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Abstract

The aim of this study was to assess the biological behavior of new radiolabeled glucose analogues proposed as tracers of glucose
uptake in vivo and iodinated in position 3, 4, or 6. Biological results obtained in vitro on adipocytes and erythrocytes and in vivo in
mice were compar ed to those obtained with the gold-standard tracer of glucose uptake, 2-deoxy-D-glucose. None of these molecules
had the same biological behavior than 2-deoxy-D-glucose. Therefore, these compounds cannot be considered as tracers of glucose
uptake.
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I ntroduction

A number of diseases are associated with glucose transport and metabolism defects, such as myocardial ischemia[1 ], type 2 diabetes [
21, or cancer [3, 4 ]. The development of new radiolabeled glucose analogues for the non-invasive assessment of glucose uptake by
nuclear imaging is therefore of great clinical interest. [18 F]-2-fluoro-2-deoxy-D-glucose (FDG) is the only radiolabeled glucose analogue
to be currently used clinically with Positron Emission Tomography (PET) in cardiology [1, 51, neurology [6 , 7 ], and more recently in
oncology [3, 8]. However, 18F isap+ emitter with a short half-life (110 min), requiring a cyclotron in close proximity to the site of tracer
utilization. The number of PET centers is increasing but remains limited. The development of a glucose analogue labeled with a y-emitter
for Single Photon Emission Tomography (SPECT) and readily available for routine use in al Nuclear Medicine departments is therefore
still of great clinical interest. 1231 is a pure y-emitter with a 13.3 hours half-life and a 123-160 keV photon energy perfectly fitted for
SPECT. Severa radiolabeled glucose analogues have been proposed so far but none of them demonstrated the same biological behavior as
FDG[9,10,11,12,13, 14,15, 16, 17]. In this study, the biological behavior of four original glucose analogues iodinated in position
3, 4 and 6 proposed as tracers of glucose uptake in vivo was investigated. A tracer of glucose uptake should enter the cells via the glucose
transporters (GLUTS) and accumulate intracellularly without being further metabolized or degraded for a period long enough to allow
SPECT imaging. Each tracer should therefore present several performance characteristics such as tissue selectivity, high cellular uptake,
good affinity for the GLUTS, strong retention, and good interaction with hexokinase. In the present study, in vivo mouse biodistribution
experiments were performed in order to demonstrate a potential accumulation of the iodinated glucose analoguesin an organ. Two in vitro
models were also used to investigate the cellular uptake mechanisms of the tracers. Human erythrocytes have been widely used to study
glucose uptake because glucose transporters are highly expressed within their cellular membranes [18 ]. However, as erythrocytes mainly
express the insulin-insensitive GLUT1 transporter, adipocytes were also used as a model for the insulin-sensitive GLUT4 transporter.

Materialsand M ethods
Materials

Cytochalasin B, Glucose (Hexokinase) kit [Method #16-UV] and common chemical products were obtained from Sigma-Aldrich
(Saint Quentin Fallavier, France). Insulin was obtained from Novo Nordisk (Paris, France), BSA (fraction V) from Intergen (Edinburgh,
UK) and crude collagenase from Boehringer (Mannheim, Germany). [* C]-2-deoxy-D-glucose was obtained from ICN (Paris, France) and
123| and 125| were purchased from Cis Bio international (Paris, France). Wistar rats and Swiss mice were obtained from Iffa Credo (Lyon,
France).

Synthesis

3- C -iodomethyl-a,B-D-glucopyranoside (3IMG) (Fig. 1a ) was obtained by addition of an iodomethyl group on carbon 3 of the
glucose molecule. 4-deoxy-4-iodo-D-glucose (4DIG) (Fig. 1b ) was prepared according to the method of Abbadi et al. [19 ]. 4-O -(2
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-iodoethyl)-a,3-D-glucopyranoside (41EG) (Fig. 1c ) was obtained by grafting the stable B-iodoethoxyl group to position 4 [20]. 6- C -(4
-iodophenyl)-L-glycero-a,3-D-glucopyranoside (61PG) (Fig. 1d ) was prepared by addition of an iodophenyl group to position 6.

