer's disease transgenic mice. ASN Neuro 2010, 2, e00041. [Google Scholar]

	70. 
Wang, Y.; Guan, X. GLP-2 potentiates L-type Ca2+ channel activity associated with stimulated glucose uptake in hippocampal neurons. Am. J. Physiol. Endocrinol. Metab. 2010, 298, E156–E166. [Google Scholar]

	71. 
Park, J.; Lee, H.Y.; Cho, M.H.; Park, S.B. Development of a cy3-labeled glucose bioprobe and its application in bioimaging and screening for anticancer agents. Angew. Chem. Int. Ed. Engl. 2007, 46, 2018–2022. [Google Scholar]

	72. 
Porras, O.H.; Ruminot, I.; Loaiza, A.; Barros, L.F. Na(+)-Ca(2+) cosignaling in the stimulation of the glucose transporter GLUT1 in cultured astrocytes. Glia 2008, 56, 59–68. [Google Scholar]

	73. 
Melmed, S.; Polonsky, K.S.; Larsen, P.R.; Kronenberg, H.M. Williams Textbook of Endocrinology, 12th ed.; Elsevier/Saunders: Philadelphia, PA, USA, 2007. [Google Scholar]

	74. 
Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA Cancer J. Clin. 2011, 61, 69–90. [Google Scholar]

	75. 
Zhang, M.; Zhang, Z.; Blessington, D.; Li, H.; Busch, T.M.; Madrak, V.; Miles, J.; Chance, B.; Glickson, J.D.; Zheng, G. Pyropheophorbide 2-deoxyglucosamide: A new photosensitizer targeting glucose transporters. Bioconjug. Chem. 2003, 14, 709–714. [Google Scholar]

	76. 
Dougherty, T.J.; Gomer, C.J.; Henderson, B.W.; Jori, G.; Kessel, D.; Korbelik, M.; Moan, J.; Peng, Q. Photodynamic therapy. J. Natl. Cancer Inst. 1998, 90, 889–905. [Google Scholar]

	77. 
Zhang, Z.; Li, H.; Liu, Q.; Zhou, L.; Zhang, M.; Luo, Q.; Glickson, J.; Chance, B.; Zheng, G. Metabolic imaging of tumors using intrinsic and extrinsic fluorescent markers. Biosens. Bioelectron. 2004, 20, 643–650. [Google Scholar]

	78. 
Cheng, Z.; Levi, J.; Xiong, Z.; Gheysens, O.; Keren, S.; Chen, X.; Gambhir, S.S. Near-infrared fluorescent deoxyglucose analogue for tumor optical imaging in cell culture and living mice. Bioconjug. Chem. 2006, 17, 662–669. [Google Scholar]

	79. 
Kovar, J.L.; Volcheck, W.; Sevick-Muraca, E.; Simpson, M.A.; Olive, D.M. Characterization and performance of a near-infrared 2-deoxyglucose optical imaging agent for mouse cancer models. Anal. Biochem. 2009, 384, 254–262. [Google Scholar]

	80. 
Zhou, H.; Luby-Phelps, K.; Mickey, B.E.; Habib, A.A.; Mason, R.P.; Zhao, D. Dynamic near-infrared optical imaging of 2-deoxyglucose uptake by intracranial glioma of athymic mice. PLoS One 2009, 4, e8051. [Google Scholar]

	81. 
Denk, W.; Svoboda, K. Photon upmanship: Why multiphoton imaging is more than a gimmick. Neuron 1997, 18, 351–357. [Google Scholar]

	82. 
Tian, Y.S.; Lee, H.Y.; Lim, C.S.; Park, J.; Kim, H.M.; Shin, Y.N.; Kim, E.S.; Jeon, H.J.; Park, S.B.; Cho, B.R. A two-photon tracer for glucose uptake. Angew. Chem. Int. Ed. Engl. 2009, 48, 8027–8031. [Google Scholar]

	83. 
Kim, H.M.; Jeong, B.H.; Hyon, J.Y.; An, M.J.; Seo, M.S.; Hong, J.H.; Lee, K.J.; Kim, C.H.; Joo, T.; Hong, S.C.; et al. Two-photon fluorescent turn-on probe for lipid rafts in live cell and tissue. J. Am. Chem. Soc. 2008, 130, 4246–4247. [Google Scholar]

