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Key points

® Glucose transporters are central players in glucose homeostasis.

® There are two major classes of glucose transporters in the body, the passive facilitative glucose
transporters (GLUTs) and the secondary active sodium-coupled glucose transporters (SGLTs).

o In the present study, we report the use of a non-invasive imaging technique, positron emission
tomography, in mice aiming to evaluate the role of GLUTs and SGLTs in controlling glucose
distribution and utilization.

e We show that GLUTs are most significant for glucose uptake into the brain and liver, whereas
SGLTs are important in glucose recovery in the kidney.

o This work provides further support for the use of SGLT imaging in the investigation of the role
of SGLT transporters in human physiology and diseases such as diabetes and cancer.

Abstract The importance of sodium-coupled glucose transporters (SGLIs) and facilitative
glucose transporters (GLUTS) in glucose homeostasis was studied in mice using fluorine-18
labelled glucose molecular imaging probes and non-invasive positron emission tomography (PET)
imaging. The probes were: a-methyl-4-[F-18]-fluoro-4-deoxy-D-glucopyranoside (Me-4FDG),
a substrate for SGLTs; 4-deoxy-4-[F-18]-fluoro-D-glucose (4-FDG), a substrate for SGLTs and
GLUTs; and 2-deoxy-2-[F-18]-fluoro-D—glucose (2-FDG), a substrate for GLUTs. These radio-
labelled imaging probes were injected 1.v. into wild-type, Sglt1”-, Sglt2”~ and Glut2”~ mice
and their dynamic whole-body distribution was determined using microPET. The distribution
of 2-FDG was similar to that reported earlier (i.e. it accumulated in the brain, heart, liver and
kidney, and was excreted into the urinary bladder). There was little change in the distribution
of 2-FDG in Glut2”~ mice, apart from a reduction in the rate of uptake into liver. The major
differences between Me-4FDG and 2-FDG were that Me-4FDG did not enter the brain and was
not excreted into the urinary bladder. There was urinary excretion of Me-4FDG in Sglt1”~ and
Sglt2~~ mice. However, Me-4FDG was not reabsorbed in the kidney in Glut2~~ mice. There were
no differences in Me-4FDG uptake into the heart of wild-type, Sglt1”~ and Sglt2~~ mice. We
conclude that GLUT? is important in glucose liver transport and reabsorption of glucose in the
kidney along with SGLT2 and SGLT1. Complete reabsorption of Me-4FDG from the glomerular
filtrate in wild-type mice and the absence of reabsorption in the kidney in Glut2”~ mice confirm
the importance of GLUT2 in glucose absorption across the proximal tubule.
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Introduction

Glucose transporters are central to glucose homeostasis
in the body. There are two major classes of trans-
porters for transport into cells: the passive facilitated
glucose transporters (GLUTs) (Mueckler & Thorens,
2013) and the active sodium-coupled glucose transporters
(SGLTs) (Wright et al. 2011; Wright, 2013). The SGLTs
couple inward glucose transport to the inward transport
of sodium down the sodium electrochemical potential
gradient across the cell membrane. Although the GLUTs
are ubiquitously expressed throughout the body, it is
generally considered that SGLTs are only expressed in the
intestine to absorb glucose from food and in the kidney to
reabsorb filtered glucose that would otherwise be lost in
the urine. However, SGLT genes and proteins are expressed
throughout the body (Nishimura & Naito, 2005; Chen
et al. 2010; Vrhovac et al. 2015) and functional SGLTs are
expressed in specific cells within the brain (Yu et al. 2010;
Yu et al. 2013) and in cancer (Scafoglio et al. 2015). Their
functional relevance in the body apart from that observed
in the kidneys and intestine is yet to be determined.

The activity of GLUTs in animals and humans has
been studied extensively using non-invasive positron
emission tomography (PET) and the glucose analogue
2-deoxy-2-[F-18]-fluoro-pD—glucose (2-FDG) (Phelps,
2004). In the present study, we have extended PET imaging
to the SGLTs using two newly developed imaging probes,
a-methyl-4-[F-18]-fluoro-4-deoxy-D-glucopyranoside
(Me-4FDG) and 4-deoxy-4-[F-18]-fluoro-D-glucose
(4-FDG). As reported previously, 2-FDG is a high affinity
substrate for GLUTs and a low affinity substrate for
SGLTs. Me-4FDG is a high affinity substrate for SGLT,
a medium affinity substrate for SGLT2 and a very low
affinity substrate for GLUTs. 4-FDG is a substrate for both
GLUTs and SGLTs (Table 1) (Wright er al. 2011). 2-FDG
accumulation in cells is based on its phosphorylation
by hexokinase to its 6-phosphate, although neither
Me-4FDG, nor 4-FDG are phosphorylated (Yu et al. 2010;
Yu et al. 2013). 2-FDG is accumulated in cells after entry
via GLUTS as a result of a metabolic sink effect, whereas
Me-4FDG is only accumulated in cells expressing SGLTs
via sodium cotransport. Me-4FDG is effectively trapped
as a result of the low rate of exit via SGLTs and also
because it is a poor substrate for GLUTs (Table 1).