Radiolabeling of glucose analogues

The labeling of 3IMG and 4IEG was performed by 125 |-127 | isotopic exchange using the method of Mathieu et al. [21 ]. Five
milligrams of the unlabeled glucose analogue were dissolved into 1 mL of a Na'?” | solution (2 pg/mL) in acetone before being added to a
solution of sodium iodide 125 | in 0.02 M NaOH. The mixture was heated at 105°C for 60 minutes. Following cooling, acetone was
eliminated by evaporation under vacuum and the glucose analogue was dissolved into physiologic medium (NaCl 0.9%). After labeling,
free iodides typically representing 20 - 40 % of the total activity were removed by filtration on an anionic resin (AG1-X8 200-400 mesh,
Bio Rad). The radiochemical purity was higher than 95%. The radiolabeling of 4DIG was performed using the tetraacetyl precursor with a
triflate group in position 4. 1.3 mg of this precursor was dissolved into 1 mL of a Nal?” | solution (1 yg/mL) in acetone. Na'? | was then
added and the mixture was heated at 105°C for 30 minutes. Deprotection of the iodinated product was obtained by treatment with methanol
and sodium methylate for 1 hour. Neutralization was then performed with sulfuric acid (1073 M). The radiochemical purity was ~80%. The
radiolabeling of 61PG was performed using the stannic equivalent of the final molecule (tributyl stain) in which severa functions were
protected. The active form of iodine was obtained by action of chloramin T (1 mg/mL) on radioactive sodium iodide (185 MBq) in the
presence of the compound precipitated in a0.1 M ethanol/phosphate buffer solution (50/50, pH 8.0). The slow exchange between active
iodine and tributyl stain was performed for 1 hour at room temperature. 1 mL of phosphate buffer and 2 mL of dichloromethane were then
added and the iodinated-protected molecule contained in the organic phase was extracted. The aqueous phase contained radioactive
iodides. The radiochemical purity was ~70%. The organic phase was evaporated and the pellet was resuspended in a mixture of phosphate
buffer (0.01 M, pH 4)/acetonitrile (65/35) in which concentrated chlorhydric acid (10 M) was added to deprotect and regenerate the
molecule functions. The mixture was then neutralized with sodium hydrohyde (NaOH, 0.1 N). As the labeled compounds 4DIG, 4lEG and
61PG were stable for over a month as determined by High Performance Liquid Chromatography studies (data not shown), 125 | |abeling
(half-life = 60 days) was used for those compounds instead of 1231 to avoid repetitive labeling. 3IMG was |abeled with iodine 123 (half-life
= 13.3 hours) because the stability of the compound did not exceed 48 hours.

Biological procedures
I'n vivo studies: mouse biodistribution

Female Swiss mice (average weight 20 g) received 50 uL of a solution of the iodinated glucose analogue (7.4 kBg/mouse) in isotonic
NaCl 0.9%. The animals were euthanized at 2, 5, 10, 15 and 60 minutes post-injection (pi). The heart, diaphragm, liver, lung, kidney,
muscle, white fat and brain were excised, rinsed, weighed and counted in a scintillation y counter (Novelec). Tracer organ uptake was
expressed as % injected dose/g wet weight tissue (% ID/g). Another group of mice was used to evaluate blood kinetics at the same time
points. Tracer blood activity was expressed as % injected dose/mL of blood (% I1D/mL).

In vitro studies: human erythrocytes

Human erythrocyte suspensions were prepared from whole blood according to the method of Levine et al. [22 ]. Erythrocytes were
preincubated at 25°C or at 4°C to evaluate the effect of temperature on the cellular uptake of the tracers. The effect of the glucose
transporter inhibitor cytochalasin B (50 uM) on the cellular uptake kinetics of the iodinated glucose analogues was also studied by
preincubating the erythrocyte suspension for 20 min at 4°C before adding the tracers. 42 nmoles of iodinated glucose analogue were then
added to the cellular suspensions (10% hematocrit). Tracer uptake was stopped after 1, 5, 15, and 60 min with an ice-cold solution of HgCl
> (2mM)/K1 (1.25 mM). The effect of preincubating the erythrocyte suspensions with increasing extracellular D-Glucose concentrations (0
— 20 mmol/L) on the 1-min cellular uptake of iodinated glucose analogues was a so evaluated. Finally, washout studies were performed by
preincubating the erythrocytes with the iodinated glucose analogues (42 nmoles) for 60 min before rinsing and incubating the cellsin a
tracer-free medium in the absence or presence of cytochalasin B (50 uM) for 30 and 60 min. The use of erythrocyte suspensions for the
study of new, radiolabeled glucose analogues has been previously validated with [14 C]-2-deoxy-D-glucose (2-DG) in our laboratory [23 ].

