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Abstract

Noninvasive imaging of glucose in tissues could provide important insights about glucose gradients
in tissue, the origins of gluconeogenesis, or perhaps differences in tissue glucose utilization in vivo.
Direct spectral detection of glucose in vivo by IH NMR is complicated by interfering signals from
other metabolites and the much larger water signal. One potential way to overcome these problems
is to use an exogenous glucose sensor that reports glucose concentrations indirectly through the water
signal by chemical exchange saturation transfer (CEST). Such a method is demonstrated here in
mouse liver perfused with a Eu3*-based glucose sensor containing two phenylboronate moieties as
the recognition site. Activation of the sensor by applying a frequency-selective presaturation pulse
at 42 ppm resulted in a 17% decrease in water signal in livers perfused with 10 mM sensor and 10
mM glucose compared with livers with the same amount of sensor but without glucose. It was shown
that livers perfused with 5 mM sensor but no glucose can detect glucose exported from hepatocytes
after hormonal stimulation of glycogenolysis. CEST images of livers perfused in the magnet
responded to changes in glucose concentrations demonstrating that the method has potential for
imaging the tissue distribution of glucose in vivo.
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The success of Gd3* chelates as MRI contrast agents (CA) has stimulated interest in the
development of a new generation of smart CA’s that report on their biological environment
through specific molecular recognition mechanisms (1). Such agents could potentially provide
more specific diagnostic information beyond that currently offered by T4 relaxation agents.
Several recent pioneering molecular imaging papers have illustrated the concept of usinga CA
to report transgene activity in vivo through reporter molecules induced by exogenous mRNA
(2), gene-encoded virus (3), and protein-combined nano-particles (4). So far, these applications
have been largely limited to T1 or T, relaxation agents and the reporter molecules have been
over-expressed to achieve the required detection sensitivity.
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An alternative way to alter contrast in an MR image is to change the total water signal detected
in the experiment rather than the relaxation characteristics of water protons. This can be
achieved in chemical exchanging systems by applying a presaturation pulse to saturate any
mobile proton signals that have a different chemical shift from bulk water, as first demonstrated
by Ward et al. (5) and McMahon et al. (6) in diamagnetic molecules (CEST) and by Aime et
al. (7) and Zhang et al. (8) in paramagnetic lanthanide complexes (PARACEST). Recently, we
reported that a phenylboronate-bearing PARACEST agent with remarkable binding affinity
and selectivity toward glucose (Glc) (9,10). This finding offers the potential for a new venue
through which glucose levels may be monitored in organs by CEST MRI.

Imaging the tissue distribution of glucose at high spatial resolution could prove invaluable for
metabolic research. One could potentially map the distribution of glucose in various organs
simultaneously, determine which tissues are producing glucose (if a gradient is detectable), or
evaluate in real time any differences in glucose utilization by tissues. This could provide new
insights regarding when and where glucose is produced, stored, transported, and used, and how
glucose metabolism responds to various therapies. This information could be invaluable in
studies of patients with diabetes (11). Glucose sensors have been the subject of active research
in several areas. Positron emission tomography (PET) is widely used to monitor glucose
metabolism in various cancers (12), but PET is limited by poor spatial resolution (>3 mm) and
it depends on the use of the radio-isotope, fluorodeoxyglucose (FDG), as a tracer. 'H MRS is
another potential tool because it can detect glucose directly in vivo (13) but it suffers
interferences from the signals of other small metabolites having similar chemical shifts. 13C
MRS offers excellent spectral resolution for studying glucose metabolism (14) but requires
hardware that is not widely available on clinical MRI scanners. Ultraviolet, fluorescence,
circular dichroism (CD), and electrochemical methods have also been used to sense sugars
(15-17) but these methods cannot be applied in vivo in any imaging context. MRI has the
advantage of allowing imaging of organs with exquisite resolution (18) so it would be desirable
to combine clinical MRI with a molecular recognition technique that senses glucose and reports
the concentration of glucose indirectly using of tissue water as a readout signal.