We have explored the functional activity of SGLTs and
GLUT?2 in the body of conscious mice using Me-4FDG,
4-FDG and 2-FDG microPET imaging in wild-type mice,
as well as in Sglt1”~, Sglt2”~ and Glut2”~ mice. PET
is a powerful non-invasive method with high spatial
(3 mm?®) and temporal (seconds) resolution for imaging
the dynamic distribution of these fluorine-18 probes
in vivo. Our results confirm that, in vivo, Me-4FDG is
a poor substrate for GLUT1 or GLUT?2; 4-FDG is a sub-
strate for SGLTs and GLUTSs; and 2-FDG is a poor sub-
strate for SGLT1 and SGLT2 (Table 1). In the kidney,
SGLT1 and 2 in series with GLUT2 are responsible for
the bulk of glucose reabsorption of glucose from the
glomerular filtrate. Under physiological conditions, SGLTs
are the main pathway for glucose transport in the kidney
and intestine, although our results suggest that, in other
major organs, such as the brain, heart and liver, GLUTs
are responsible for most of the glucose uptake. However,
SGLT-mediated glucose utilization has been shown to be
important in the brain (Yu ef al. 2010) and in certain
cancers (Scafoglio et al. 2015).

Methods
Animals

All animal procedures followed guidelines approved by
the University of California Chancellor’s Committee
on Animal Research and the National Institutes of
Health. We understand the ethical principles under
which The Journal of Physiology operates and our work
complies with the animal ethics policy and checklist
as outlined recently (Grundy, 2015). Male and female
wild-type C57Bl/6 mice (25-35 g; Jackson Laboratory,
Bar Harbor, ME, USA), female Glut2™~ and male Sglt1~/~
on a C57Bl/6-background, and male Sglt2”~ mice on a
mixed 129S5/SvEvBrd x C57BL/6-Tyrc-Brd background
(Thorens et al. 2000), (Gorboulev et al. 2012; Powell et al.
2013; Vallon, 2011) were housed at the UCLA Division
of Laboratory Animal Medicine facilities and maintained
under a 12:12 h light/dark cycle, with food and water
available ad libitum. The Sglt1”~ mice were maintained
on a low carbohydrate diet (Teklad TD08212; Harlan,
Indianapolis, IN, USA) to avoid diarrhoea as a result
of glucose-galactose-malabsorption (Wright et al. 2001;
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Table 1. Sugar selectivity of human SGLT1, SGLT2 and GLUT2

hSGLT2 K0_5 or hGLUT2 K0_5 or

hSGLT1 Kp.5 (mm) K; (mm) Ki (mm)
Glucose 0.5* 5 (Ko.5)*** ~17 (Ko.5)***
2-FDG >300** 34 + 6 (K;) 7 £ 2 (Kj)
4-FDG 0.1* 341 (Kj) 14 £ 7 (Ki)
Me-4FDG 0.06 + 0.02 16 + 7 (Kj) 118 £ 40 (K;)

The Ko s value for Me-4FDG in hSGLT1 (mean + SEM, n = 4)
and the K; values for 2-FDG, 4-FDG and Me-4FDG in hSGLT2
and hGLUT2 (mean + SEM, n = 3 each) were estimated
experimentally in the present study (Fig. 2), as described in the
Methods. Other Kps values are taken from previous studies:
*Diez-Sampedro et al. (2001); *Wright et al. (2011); **Hummel
et al. (2011); ***Mueckler & Thorens (2013). It is customarily
assumed that the Kps and K; parameters are interchangeable
measures of transporter affinities for substrates.

Gorboulev et al. 2012). Some animals, as indicated in
the text, were fasted overnight prior to each study, with
free access to water, and studies were conducted between
10.00 h and 14.00 h. At the termination of experiments,
animals were killed by terminal exsanguinations under
deep isoflurane anaesthesia, followed by thoracotomy.

Radiochemistry

2-FDG was obtained from the UCLA Cyclotron and
Radiochemistry Technology Centre, and Me-4FDG
and 4-FDG were synthesized from the corresponding
acetylated galactose triflate by radiofluorination with
cyclotron-produced  [F-18]-fluoride, followed by
deacetylation. Probes had high radiochemical purities
of >97% and specific radioactivity >2,000 (Ci/mmol)
(Wright et al. 2014).

In vivo microPET scanning

Experiments were performed at the Preclinical Imaging
Technology Centre of the UCLA Crump Institute for
Molecular Imaging. To determine the distribution of
radiotracers in conscious mice, the protocol was to inject
the tracer directly into the tail vein under isoflurane
anaesthesia and, after recovery from the anaesthesia
(<1 min), the animals were allowed to roam freely in
their holding cage for 40 min before conducting a 10 min
PET scan under anaesthesia, 50—60 min after injection of
the tracer. Mice were anaesthetized in a heated induction
box by inhalation of 2% isoflurane (Abbot Laboratories,
North Chicago, IL, USA) in 100% oxygen. In mice sub-
jected to 60 min dynamic PET scans, a small catheter
(Intramedic PE20; Clay Adams, Sparks, MD, USA) was
inserted in the proximal tail vein (Kreissl et al. 2011) and
the tracer was injected after mounting the mouse on the
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microPET scanner. The mice were positioned on a heated
custom PET-CT small animal holder, which allowed for
continuous anaesthesia (Suckow et al. 2009). A Micro-
PET Focus 220 scanner (CTI Concorde Microsystems,
Knoxville, TN, USA) was used for PET data acquisition.
For dynamic scans, the acquired data were binned into
25 image frames (3 x 20, 4 x 30, 5 x 60, 5 x 120,
3 x 180, 3 x 300 and 2 x 600 s). After the PET scans were
completed, a 10 min computerized tomography (CT) scan
was performed to provide anatomical information, using
a MicroCAT II X-ray Tomograph (ImTek Inc., Knoxville,
TN, USA). PET images were reconstructed using Fourier
rebinning and a filtered back-projection algorithm (Kreissl
et al. 2011; Wong et al. 2013) and microCT images
were co-registered with microPET data for attenuation
correction (Chow et al. 2005).