I solated rat adipocytes

Isolated adipocytes were prepared as previously described [24 ] from epididymal fat pads of male Wistar rats (180-200 g). Briefly,
epididymal fat pads were digested for 60 min at 37°C in a metabolic shaker using Krebs-Ringer bicarbonate 30 mM HEPES buffer
(KRBH, pH 7.4), containing 0.3 mM glucose and 3% BSA and supplemented with collagenase (1 mg/mL). The disrupted tissues were
filtered through a 250 uM nylon screen, and the cells were washed three times by flotation with KRBH buffer. Cellular suspensions (30%
adipocrit) were preincubated for 10 min at 37°C in KRBH, 3% BSA without glucose. To study the uptake of iodinated glucose anal ogues,
adipocytes (100 uL) were preincubated in the absence or presence of 20 uM cytochalasin B or 100 nM insulin in 100 yL KRBH, 3% BSA
without glucose for 30 min at 37°C. Uptake was initiated by adding 50 pL of the tracer (25 nmoles) and was stopped after 1, 5, 15, and 30
min. To study the effect of D-glucose concentration on the uptake of iodinated analogues of glucose, the adipocytes were preincubated for
5 minutes at 37°C with various concentrations of D-glucose (0-20 mM) and the uptake was measured after 5 minutes. Tracer uptake was
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stopped by adding 10 uL of cytochalasin B (1 mM) and cells were immediately separated from the medium by centrifugation (10,000 rpm

x 30 s) of an aliquot of the cellular suspension (200 uL) through 200 uL dinonylphthalate. The tube was cut at the level of the oil phase and
the uptake of iodinated glucose analogues by adipocytes was measured by gamma-well counting of the radioactivity (Novelec). The
number of adipocytes was measured according to the method of Dole [25 ]. All experimental protocols on isolated rat adipocytes were
validated by studying the effect of cytochalasin B, insulin, and increasing extracellular glucose concentrations on the cellular uptake of the
gold-standard tracer for glucose uptake, [** C]-2-deoxy-D-glucose (2-DG) (Fig. 2 and Table 2 ). 2-DG uptake increased over time to reach
avalue of 10 nmol/10° cells after 30 min. Insulin significantly stimulated tracer uptake from 5 to 30 min with a 3-fold increase at 30 min.
Cytochalasine B inhibited 2-DG uptake by 80 % at 15 min. The D-glucose effect on 2-DG uptake was significant for concentrations above
10 mM These results therefore validated the use of isolated rat adipocytes as an experimental model for the study of new radiolabeled
glucose analogues.

I'n vitro assessment of iodinated glucose analogue phosphorylation

In vitro phosphorylation studies were performed on non-radioactive iodinated glucose analogues (6 mM) in the presence of the
hexokinase enzyme (100 units/L) and adenosine 5'-triphosphate (ATP, 0.1 mM) in the kit medium at room temperature. After 30 and 60
min, High-Performance Liquid Chromatography (HPLC, A = 254 nm) was performed to quantify the disappearance of ATP molecules,
reflective of the glucose analogue’'s phosphorylation state. Positive controls were performed using D-glucose (6 mM) and showed
near-compl ete disappearance of ATP.

Statistical analysis

Results are presented as mean + standard deviation. Comparisons were performed using unpaired Students't test.

Results

In vivo studies: mouse biodistribution

(Table 1) Myocardia activity of 3IMG was approximately 5% I1D/g at 2 min pi but decreased over time in the myocardium as well as
in other organs. 4DIG activity was stable for up to 10 min in the myocardium and 15 min in skeletal muscle (2.75 + 0.40% 1D/g a 2 min pi
and 2.73 + 0.30% ID/g at 15 min pi in skeletal muscle for example, NS). In the brain, 4DIG activity was low but increased between 2 and
15 min pi (p < 0.001). The most part of 41EG and 61 PG radioactivity was found in kidneys at 2 min pi (33.6 + 2.4% |ID/g for 41EG and
70.58 + 23.46% ID for 61PG) with almost no brain uptake. In summary, kidneys were the major organ of excretion for al iodinated
glucose analogues. In addition, no major specific organ accumul ation was observed with all tracers tested.