The glucose imaging technique reported here uses the PARACEST agent shown in Scheme 1.
The agent contains the paramagnetic lanthanide ion, Eu3*, chelated by a macrocyclic ligand
containing a glucose recognition site. DOTA-tetraamide ligands such as this form kinetically
stable complexes with the trivalent lanthanide cations, an important consideration for safety
of such agents in vivo. The Eu3* ion, with one less unpaired electron than Gd3*, has little affect
on the Tq or T, of water protons because of the very short electronic correlation time (1 ~
1012 5) of this ion. Complexation of glucose by the two phenylboronic acid moieties of the
complex is reversible and surprising fast in solution. These features make this agent potentially
useful for monitoring changes in glucose that may occur on the time-scale of a typical imaging
experiment. The coordination sphere of the Eu3* ion is occupied by eight donor atoms of the
ligand (4 nitrogen and 4 oxygen donors) plus a single water molecule. This water coordination
position lies on or near the fourfold symmetry axis of the complex, a position which gives rise
to an unusually large hyperfine shift in the water protons (~50 ppm at 25°C). This large
chemical shift difference between the Eu3*-bound water proton signal and the bulk water
protons allows for easy, selective RF saturation of the bound water protons with minimal
indirect saturation of bulk water. In the presence of glucose, the phenylboronate groups of the
agent capture a single glucose (9) and, in doing so, slow exchange of water from the inner
coordination sphere of the Eu3* jon with bulk water. This in turn causes a substantial change
in CEST that is easily detected by MRI.
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The perfusate used in the experiment was a modified Krebs-Henseleit bicarbonate buffer (95%
0O and 5% CO,) consisting of 118 mM NaCl, 5 mM KCI, 1.2 mM MgSQy, 25 mM
NaHCOs, and 1.2 mM CaCl, and 0.2 mM octanoate (oxidative fuel source) but no glucose
(unless otherwise specified). The chemicals used were general lab agents with analytical or
better purity grade (Sigma Aldrich). The complex, EuDOTAM-bis(methyl)-bis
(phenylboronate), abbreviated EUDOTAM-2M-2PB, was synthesized as reported previously
(9). 99% enriched [1-13C]-glucose was purchased from Cambridge Isotope Laboratories, MA.

All protocols were approved by the University of Texas Southwestern Medical Center Animal
Care and Use Committee. For perfused liver studies, experiments were performed on two
groups of healthy female C57BL6 mice (a total of 5 animals) weighing 22 + 2 grams. One
group of the animals were fasted for 24 hr with free access to water while the other group was
given access to standard laboratory chow before removal of livers for perfusion. The isolated
livers weighed on average 1.2 + 0.1 grams.

Liver Perfusions

Briefly, animals were anesthetized by intramuscular injection of ketamine (Ketaset, Aveco,
Fort Dodge, I1A) before a mid-line laparotomy to expose the liver and portal circulatory system.
The portal vein was cannulated, and heparin (50 1U) was injected into the portal vein to prevent
the formation of blood clots. The hepatic vein and inferior vena cava were dissected and
perfusate was pumped through the portal vein using peristaltic pump at 8 mL/min. The liver
was carefully removed from the carcass and suspended in a container. The liver perfusion was
carried out on the bench using the circulation system diagramed in Scheme 2. The effluent
perfusate was siphoned off and discarded during the initial 10 min followed by recirculation
of ~100 mL of perfusate containing the glucose sensor (5 mM or 10 mM as indicated). The
temperature of the isolated liver was maintained at 37°C by warm water from a controlled
temperature bath circulating around the container holding the liver. In experiments involving
glucagon, a 200 uL dose of freshly prepared glucagon (500 pg/mL) was added to the perfusate
at the times indicated. The pH of the circulating perfusate was 7.4 + 0.1 throughout the study.

High Resolution NMR Experiments

All high-resolution NMR spectra were collected using either a Varian INOVA 400 MHz or
500 MHz NMR spectrometer using 5 mm inverse-detect (ID) probes. Variable

temperature 'H NMR spectra of Eu(DOTAM-2M-2PB) in the absence and presence (1:1) of
glucose were collected over the temperature range 22-55°C. 2D 1H-1H and 13C-13C EXSY
spectra of the Eu3*-based glucose sensor were collected using a mixing time 25 ms. Z-spectra
were collected over the temperature range 4-50°C (277-323 K), and the samples were allowed
to equilibrate in the probe for approximately 10 min at the set temperature before acquisition.
A square-wave presaturation pulse (CW) of variable duration (0.5-6 s) and at power levels
varying from 0.25-2 kHz was applied for 1-2 s. A 2-ms crusher gradient was used to remove
the residual transverse magnetization before a 60° Z-magnetization readout pulse. Typically,
the saturation offset frequency, o, was varied over a spectral range, 120 ppm to -80 ppm, in 1-
ppm steps. A 6-s delay between scans was sufficient for all magnetization to return to
equilibrium after each scan. Ten preacquisition dummy scans were applied to allow
establishment of the initial magnetization steady-state before recording each Z-spectrum. The
data were collected with a single scan at each offset frequency and a total of 201 offset
frequencies for each z-spectrum. The Z-magnetization was measured as the integral of the
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residual water peak after each presaturation pulse. The life-time of Eu3*-bound water was
evaluated numerically by a three-pool exchange model as described previously using Matlab
Software (Mathworks, Natick, MA, USA) (24).