Data analysis

AMIDE software (Loening & Gambhir, 2003) was used
for image display and volume-of-interest analysis. Kinetic
modelling of the excretion of 2-FDG or Me-4FDG into the
urinary bladder was performed using the Kinetic Imaging
System (Huang et al. 2005). The standard 2-FDG model
was simplified to three compartments, plasma, kidney and
bladder (Fig. 1), as a result of both 2-FDG and Me-4FDG
being excreted into the urine unchanged (Gallagher et al.
1978; Yu et al. 2010). The rate constants describing
tracer exchange between the three compartments are:
(i) K (ml min~!), the clearance of tracer from plasma
by the kidney by glomerular filtration; (ii) k, (min™!),
the reabsorption of tracer from the glomerular filtrate;
and (iii) k; (min~!), the rate of excretion of the tracer
into the bladder from the kidney. It is also assumed that
there is no secretion of 2-FDG or Me-4FDG from blood
into the tubules (i.e. k., is zero) and there is no back-
flow of tracer from the bladder into the kidney (i.e. k4 is
zero). If there is little or no reabsorption of tracer from the
glomerular filtrate, k, is zero, whereas , if there is little or
no tracer excretion into the bladder, k, would approach K.
It is straightforward to measure the rate of tracer excretion
into the bladder by following the whole bladder region of

Plasma Kidney Bladder

FG K

L w

Figure 1. Kinetic model for urinary excretion of PET tracers
Three-compartment model of urinary excretion of radiotracers (FG)
from plasma. FG is the concentration of the radiotracer in plasma,
kidney and urinary bladder. K is the rate of glomerular filtration, k; is
the rate of tubular reabsorption of filtered FG and k3 is the rate of
excretion from the kidney into the urinary bladder.

FG FG
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interest, although it is problematic to measure the activity
in plasma as a function of time, the input function (IF),
because of the small blood volume in mice (Ferl et al.
2007; Kreissl et al. 2011; Wong et al. 2011). In the pre-
sent study, we chose to estimate the input function by
recording the activity in the heart and assuming that
the total activity is within the heart chambers (total
volume of 20 pul in a 200-150 mg heart in a mouse
weighing 27 g), and assuming a haematocrit of 50%. This
is a reasonable first approximation because 2-FDG and
Me-4FDG are not accumulated in the ventricular wall
of the fasted mouse heart (see Results; see also Kreissl
et al. 2011). Images were analysed using AMIDE where
three dimensional ellipsoidal volumes were drawn over the
region of interest (heart and bladder) on the PET image
using the CT as an anatomic reference. There were no
significant changes in the urinary bladder volume over the
course of the 60 min microPET scans. The average radio-
activity was calculated on each time frame to obtain the
time course of the distribution in the heart and bladder.
Each data point was converted to absolute radioactivity
concentration (MBq ml™!) with the calibration factor
derived from routine cylinder phantom experiments.

In vivo metabolism of Me-4FDG

Me-4FDG, 4-FDG and 2-FDG were neither
phosphorylated by hexokinase in vitro, nor metabolized
in rats (Yu et al. 2010). In the present study, we tested
whether or not Me-4FDG was metabolized in Sglt1™~
mice. Some 70 min after the injection of the probe into
three Sglt1”~ mice for microPET/CT, blood (0.05 ml)
and urine (0.1 ml) samples were collected. Plasma
was extracted with three volumes of methanol and a
sample analysed along with urine by radio-thin layer
chromatography (silica gel thin layer chromatography
plates, developed with 85% acetonitrile aqueous solution;
read and quantitated by autoradiography); 98% and 91%
of the [F-18] in plasma and urine ran as Me-4FDG.

Probe selectivity

We examined the selectivity of 2-FDG, Me-4FDG and
4-FDG with respect to human SGLT1, SGLT2 and
GLUT?2 using transport assays in heterologous expression
systems (Fig. 2 and Table 1). hSGLT1-mediated Me-4FDG
transport was measured in Xenopus laevis oocytes
expressing the transporter by means of two-electrode
voltage clamp electrophysiology, and the apparent affinity
constant Kj 5 for Me-4FDG transport was determined by
fitting the concentration-dependent Na™/sugar currents
to a Michaelis—Menten relationship, as described pre-
viously in studies from our laboratory (Diez-Sampedro
et al. 2001). 2-FDG, 4-FDG and Me-4FDG inter-
actions with hSGLT2 and hGLUT2 were determined by
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competition assays in HEK293T cells transfected with
the transporter cDNAs, as described previously (Hummel
et al. 2011; Ghezzi et al. 2014). Briefly, the uptake
of 50 pum [C-14]-D-a-methyl-D-glucopyranoside (for
hSGLT2; Moravek Biochemicals, Brea, CA, USA) or 2 mm
[C-14]-2-deoxy-D-glucose (for hGLUT2; PerkinElmer,
Boston, MA, USA) was measured in the absence and
presence of increasing concentrations of external 2-FDG,
4-FDG or Me-4FDG, and the results were corrected for
uptake in untransfected cells. The apparent inhibitory
constant K; values were estimated from the relationship
for competitive inhibition (eqn III-5 in Segel, 1975):

J = [Ul/] + K(1+ [S]/Kn)) (1)

where ] is the fractional inhibition of uptake at
each concentration of inhibitor I, S is the substrate
concentration; and K, is the apparent affinity of the sub-
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Figure 2. Sugar selectivity of hSGLT2 and hGLUT2