In vitro studies: human erythrocytes
Uptake kinetics

Uptakes of 3IMG and 4DIG by erythrocytes at 25°C strongly increased from 1 to 5 min (p < 0.001) and then remained stable until 60
min (Fig. 3a, 3b ). Uptakes of 41EG and 6IPG at 25°C were low but also increased between 1 and 60 min (p < 0.001) (Fig. 3c, 3d ). A
significant decrease in the cellular uptake of al iodinated glucose anal ogues was observed when decreasing the temperature at which the
experiments were performed from 25 to 4°C. Cytochalasin B had no effect on 3IMG uptake, with the exception of 15-min time point when
a 55% inhibition was observed (p < 0.01). This inhibitor reduced 4DIG uptake from 5 min to 60 min (p < 0.05). However, this inhibition
remained inferior to 50%. Cytochalasin B had no effect on 4lEG and 61 PG uptake, except at 60 min for 61PG (Fig. 3d , p<0.01).

Competition with D-glucose (Table 2)

A preincubation with increasing concentrations of D-glucose from 2.5 to 20 mM significantly decreased 3IMG uptake (p < 0.001).
Likewise, 4DIG uptake was partialy decreased in the presence of D-glucose at 2.5, 5 and 10 mM (p < 0.05). On the other hand, increasing
the extracellular concentration of D-glucose did not affect 41EG or 61PG uptake.

Kinetics of washout (Table 3)

There was rapid washout of 3IMG from erythrocytes as only 5% of the initial radioactivity remained after 1 min. Cytochalasin B
significantly slowed down 3IMG washout between 5 min and 30 min (p < 0.001). The washout of 4DIG was rapid as well, as only 8% of
the initial radioactivity remained associated to the cells after 1 min. Cytochalasin B decreased this washout as approximately 50% of the
initial radioactivity still remained in the erythrocytes after 15 min (p < 0.001 versus no cytochalasine B at the same time point). The
washout of 41EG was slower than that of 3IMG and 4DIG. Cellular tracer activity was still 50% of the initial value after 30 min of
washout. Cytochalasin B had no effect on 4IEG washout from erythrocytes. The washout of 61PG was slow, as 30% of the initial
radioactivity remained associated to the cells after 1 min. Cytochalasin B had no significant effect.

Isolated Rat Adipocytes

Kinetics of uptake
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Uptake of the four iodinated analogues at 37°C by adipocytes remained relatively stable between 1 and 30 min (Fig. 4). 3IMG uptake
was low (~2 nmoles/10° cells). On the other hand, 4DIG and 4IEG uptakes represented ~5 nmoles/10° cells, a value similar to that
observed with 2-DG between 5 and 15 min (Fig. 2 ). 6| PG uptake was the greatest with ~10 nmoles/10° cells. 4DIG uptake was increased
by 30% at 30 min in the presence of insulin (p < 0.05) (Fig. 4b ). Cytochalasin B had significant effects on 4DIG uptake at 15 min (p <
0.05), on 41EG uptake at 5 min (p < 0.05) and on 61PG uptake at 5 min (p < 0.01) and 15 min (p < 0.05). However, these effects were
lower than those observed on 2-DG uptake (Fig. 2 ).

Competition with D-glucose

An increase of D-glucose concentration in suspension medium from 2.5 to 20 mM had no effect on the uptake of the four iodinated
analogues on adipocytes (Table 2 ).

I'n vitro assessment of iodinated glucose analogue phosphorylation

No decrease in ATP concentration was observed for all four iodinated glucose analogues after 30 and 60 min of incubation in the
presence of hexokinase, indicating no phosphorylation of the compounds.