	84. 
Kim, H.M.; Jung, C.; Kim, B.R.; Jung, S.Y.; Hong, J.H.; Ko, Y.G.; Lee, K.J.; Cho, B.R. Environment-sensitive two-photon probe for intracellular free magnesium ions in live tissue. Angew. Chem. Int. Ed. Engl. 2007, 46, 3460–3463. [Google Scholar]

	85. 
Kobat, D.; Horton, N.G.; Xu, C. In vivo two-photon microscopy to 1.6-mm depth in mouse cortex. J. Biomed. Opt. 2011, 16, 106014. [Google Scholar]

	86. 
Ustione, A.; Piston, D.W. A simple introduction to multiphoton microscopy. J. Microsc. 2011, 243, 221–226. [Google Scholar]

	87. 
Vendrell, M.; Samanta, A.; Yun, S.W.; Chang, Y.T. Synthesis and characterization of a cell-permeable near-infrared fluorescent deoxyglucose analogue for cancer cell imaging. Org. Biomol. Chem. 2011, 9, 4760–4762. [Google Scholar]

	88. 
Lee, H.Y.; Lee, J.J.; Park, J.; Park, S.B. Development of fluorescent glucose bioprobes and their application on real-time and quantitative monitoring of glucose uptake in living cells. Chemistry 2011, 17, 143–150. [Google Scholar]

	89. 
Ui, M.; Okada, T.; Hazeki, K.; Hazeki, O. Wortmannin as a unique probe for an intracellular signalling protein, phosphoinositide 3-kinase. Trends Biochem. Sci. 1995, 20, 303–307. [Google Scholar]

	90. 
Louie, M.W.; Liu, H.W.; Lam, M.H.; Lam, Y.W.; Lo, K.K. Luminescent rhenium(I) polypyridine complexes appended with an alpha-D-glucose moiety as novel biomolecular and cellular probes. Chemistry 2011, 17, 8304–8308. [Google Scholar]

	91. 
Wani, M.C.; Taylor, H.L.; Wall, M.E.; Coggon, P.; McPhail, A.T. Plant antitumor agents. VI. The isolation and structure of taxol, a novel antileukemic and antitumor agent from Taxus brevifolia. J. Am. Chem. Soc. 1971, 93, 2325–2327. [Google Scholar]

	92. 
Robey, R.B.; Hay, N. Mitochondrial hexokinases, novel mediators of the antiapoptotic effects of growth factors and Akt. Oncogene 2006, 25, 4683–4696. [Google Scholar]

	93. 
Wang, G.; Pu, K.-Y.; Zhang, X.; Li, K.; Wang, L.; Cai, L.; Ding, D.; Lai, Y.-H.; Liu, B. Star-shaped glycosylated conjugated oligomer for two-photon fluorescence imaging of live cells. Chem. Mater. 2011, 23, 4428–4434. [Google Scholar]

	94. 
Warburg, O. On the origin of cancer cells. Science 1956, 123, 309–314. [Google Scholar]































© 2012 by the authors; licensee MDPI, Basel, Switzerland This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
OH

o (o}
HO OVNH\/\O/\/O\/\NHJJ\/\)

HO
A

" 2T
o N TN

Ho O OVNH\/\O/\/O\/\NHW

HO
(B)





nav.xhtml


  sensors-12-05005


  
    		
      sensors-12-05005
    


  




  





media/file11.png





media/file1.png
OH
o
HO CH
HO  NH
N; O

T

O
N\O.N
o~ \ I/ el 5

O =z

NIA, ‘V\
O
T

OH

HO

(B)

(A)





media/file2.png
A) 6-NBDG uptake: Insulin
DIC

Adipocyte

t—Fibroblast

l-a4

B) 6-NBDG uptake: NBDG alone

DIC

Fibroblast

Adipocyte
Fibroblast

Adipocyte

Bar =40 um





media/file7.png





media/file9.png





media/file10.png
PubMed search term 'NBDG'
25

20

15

10

Number of publications

2005 2006 2007 2008 2009 2010 2011
Year





media/file5.png
24 hr intact 24 hr scalp reflected 24 hr skull removed






media/file3.png
(A) (B)





media/file0.png
Year that probe was published
2006 2007 2009 201






media/file8.png
OH






media/file6.png
OH O

°
HO o\/\NH’\/O\/\O/\/NH N

HO o

(A)

OH

o

Al OO

HO

(B)