A, sugar K; values for hSGLT2. ['*C] «MDG uptake was measured in
HEK-293T cells expressing hSGLT2 at increasing concentrations of
Me-4FDG (black squares), 4-FDG (white squares) and 2-FDG (black
circles). Data were fitted to eqn (1) to estimate the apparent
inhibitory constant (K;). Data are the mean £ SEM (n = 4). B, sugar
K; values for GLUT2 ['4C] 2-Deoxy-p-glucose uptake was measured
in HEK-293T cells expressing hGLUT2 at increasing concentrations of
Me-4FDG (black circles), 4-FDG (black squares) and 2-FDG (white
squares). The break in the Me-4FDG curve indicates a break in the
Me-4FDG concentration to a maximum of 125 mwm, as noted in
parenthesis on the abscissa. Data were fitted to eqn (1) to estimate
the apparent inhibitory constant (Ki). Data points are the

mean =+ SEM (n = 4).
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strate. The K; 5 value for Me-4FDG in hSGIT1 and the K;
values for 2-FDG, 4-FDG and Me-4FDG in hSGLT?2 and
hGLUT2 estimated experimentally in the present study
are shown in Table 1, alongside other relevant K; 5 values
from previous studies.

Statistical analysis

SigmaPlot, version 10.0 (Systat Software, San Jose,
CA, USA) and CorelDRAW X3, version 13.0 (Corel
Corporation, Mountain View, CA, USA) were used for
data analysis and figure preparation. Unless otherwise
noted, data are shown as the mean + SEM of at least
three experiments. Statistical analyses were performed
with OriginLab (Northampton, MA, USA). For each tracer
(Figs 3B, 4B and 5B), the differences in 60 min conscious
uptake were examined in two independent sets. On the
one hand, differences in tissue accumulation between
mouse types were evaluated by means of two-way ANOVA
followed by Tukey’s test, using organ (brain, heart, muscle
and kidney) and genotype (wild-type and Sglt1~/~, Sglt2~/~
or Glut2™~, as appropriate) as the independent variables;
statistically significant differences (P < 0.05) are indicated
(Figs 3B, 4Band 5B, left). On the other hand, differences in
tracer excretion into the urinary bladder between mouse
types were investigated by means of one-way ANOVA and
post hocTukey’s test (Figs 3B, 4Band 5B, right; P < 0.05 was
considered statistically significant). Additionally, where
indicated in the text, one-way ANOVA and the Tukey
test were applied to examine differences between isotopes
in certain organs and mouse genotypes; the significance
values are given as appropriate.

Results

As a prelude to our microPET/CT studies aiming to
examine the distribution of the three molecular imaging
glucose tracers in conscious wild-type mice and in
mice lacking three different glucose transporter genes,
Sgltl, Sglt2 and Glut2, we completed experiments
on the selectivity of the tracers for hSGLT2 and
hGLUT2. Figure 2 shows competition for hSGLT2
methyl-D-glucopyranoside («MDG) uptake by 2-FDG,
4-FDG and Me-4FDG (Fig. 2A) and competition for
hGLUT2 [C-14]-2-deoxy-D-glucose uptake by 2-FDG,
4-FDG and Me-4FDG (Fig. 2B). As summarized in
Table 1 the K5 and K; values show that Me-4FDG is
specific for SGLTs; 2-FDG is fairly specific for GLUT2;
and 4-FDG, is transported by both SGLTs and GLUTs.
A major difference between 2-FDG and the other two
glucose tracers is that, although 2-FDG converted by
hexokinase within cells to 2-FDG-6-phosphate neither
Me-4FDG, nor 4-FDG are metabolized in rats (Yu et al.
2010). This means that 2-FDG is accumulated in cells by
a metabolic sink affect, whereas Me-4FDG and 4-FDG are

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society

Functional expression of SGLTs and GLUTs in mice

4429

accumulated through the activity of SGLTs. We measured
the steady-state distribution (at 60 min) of the three tracers
in conscious mice (static scans) and the time course of the
distribution of the imaging tracers in anaesthetized mice
(dynamic scans).

The present study aimed to locate the functional
expression of SGLTs throughout the whole body of the
mouse. The data are presented in three ways; the first shows
volumetric images of the distribution of each glucose
tracer at 60 min in conscious wild-type and knockout mice
(Figs 3A to 5A); the second tabulates the accumulation of
the tracer in each major organ of these conscious mice at
60 min post tracer injection in terms of the percentage
of the injected dose per gramme of each organ (%ID/g)
(Figs 3B to 5B); and the third presents the time course of
tracer accumulation in the major organs under isoflurane
anaesthesia (Figs 3 to 5C-G and 6).

Pilot studies were conducted on fasted and non-fasted,
conscious and anaesthetized and male and female
mice. Where possible, at least two of the three tracers
were compared on the same mice within 2 weeks.
The distribution of 2-FDG and Me-4FDG in male,
anaesthetized wild-type mice was similar in fasted and fed
animals, except that 2-FDG was accumulated in the heart
of fed but not fasted mice as reported previously (Kreissl
et al. 2011). Similarly, there were no consistent changes in
the distribution of 2-FDG, Me-4FDG and 4-FDG between
conscious and anaesthetized fed mice (data not shown).