Discussion

The aim of this study was to assess the biological behavior of hew iodinated glucose anal ogues proposed as tracers of glucose uptake
in vivo. This work is the final part of a systematic study initiated a few years ago, which consisted in adding an iodine atom on all free
positions of the glucose molecule and in evaluating the potential interaction of these new molecules with glucose transporters on different
biologica models [14 , 23 ]. A radiolabeled glucose analogue iodinated on position 6 has previously been shown to interact with the
glucose transporter, in a manner similar to that of the tracer of glucose transport 3-O-methyl-D-glucose (3-OMG) [11 ]. But none of the
tracers evaluated so far behaved as a tracer of glucose uptake[9, 10, 11, 12,13, 14, 15, 16, 17 ]. However, all labeling options for the
glucose molecule had not been evaluated yet. New chemical synthesis strategies have been proposed, which enabled the labeling on the
positions 3, 4, and 6 of the glucose molecules. The specific aim of this study was therefore to evaluate the biological behavior of four new
glucose analogues iodinated in position 3, 4 and 6 and proposed as tracers of glucose uptake equivalent to 2-Deoxy-D-Glucose (2-DG). To
be tracers of cellular glucose uptake, these iodinated glucose analogues should present several performance characteristics such as tissue
selectivity, high cellular uptake, good affinity for the GLUTS, strong retention, and good interaction with hexokinase. As previously
described by Henry et a. [23 ], the reference tracer of glucose uptake 2DG presented all these performance characteristics. The tracer was
selective for the heart with myocardial uptake reaching 22% ID/g at 15 min pi [23 ]. In human erythrocytes, 2DG uptake increased linearly
between 1 and 60 min at 25°C. Cytochalasine B induced a 74% inhibition of tracer uptake at 60 min and increasing the extracellular
concentration of D-glucose was associated with a progressive decrease in 2DG uptake, demonstrating that 2DG cellular uptake was
mediated by GLUTSs. Finally, 2DG remained within the cell after being phosphorylated by hexokinase [26 ]. To study the effect of insulin,
which stimulates glucose transport, the in vitro model of rat adipocytes in suspension was used in the present study. 2DG uptake was
increased by 3-fold in the presence of insulin in this model (Fig. 2 ). The new iodinated glucose analogues should therefore present the
same behavior if they are tracers of glucose uptake.

Analogueiodinated in position 3 of the glucose molecule

None of the glucose analogues iodinated in position 3 proposed so far has shown a biological behavior similar to that of 2-DG [9, 12,
13, 14, 27, 28 ]. However, 3-OMG is methylated in position 3 and is still recognized by the glucose transporter. This position was
therefore interesting for adding an iodine atom considering that the steric hinderance of this radioisotope is similar to that of a methyl
group. Bessel et a. [29 ] have shown that the hydroxyl group in position 3 of the glucose molecule is necessary for the recognition of
glucose by hexokinase. 3-OMG is therefore not a substrate for hexokinase due to the presence of a methyl group on carbon 3 and is not
trapped in the cells. The glucose analogue 3IMG evaluated in the present study was then synthesized with a free hydroxyl group on carbon
3 (Fig. 1a). 3IMG therefore potentially retains the capability to interact with hexokinase and to be trapped in the cell. Stabilization of the
iodine atom on the glucose molecule was performed by using an iodomethyl group. After 3IMG radiolabeling through isotopic exchange,
HPLC analysis showed a chemical stability exceeding 24 hours. Two min after in vivo injection in the mouse, high 3IMG kidney activity
was observed, and tracer organ activity decreased in all organs over time without demonstrating any tissue selectivity. In erythrocytes, a
rapid clearance of the molecule was observed. The effects of temperature, cytochalasin B, insulin and D-glucose were variable and not
easily interpretable, demonstrating no clear interaction of the molecule with glucose transporters. Moreover, the in vitro phosphorylation
assay indicated that 3IMG is not a substrate for hexokinase. These results suggest that 3IMG is not an iodinated analogue of 2-DG.

Analoguesiodinated in position 4 of the glucose molecule

Only two glucose analogues iodinated in position 4 have been described so far: 4-O-(E)-3-iodopropen-2-yl-D-glucose and
4-0O-(E)-3-iodopropen-2-yl-2-deoxy-D-glucose [10 , 30 ]. No biological studies have been performed using these molecules. Glucose