Me-4FDG

Immediately following 1.v. injection of the tracer into
the anaesthetized mouse and following blood flow, the
[F-18] activity distributed to the major organs of the
body. The blood activity then declined gradually as
the tracer was taken up into tissues and excreted into the
urine (Fig. 3C, D and F). Only in skeletal muscle was there
clear evidence of a time-dependent slow accumulation
of Me-4FDG (Fig. 3E), although there were no apparent
differences in the time course between wild-type, Sglt1~/~
and Sglt2~~ mice (Fig. 3E) and the 60 min uptake values
(~5%]ID/g) were not significantly different (Fig. 3B).
Me-4FDG was evenly distributed throughout wild-type
mouse organs, except that there was almost no uptake
into the brain (Fig. 3B). At 60 min, the percentage of
the initial injected dose in heart, kidney and skeletal
muscle was ~4%ID/g, which is significantly higher than
for brain at 1%ID/g (Fig. 3B). The 60 min uptake into heart
and kidney was higher for the Sgltl and Sglt2 knockout
animals (5-7 vs. 4%ID/g), although differences were only
significant between the hearts of WT and Sglt1~~ mice.
There was a very low excretion of Me-4FDG into the
urinary bladder of wild-type mice and, as expected, this
increased dramatically in the Sgltl and Sglt2 knockout
animals (Fig. 3B). This is discussed further below.
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Figure 3. Bio-distribution of novel SGLT-specific PET tracer Me-4FDG in mice

A and B, non-metabolized glucose analogue Me-4FDG (300 wCi) was administered by tail vein injection into
conscious wild-type, Sglt1~~ or Sglt27~ mice and, after 40 min, the animals were anaesthetized for short PET/CT
scans. A, volumetric renderings of representative co-registered scans; PET images are displayed according to the
NIH intensity scale for tracer activity, from red (highest) to green (intermediate) to purple (lowest). Target organs
are indicated: heart (h), urinary bladder (bl), left kidney (k) and right kidney (rk). B, 60 min tracer activity detected
in major target organs and tissues in conscious mice, as quantified by volume-of-interest (VOI) analysis for the
experiments in (A); Kidney refers to the right kidney and Muscle refers to a 64 mm? spherical VOI from the inner
right thigh (the same in all mice). Data are the mean & SEM of three to six experiments. Significant differences in
tissue distribution (brain, heart, muscle and kidney) between wild-type, Sglt1- and Sglt2-null mice are indicated by
different lowercase letters (P < 0.05, two-way ANOVA and Tukey's test). Significant differences in excretion into
the urinary bladder between mouse types are indicated by an asterisk (P < 0.05, one way ANOVA and Tukey’s test).
(-G, time-course of Me-4FDG distribution in unconscious mice. Tracer (300 nCi) was injected into anaesthetized
animals, and continuous PET data were acquired for 60 min. For clarity, only select time points are represented. All
data are from the same wild-type, Sglt17~ or Sglt27~ mouse, and are representative of at least three experiments
in different mice.
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Figure 4. Bio-distribution of GLUT-specific PET tracer 2-FDG in mice

A and B, standard PET tracer 2-FDG (300 «Ci) was administered by tail vein injection into conscious wild-type or
Glut2”~ mice and, after 40 min, the animals were anaesthetized for short PET/CT scans. A, volumetric renderings
of representative co-registered scans; PET images are displayed and labelled as in Fig. 3A. B, 60 min tracer activity
detected in major target organs and tissues in conscious mice, as in Fig. 3B8. Data are the mean + SEM of five
to seven experiments. Significant differences in tissue distribution (brain, heart, muscle and kidney) between
wild-type and Glut2-null mice are indicated by different lowercase letters (P < 0.05, two-way ANOVA and Tukey's
test). Differences in excretion into the urinary bladder between mouse types were not significant (ns; P = 0.09,
one-way ANOVA and Tukey’s test). C-G, time-course of 2-FDG distribution in unconscious mice. Tracer (300 w.Ci)
was injected into anaesthetized animals, and continuous PET data were acquired for 60 min. For clarity, only select
time points are represented. All data are from the same wild-type or Glut27~ mouse, and are representative of at

least three experiments in different mice.
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2-FDG

The 60 min distribution of 2-FDG in fasted wild-type
conscious mice is very similar to that reported previously
for anaesthetized mice (Landau et al. 2007; Wong et al.
2011). The most obvious differences between 2-FDG
and Me-4FDG in wild-type animals were that 2-FDG
accumulated in the brain (Figs 3B and C and 4B and C)
and was excreted into the urinary bladder (Figs 3A, B
and G and 4A, B and G). The 60 min accumulation
of 2-FDG in he brain or excretion into the bladder
(Fig. 3B) was significantly higher than that for Me-4FDG
(Fig. 3B), respectively ~10 vs. 1%ID/gand ~50 vs. 5%ID/g
(P < 0.01 for both, one-way ANOVA and Tukey’s test).
There were no significant differences between wild-type
and Glut2 knockout animals with respect to the average
accumulation of 2-FDG in the brain, muscle and urinary
bladder and, although tracer uptake in the heart was
60% higher in Glut2”~ than in wild-type mice, these
differences were not statistically significant. On the other
hand, there was a significant, 2.5-fold increase in 2-FDG
uptake in the kidney of Glut2-null animals with respect
to wild-type (Fig. 4B). In Glut2 knockouts, the slightly
higher 60 min 2-FDG uptake in the heart is reflected in a
slow accumulation of the tracer in tissue after the initial
clearance of the vascular pool (Fig. 4D).

4-FDG

Unlike Me-4FDG, 4-FDG accumulated in the brain of
wild-type mice (Figs 5B and C and 3B and C), ~4 vs.
1%ID/gat 60 min (P < 0.01, one-way ANOVA and Tukey’s
test), and at levels comparable to those of 2-FDG (Figs 3B
and Cand 5Band C), ~4 vs. 10%ID/g at 60 min (P=0.15,
one-way ANOVA and Tukey’s test). This was expected
given that 4-FDG is a substrate for both SGLTs and GLUTs,
there is no metabolic sink for 4-FDG, and 4-FDG may exit
the cell via GLUTs. The 60 min accumulation of 4-FDG
in the muscle, heart and kidney of wild-type mice was
similar in magnitude to that observed for Me-4FDG
in wild-type mice and for 6-FDG (6-[F-18]-fluoro-
6-deoxy-D-glucose) in rat (Landau et al. 2007). 6-FDG
is a substrate for both SGLTs and GLUTs. Similar to
4-FDG, 6-FDG is not phosphorylated because it has no
hydroxyl group at carbon-6. In Glut2 knockouts, there
was a significantly higher accumulation of 4-FDG in the
kidney with respect to wild-type (i.e. ~20 vs. 4%ID/g
at 60 min) (Fig. 5B), which may reflect a slower exit of
4-FDG accumulated through brush-border SGLTs. 4-FDG
accumulation into brain and heart of Glut2-null mice was
~1.5- and ~2-fold higher than in the WT, respectively, and
excretion into the urinary bladder was ~2.5-fold higher,
although these differences were not found to be statistically
significant (Fig. 5B).
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Tracer uptake into liver

The liver was of particular interest because this organ
plays an important role in glucose homeostasis and
GLUT2 is the major glucose transporter for hepatic
glucose utilization (Guillam et al. 1998). The time course
of 2-FDG accumulation in the liver of wild-type mice
exhibited a rapid phase corresponding to early tissue
uptake of the tracer followed by washout, #;,, ~10 min, to
a 60 min level of 5.0 & 0.2%ID/g (Fig. 6). The difference
in the time/activity curves for 2-FDG in wild-type and
Glut2™~ mice reflects the importance of GLUT2-mediated
2-FDG uptake into liver. There were no differences in the
Me-4FDG time/activity curves for wild-type, Sglt1”~ and
Sglt2”~ mice (not shown), with 60 min distributions of
6.0 + 0.4%ID/g (n = 2), 6.0 & 0.2%ID/g (n = 3) and
5.3 £ 0.2%ID/g (n = 5), respectively. This indicates the
absence of significant SGLT activity in liver.

Urinary excretion

Striking differences were noted for the activities of the
three glucose tracers in the urinary bladder of wild-type
and knockout mice (Figs 3B, 4Band 5B). In terms of kidney
function, it is desirable to express the activity as the total
amount of tracer excreted into the bladder rather than the
concentration in urine (Figs 3-5). The total amount of
2-FDG and Me-4FDG excreted into the urinary bladder
(MBq) for representative wild-type, Sglt17~, Sglt2”~ and
Glut2”~ mice is shown in Fig. 6. Note that these mice
did not urinate during the experiments (i.e. no loss of
activity from the animal) and so the amount in the bladder
was an accurate reflection of the difference between the
amounts of sugar tracer filtered and reabsorbed. It was pre-
viously reported that 2-FDG and Me-4FDG are excreted
unchanged into urine (Gallagher et al. 1978; Yu et al.
2010). There was a low excretion of Me-4FDG into the
urinary bladder of the wild-type mouse (<0.05 MBq
in 60 min), whereas 2-FDG excretion in wild-type and
Glut2-null (not shown) mice increased rapidly after an
initial delay of 1-2 min and approached a maximum of
2 MBq in 30 min: at 60 min, the amount of 2-FDG in the
bladder was 1.9 & 0.3 MBq in wild-type mice (n = 3) and
2.5 £ 0.3 MBq in Glut2”~ mice (n = 2).

The excretion of Me-4FDG in the Glut2”~ mouse
followed a similar time course and magnitude to that
observed for 2-FDG (Fig. 7). The rate and magnitude
of Me-4FDG excretion in the Sgltl1”~ and Sglt2”/~
mice were intermediate between those observed for
wild-type and Glut2”~ mice (Fig. 7). At 60 min, the
bladder activity of Me-4FDG in Sglt1™~ or Sglt2”~ mice,
1.3 +£ 0.1 MBq (n = 3) and 1.2 &+ 0.9 MBq (n = 6),
respectively, was significantly higher than in wild-type
mice, 0.05 £ 0.03 MBq (n = 5) (P < 0.05, one-way

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Figure 5. Bio-distribution of novel glucose PET tracer 4-FDG in mice

A and B, 4-FDG (300 Ci) was administered by tail vein injection into conscious wild-type or Glut27~ mice and,
after 40 min, the animals were anaesthetized for short PET/CT scans. A, volumetric renderings of representative
co-registered scans; PET images are displayed and labelled as in Fig. 3A. B, 60 min tracer activity detected in major
target organs and tissues in conscious mice, as in Fig. 3B. Data are the mean £ SEM of three to six experiments.
Significant differences in tissue distribution (brain, heart, muscle and kidney) between wild-type and Glut2-null
mice are indicated by different letters (P < 0.05, two-way ANOVA and Tukey’s test). Differences in excretion into
the urinary bladder between mouse types were not significant (ns; P = 0.1, one-way ANOVA and Tukey’s test).
(-G, time-course of 4-FDG distribution in unconscious mice. Tracer (300 nCi) was injected into anaesthetized
animals, and continuous PET data were acquired for 60 min. For clarity, only select time points are represented.
All data are from the same wild-type or Glut27-mouse, and are representative of at least three experiments in

different mice.
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ANOVA and Tukey’s test). Kinetic modelling of the rates
of 2-FDG and Me-4FDG excretion shown in Fig. 6
provides an approximate estimate of glomerular filtration
rate (K;) and the rate of glucose tracer reabsorption
(Fig. 1). Uncertainty is a result of the indirect method
required to estimate the input function (IF; plasma tracer
concentration as a function of time after L.v. injection).
Nevertheless, fits to the urinary excretion data (Fig. 7) give

glomerular filtration rates of between 60 and 120 ul min !,

2-FDG
25 —0— Wild-type
—=— Glut2™-

%ID g1

0

0 10 20 30 40 50 60
t (min)