Page 4/11
Nucl Med Biol . Author manuscript



analoguesiodinated in position 4 are potentially interesting because the C4 carbon does not play amajor role in the recognition mechanism
for the uptake of glucose into the cell via the glucose transporter, but is important in the recognition mechanism for its exit [31 ]. Thus,
glucose anal ogues with voluminous groups in position 4 such as 4,6-O-ethyliden-D-glucose or 4-O-propyl-D-glucose have a good affinity
for glucose transporters [32 ]. On the other hand, the glucose analogue modified in position 4, 4-deoxy-4-fluoro-D-glucose, is
phosphorylated at a very slow rate by hexokinase [29 ]. Nevertheless, this radiolabeling position has not been extensively studied. Two
glucose analogues have been studied in the present work: 4DIG, in which the hydroxyl group in position 4 of the glucose molecule was
replaced by iodine, and 41EG, which differs more from the original glucose molecule than 4DIG on a structural point of view, but whichis
also probably more chemically stable than this latter compound [33 ]. 4DIG. In the mouse, cardiac radioactivity of 4DIG was
approximately 6-7% ID/g 10 min following intravenous injection. 4DIG skeletal muscle activity was stable (~3% 1D/g) and radioactivity
in the brain increased dightly from 2 to 15 minutes. This in vivo behavior seemed to be interesting even if uptakes were slightly inferior to
those of 2-DG [23 ]. In human erythrocytes, temperature decreased 4DIG uptake by 50 to 60%. A decrease in temperature reduces
membrane fluidity and consequently decreases the simple and facilitated diffusion of a given molecule. This result suggests that 4DIG
interacted with cytoplasmic membranes. Cytochalasin B decreased 4DIG uptake by 30 to 40% at 5 minutes, while a 90% decreased of
2-DG uptake was observed at 5 minute [23 ]. On isolated rat adipocytes, the only significant effect of cytochalasin B was observed at 15
minutes. On the other hand, cytochalasin B markedly inhibited the cellular washout of 4DIG from erythrocytes as 47% of the initial
activity remained after a 15-min washout when the glucose transporter inhibitor was present as opposed to 4% in its absence. These results
were very different from those observed with 2-DG, which was trapped in the cells. However, they indicated that 4DIG probably interacts
with glucose transporters. The different concentrations of D-glucose and insulin had only little effect on 4DIG uptake. The
phosphorylation study showed that this molecule was not a substrate for hexokinase in vitro. The experimental results obtained with 4DIG
indicated an interaction between 4DIG and glucose transporters during the cellular washout of the tracer. However, the cellular uptake of
4DIG does not occur through glucose transporters and the molecule is not phosphorylated. Therefore, this tracer cannot be considered as
an equivalent of 2-DG. 41 EG. Biodistribution of 4lEG in the mouse showed high kidney uptake of the tracer at 2 minutes (~35% 1D/g). In
al organs, the clearance was rapid with the exception of the brain where nearly no tracer uptake was observed. In human erythrocytes,
41EG uptake was low but increased with time and a decrease in temperature strongly decreased cellular tracer uptake by 80% at 60
minutes. This result suggests that 41EG interacted with cytoplasmic membranes. Cytochalasin B had no major effect on 4lEG uptake and
washout both in erythrocytes and adipocytes. Moreover, neither D-glucose nor insulin had a significant effect on 4lEG uptake indicating
no affinity for the glucose transporter. Finally, this molecule was not phosphorylated in vitro by hexokinase. These results were very
similar to those obtained by Henry et a. [23 ] with L-[1-1* C]-glucose, which enters into the cell via passive diffusion and is not further
metabolized [18 ]. 41EG does not present the performance characteristics expected and is therefore not a tracer of glucose uptake.

Analogueiodinated in position 6 of the glucose molecule

None of the glucose analogues iodinated in position 6 and previously described in the literature was phosphorylated by hexokinase,
probably because of the substitution of the hydroxyl group by aniodine atom [11, 15, 20, 34 1. In this study, 61PG was radiolabeled by
substitution of the hydrogen on the C6 position with an iodine atom such as with 3IMG. The hydroxyl group in position 6 remained
therefore potentially available for phosphorylation by the hexokinase enzyme. The aromatic cycle carrying the iodine atom is a very good
stabilizing group, and two glucose analogues with substitution on the C6 position, 6-C-phenyl-[L and D]-glycerol-D-glucopyranose, have
been described as inhibitors of the glucokinase enzyme [35 ]. An interaction between 61PG and hexokinase is therefore possible. As
observed for position 4, position 6 does not play a major role in the recognition of the glucose molecule by glucose transporters during
cellular uptake. Indeed, 6-deoxy-6-iodo-D-glucose, in which the hydroxyl group in position 6 that has been substituted by an iodine atom,
has shown a behavior similar to that of 3-OMG, the reference tracer of glucose transport [11 ]. Two minutes after injection in the mouse,
6IPG was mostly found in the kidney (~70% 1D/g). Tracer uptake by erythrocytes was slow and not markedly affected by temperature
decrease. Cytochalasin B effect on 61 PG uptake by erythrocytes and adipocytes was also weak and the glucose transporter inhibitor did not
inhibit the cellular washout of the tracer. Neither D-glucose nor insulin had an effect on the cellular uptake of this molecule, and 61PG was
not a substrate for hexokinase in vitro . Taken together, the results indicate that 61PG does not interact with glucose transporters and is not
phosphorylated. 61PG cannot be considered as atracer of glucose uptake.

The main findings of this study are summarized in the table below.
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lodinated analogues Uptakerate Transporter selectivity Retention Phosphorylation by hexokinase Tissue selectivity
3IMG low none none none none
4DIG low cellular washout only none none none
4EG low none slow washout none none
6l PG low none none none none

Nucl Med Biol . Author manuscript
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Conclusion

The aim of this study was to assess the biological behavior of new radiolabeled glucose analogues iodinated in position 3, 4 and 6 and
proposed as equivalents of 2-DG, the reference tracer of glucose transport and phosphorylation. None of these tracers displayed the
required biological characteristics of a tracer of glucose uptake. The present study represented the last part of the systematic study
consisting in adding an iodine atom on all free positions of the glucose molecule. None of the molecule tested showed an affinity for the
hexokinase and therefore can be proposed as a true glucose tracer. However, 6-deoxy-6-iodo-D-glucose (6DIG) has previously been
validated as a tracer of glucose transport in vitro [11 ]. In vivo studies aimed at demonstrating the usefulness of this tracer are currently in
progressin our laboratory.
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Figurel
Structure of the iodinated glucose analogues: (a) 3IMG, (b) 4DIG, (c) 41EG and (d) 61 PG.
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Figure2
Time course of 2-deoxy-D-glucose (2DG) uptake by adipocytes isolated from rats in suspension: control: o, insulin: = and cytochalasin B (20

pM): grey bars. Mean + SD (n=3 for each time point). Comparison with control values: *p < 0.05, **p < 0.01 and ***p < 0.001.
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Figure3

Time course of the iodinated glucose anal ogues uptake by human erythrocytes in suspension, (a) 3IMG, (b) 4DIG, (c) 4lEG and (d) 61PG. o:
25°C, m: 4°C and grey bars: 4°C + cytochalasin B (50 uM). Mean + SD (n=3 for each time point). Comparison with control values: *p < 0.05, *
*p < 0.01 and ***p < 0.001.
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Figure4

Time course of the iodinated glucose analogues uptake by adipocytes isolated from rats in suspension, (a) 3IMG, (b) 4DIG, (c) 4lEG and (d)
6IPG. o: control, =: insulin and grey bars: cytochalasin (20 uM). Mean + SD (n=3 for each time point). Comparison with control values: *p <
0.05, **p < 0.01 and ***p < 0.001.
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TABLE1

Biodistribution in the mouse of the iodinated glucose analogues.