Figure 6. Time course of 2-FDG distribution in the liver of
wild-type and Glut2~/~ mice

2-FDG (300 wCi) was administered by tail vein into anaesthetized
wild-type and Glut27~ mice and the activity in the right lobe of the
liver was monitored for 60 min as in the experiments shown in

Figs 3-5. Data are the mean + SEM for three wild-type and three
Glut2~- mice.
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Figure 7. Urinary excretion of PET tracers 2-FDG and Me-4FDG
in wild-type, Glut2~/-, Sglt1~/~ and Sglt27~ mice

The total amount of 2-FDG and Me-4FDG in the urinary bladder of
representative WT, Sglt17/~, Sglt27~ and Glut2~~ mice as a function
of time after 1.v. injection of radiotracer (11 MBq) is shown. The data
were fit to a three-compartment model (Fig. 1) using the Kinetic
Imaging System (Huang et al. 2005). Fits to the urinary excretion
data give glomerular filtration rates between 60 and 120 ul min=".
Estimates of the rate of tubular reabsorption (k) for Me-4FDG were
0.23 4 0.26 for WT, 0.060 = 0.03 for Sglt17=, 0.09 & 0.01 for
Sglt2~ and 0.02 + 0.003 for Glut2; estimates for 2-FDG were
0.03 & 0.01 for WT and 0.03 = 0.02 for Glut2—/~ (time-course not
shown). The large error for the estimate of k; for the wild-type
mouse is a result of the low level of excretion.
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which are comparable to estimates based on plasma
clearance kinetics of fluorescein isothiocyanate-insulin
(200-300 pl min—') (Vallon et al. 2010; Vallon, 2011;
Powell ef al. 2013). Modelling also provides estimates
of the rates of Me-4FDG reabsorption in the range
from 0.3 min~! for wild-type to 0.02 min~' for the
Glut2 knockout animal. The low rate of reabsorption
of Me-4FDG for the Glut2 knockout was similar to
that for 2-FDG in both wild-type and knockout mice,
suggesting an important role of basolateral GLUT2 in
sugar reabsorption. The rates of Me-4FDG reabsorption
in Sglt1”~ and Sglt2”~ mice were intermediate between
Me-4FDG and 2-FDG in wild-type mice (i.e. 100%, 40%
and 25% of the Me-4FDG filtered load was absorbed in
1 h in wild-type, Sgt17~ and Sglt2”~ mice).

Discussion

Glucose homeostasis involves complex relationships
between glucose input (diet and gluconeogenesis in the
liver and kidney), exchange between blood and tissues,
metabolism, and excretion by the kidneys. In glucose
exchange between blood and tissues, attention has focused
almost exclusively on plasma membrane GLUTs. Another
class of transporters, the SGLIS, are expressed in the
small intestine and kidney and are largely responsible
for intestinal glucose absorption from food in the small
intestine (SGLT1) and glucose reabsorption from the
glomerular filtrate in the kidney (SGLT2 and SGLT1)
(Wright etal. 2011). Although SGLT proteins are known to
be expressed and functional in other organs (e.g. the brain)
(Yu et al. 2010; Yu et al. 2013), relatively little is known
about their physiological importance in vivo. A powerful
non-invasive method, 2-FDG PET, has been developed to
study glucose distribution in the whole body of animals
and humans. 2-FDG is taken up into cells through GLUTs
in the plasma membrane and is trapped intracellularly by
conversion to 2-FDG-6-phosphate, which is not a sub-
strate for GLUTs. As a result, 2-FDG PET imaging is
used for experimental and clinical studies to monitor
glucose uptake into normal cells and tumours in the body
(Phelps, 2004).

The advantages of PET are that it is a non-invasive
method, which enables several experiments to be
conducted on the same subject over time as a result of the
short half-life of [F-18] (110 min), and the images of the
[F-18] tracer distribution are obtained with high temporal
and spatial resolution. Although the spatial resolution is
high (3 mm?), this does pose a limitation in mice when a
limited number of cells in a small organ express glucose
transporters, as revealed, for example, by the immuno-
histochemical location of SGLT1 in liver bile ducts (Balen
et al. 2008; Vrhovac et al. 2015).

2-FDG is a poor substrate for SGLTs (Table 1) and, as
a result, 2-FDG PET does not report accurately on SGLT

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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activity in the body. Although SGLT2 has a low affinity
for 2-FDG, this does not appear to be relevant physio-
logically because little 2-FDG s reabsorbed in the proximal
tubule (i.e. <10% of the filtered 2-FDG load is absorbed)
(Fig. 6).

As expected, the whole distribution of 2-FDG in the
anaesthetized, fasted control mice was similar to that
reported previously (i.e. 2-FDG was accumulated in the
brain, heart, and kidney, and was avidly excreted into the
urinary bladder, whereas there was low accumulation in
skeletal muscle) (Landau et al. 2007; Wong ef al. 2011).
There was no dramatic change in 2-FDG distribution in
Glut2”~ mice apart from the significant increase in the
kidney uptake (Fig. 4B), possibly as a result of uptake
by other GLUTs. In the urinary bladder, there was no
significant change in the amount of 2-FDG in Glut2”~
mice at 60 min compared to wild-type controls (Fig. 4B)
(i.e. the filtered load was excreted in both mice). In the
liver, there is evidence that 2-FDG uptake is compromised
in the absence of GLUT?2 in hepatocytes (Fig. 6) (Guillam
et al. 1998).