la. Biodistribution of 3IMG

Time (min) Heart Muscle Brain Lung Liver Kidney Blood
2 5.20  0.02 234+0.11 0.64+0.18 8.09 + 0.86 952+ 0.81 20.24 + 0.79 1419+ 134
° 442+029" 198+0.25 048+ 0.06 6.81+0.67 6.35+0.05 11.84+145 11.22+0.96°
1L 368+ 050" 1.81+0.05 062+ 0.20 6.11+ 051" 423014 767125 954+ 138
15 276+014 1944029 0.94£0.78 5.66 + 048" 372+027 730+1317" 856+ 1.26
1b. Biodistribution of 4DIG
Time (min) Heart Muscle Brain Lung Liver Kidney Blood
2 6.62+0.76 275+ 0.40 1.25+0.23 7.44+0.84 11.10+ 0.25 15.43 + 2.62 939+ 1.59
5 6.37 + 0.39 276+ 031 S 7.25+ 055 - DR 9.89+ 152
10 6.07+1.06 262052 172+ 038" 6.39£0.72 711+093" 011+139" 6.97 +0.60
18 488+052" 273+ 030 214+ 022" 550+ 039 6.08+0.70 783+ 042" 563+120"
1c. Biodistribution of 41 EG
Time (min) Heart Muscle Brain Lung Liver Kidney Blood
2 6.56+ 1.72 3.81+0.22 0.39+0.08 9.38+ 158 12.95 + 1.56 33.68+ 2.42 14.05+1.74
5 6.79 + 0.44 3.94+ 041 0.48 + 0.07 9.01+0.38 12.04 + 0.92 28.04 +7.38 12.93 + 1.59
10 515+ 047 368+ 044 036+004 539+ 058" 6.87+110 1321+ 024~ 621+ 060"
15 3.30+0.39 276+0.35 0.27+ 0.06 294+048" 338+061 699+ 043" 316+ 099
1d. Biodistribution of 61 PG
Time (min) Heart Muscle Brain Lung Liver Kidney Blood
2 451+ 0.94 2.23+0.49 0.33+0.11 873+ 1.07 25.76 + 7.66 70.58 + 23.46 1036+ 1.35
5 3.85+0.34 220+ 0.20 0.33+0.08 745+ 078 31.22 + 2.60 37.91+291 e G
10 3.92+037 213+0.26 0.20 + 0.05 712+ 0.84 2936 + 3.17 e e e
15 333+0.10 1.84+0.18 0.64 + 0.54 T 22214285 O AEDaGE”
Results are expressed as % of the injected dose per gram of organ (% ID/g) or per millilitre of blood (% ID/ml). Mean + SD (n=3). Each value was compared to that obtained at 2 min pi
p<0.05,
p <0.01 and
p < 0.001.
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TABLE 2

Effects of D-glucose concentration on the uptake of the iodinated glucose analogues by human erythrocytesin suspension at 4°C and in adipocytes isolated from rats at 37°C.

D-glucose concentration (mM) 0 25 5 10 20
2DG RBC 352:0.16 276+ 005 246+030"" 160+ 011" 115+ 012"
adipocytes 3.02+ 058 319+ 0.52 318+ 0.25 D (S s
3IMG  RBC 42.99+ 0.31 2088+1.25 2221+095 14.99+ 056 1498+ 1.05
adipocytes 345+ 1.75 275+ 0.05 356+ 0.75 392+ 052 3.47+038
4DIG  RBC 466 + 0.36 . CH s T 408 +0.41
adipocytes 5.67 + 0.49 6,54+ 1.41 450 + 0.60 5.47 + 1.24 522 + 0.56
4IEG RBC 0.21+ 001 0.20 + 0.01 0.20 + 0.01 0.20 + 0.01 0.21+0.01
adipocytes 257 +0.32 3.00+ 052 208+ 024 260+ 0.72 2324028
61PG RBC 2.94+0.02 3.01+0.17 3.05 + 0.06 291+0.16 297+0.12
adipocytes 10.07 + 0.67 1010+ 0.25 10.07 + 0.83 9.92+0.35 10.72 £ 0.80

Results are expressed in umoles per litre of cells for the erythrocytes and in nmoles per 106 cells for the adipocytes. RBC: red blood cells. Mean + SD (n=3 for each point). Comparison with the values

meseared in the absence of D-glucose:

"p<0.05,
P<0.01and
p < 0.001.

Vaues for the uptake of 2-DG by human erythrocytes have been previously published by our laboratory [23 1

TABLE 3

Washout of the iodinated glucose analogues from human erythrocytes in the absence (=) or in the presence (+) of cytochalasin B.

Time (min) 1 5 15 30

3IMG = 4.86 +0.52 2.18+0.04 1.67 + 0.17 1.22+0.14
* Al 2 U 404+016 " 3194019 373:024 "

4DIG - 855+ 0.78 4.73+0.08 3.95+0.46 ND
* 5855+ 0.74 53.00+3.08" 4701107 AL

41EG = 82.87 +3.40 77.10+0.72 68.33+1.11 52.02 £ 2.05
P 88.43 + 0.09 77.44 + 0.38 7432+ 087 54.57 + 1.67

6lPG = 27.73+4.02 3952+ 2.37 41.96 + 0.95 31.31+284
+ 32.81+0.89 39.60 + 2.85 40.28 + 1.25 26.95+ 2.37

Results are expressed as % of the initial radioactivity (obtained after a 60 min incubation period). Mean + SD (n=3 for each time point). ND: non determined. Comparison with the values meseared in the
absence of cytochalasin B.

"p<0.05,

"~ p<0.01and
p < 0.001.
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