The most obvious differences between the distribution
of Me-4FDG and 2-FDG in conscious control mice
were that Me-4FDG neither entered the brain, nor
was excreted into the urinary bladder (Figs 3 and 4).
In wild-type, Sglt1”~ and Sglt2”~ mice, the amount
of Me-4FDG in brain amounted to only 1%ID/g,
which is lower than any other region of the body,
~ 4%ID/g (Fig. 3), and consistent with previous findings
that Me-4FDG, [C-11]-methyl-D-glucopyranoside and
[F-18]-fluoro-n-alkyl- 8-p-glucopyranoside do not nor-
mally cross the rat blood-brain barrier (Bormans et al.
2003; de Groot et al. 2003; Yu et al. 2010). Osmotic
opening of the blood-brain barrier permits Me-4FDG to
enter the brain and accumulate in specific regions, such
as the hippocampus and cerebellum (Yu et al. 2013). The
washout of Me-4FDG from the brain (Fig. 3C) probably
represents the clearance of tracer from the brain vascular
bed and there were no significant changes in the time
course in Sglt1~~ and Sglt2~~ animals (Fig. 3C). Negligible
amounts of Me-4FDG were excreted into the urinary
bladder in control mice, although substantial amounts
were excreted in the Sglt1”~ and Sglt2”~ mice (Figs 3G
and 7).

The results for 4-FDG brain uptake into the brain
are consistent with our previous results showing
accumulation in brain regions where SGLTs are expressed
(Yu et al. 2010, 2013). 4-FDG is poorly excreted by the
kidney into the urinary bladder relative to 2-FDG 13 vs.
57%ID/g) (Figs 4 and 5). Our results for 4-FDG are similar
to those reported previously for 6-FDG in the rat (Landau
etal. 2007) and suggest that 4-FDG and 6-FDG are equally
good tracers for PET studies activity because both are sub-
strates for SGLTs and GLUTs. In Glut2”~ mice, there were
no significant changes in the 60 min uptake of 4-FDG
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in the brain, heart or skeletal muscle, although there were
notable increases in 4-FDG activity in the kidney (Fig. 5B).
This demonstrates that GLUT2 is relatively unimportant
in glucose uptake into the brain and muscle, although it is
required for glucose reabsorption from glomerular filtrate
back into the blood (see below).

Overall, the present study confirms that GLUT2 is
required for glucose uptake into the liver (Guillam et al.
1998) and for glucose reabsorption from glomerular
filtrate in the kidney (Guillam et al. 1997; Thorens et al.
2000; Santer et al. 2002) . Excretion of 2-FDG into the
urinary bladder approaches the filtered load and there is
no increase in Glut2”~ mice. Recall that 2-FDG is not a
high-affinity substrate for SGLTs in the apical membrane.
GLUT?2 plays a minor role, if any, in glucose uptake into
brain across the blood-brain barrier, skeletal muscleor
heart. A minor caveat is that Me-4FDG uptake into heart
is increased in Sglt1”~ mice (Fig. 3), suggesting a role
for SGLTs in heart glucose metabolism. In mice and
humans lacking functional GLUT2 transporters, there
is no apparent defect in intestinal glucose absorption
(Guillam et al. 1997; Stumpel et al. 2001; Santer et al.
2003a).

SGLTs appear to have a relatively minor role in overall
glucose utilization in the liver, skeletal muscle, heart and
brain, although they are essential for glucose reabsorption
in the kidney. In our studies, SGLT1 and SGLT2 appear
to be equally important in Me-4FDG reabsorption from
the glomerular filtrate. This is somewhat different from
the results reported for urinary glucose excretion where
there were only 2-3% and 25-35% decreases in
reabsorption in Sglt1”~ and Sglt2”~ mice (Vallon et al.
2010; Vallon, 2011; Gorboulev et al. 2012; Powell et al.
2013). The differences may be partly explained by the
variations in renal glucose excretion seen in the knockout
mice (Fig. 5) (Powell et al. 2013). In wild-type mice,
it is estimated that SGLT2 in the early proximal tubule
accounts for the reabsorption of 80% of the filtered
glucose (Vallon er al. 2010) but, at least in the Sglt2
knockout animals, the reserve capacity of SGLT1 of the
late proximal tubule can salvage 50% or more of the
glucose in the absence of SGLT2 (Powell et al. 2013). A
similar conclusion may be drawn about patients without
functional SGLT2 protein where substantial amounts of
glucose are reabsorbed (Santer et al. 2003b).

Finally, these results raise a question concerning the
role of GLUT2 in the reabsorption of glucose in the
kidney: Me-4FDG and «MDG are low affinity substrates
for GLUT2, yet both are completely absorbed in wild-type
mice. How then does Me-4FDG (and MDG) exit from
the proximal tubular epithelum into the blood across the
basolateral membrane? One possibility is that GLUT2,
with a very low affinity for Me-4FDG (K; ~100 mm)
(Table 1) is adequate to permit the escape of acccumulated
Me-4FDG into blood. As supporting evidence, Me-4FDG
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is not reabsorbed from the glomerular filtrate in Glut2™~/~
mice (Fig. 7).
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Translational perspective

The introduction of 2-FDG PET imaging some 30 years ago revolutionized our ability to monitor
glucose metabolism in human subjects. This led to new perspectives in the human physiology of the
brain and heart, and novel ways to identify, stage cancers and follow cancer therapy. Unfortunately,
2-FDG PET did not report on the activity of the second class of glucose transporters, the SGLTs. Our
new specific imaging probe for SGLTs promises to provide novel insights into the human physiology
of SGLTs, and diseases such as diabetes and cancer. SGLT2 inhibitors have been approved for the
treatment of type 2 diabetes mellitus, and SGLT2 has been shown to be expressed in pancreatic
and prostate cancers. We envisage that SGLT PET imaging will prove to be a powerful tool in the
development of new drugs for treating diabetes and cancer, and for determining their efficacy and
safely.
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