Imaging Experiments

Images of excised livers were collected using a 4.7T Varian INOVA spectrometer in a 40-cm
horizontal bore magnet and a 2.5-cm surface coil (DOTY scientific, Inc. Columbia, SC)
positioned under a cylinder-shaped sample holder (ID 2.8 cm, height 1.5 cm) designed to hold
two freshly perfused livers side-by-side during imaging. The sample was covered with a
thermo-blanket which was connected to a recirculating water bath for temperature control at
37°C. For imaging of perfused livers in the magnet, water warmed to 37°C was circulated
through the perfusion chamber. The pulse sequence for CEST imaging consists of a
presaturation pulse, followed by a standard spin-echo imaging pulse sequence. Typically, a
Gaussian-shaped presaturation pulse was used with duration of 2 s and power level (B;) of 1
kHz. The saturation frequency o was set either set on the Eu3*-bound water resonance
frequency (42 ppm at 37°C, “on-resonance”) or very far off resonance (at 120 ppm, “off-
resonance”); subtraction of these two images on a pixel-by-pixel basis yields a CEST image.
Other imaging parameters included a [FOV] = 40 x 40 mm, 128 x 128 matrix, single 2 mm
slice, TR = 4s, TE = 13 ms, NA = 1 scan. The total scan time for collecting a set of “on-
resonance” and “off-resonance” saturation images was 17 min.

For comparative purposes, two freshly perfused livers (one perfused with glucose and one
without) were imaged side-by-side in the same experiment. Here, the signal intensity ratio
(Iglucose/ Icontror) between the two livers was evaluated in regions of uniform intensity (avoiding
blood vessels) and the average and standard deviation are reported from two independent
imaging measurements. For livers perfused in the magnet with variable amounts of glucose in
the perfusate, a baseline CEST image was collected before addition of glucose. Glucose was
added incrementally to the perfusate as a solid, and after an equilibration period of 15 min, a
CEST image was collected. The CEST image intensities and standard deviations were obtained
from measurements of three selected regions of interest (ROIs) of equal-size and uniform
appearance (region with visible vasculature were not selected). Postac-quisition image
processing was performed on ImageJ (software free available on-line from NIH web site:
http://rsb.info.nih.gov/ij/).

Glucose in effluent perfusate was measured by enzymatic assay (glucose oxidase) using a 8451
Diode Array Spectrophotometer (Hewlett-Packard). Perfusate oxygen and pH were measured
by using a pH/blood gas analyzer (Instrumentation Laboratory, Lexington, MA).

RESULTS

1H and 13C NMR spectra

Figure 1 shows the 1H NMR spectra of the Eu3*-based glucose sensor in the absence (Fig. 1a)
and presence (Fig. 1b) of 1:1 glucose (20 mM) in aqueous solution at 25°C, together with 2D
EXSY spectra for illustrating the patterns of proton exchange in EUDOTAM-2M-2PB. The 12
magnetically nonequivalent CH, ligand protons show six cross-peaks consistent with
interconversion between two diastereomers having C2 symmetry. This pattern is similar to
other EUDOTA-tetraamide complexes that have two different ligating side-chains (20). The
chemical shifts of the ligand protons in this complex span ~ 44 ppm (+23 ppm to -21 ppm
with water set to 0 ppm), characteristic of a square antiprism (SAP) coordination isomer in
solution. No evidence could be found for the presence of the twisted square anti-prism (TSAP)
coordination isomer in solution, indicating that concentration of this coordination isomer must
be well below the detection limits of the experiment (21,22). Nevertheless, the TSAP
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coordination isomer must be present at least as a short-lived intermediate through which the
two SAP enantiomers interconvert by macrocyclic ring flips and pendant arm rotations
(Scheme S1, Supporting Data) and this has implications concerning the rate of water exchange.
The tentative assignments of ligand protons in the complex are given in Figure 1.

The CEST spectra (described below) show that water exchange between the single Eu3*-bound
water molecule in this complex and bulk water is quite temperature sensitive. Because the
water exchange rate is a critical parameter in CEST imaging, we investigated the possible role
of interchange between the two SAP enantiomers in solution as a contributing factor to water
exchange. It is known that water exchange occurs faster in the less compact TSAP structures
(22,23) so the fact that the TSAP structure is an intermediate in the interconversion of the two
SAP enantiomers (Scheme S1, Supporting Data), one could hypothesize that slowing this
interconversion by binding of glucose to the SAP isomer may contribute to slowing of water
exchange. To test this hypothesis, high resolution H NMR spectra of the complex were
collected as a function of temperature in the absence and presence of 1:1 glucose. Figure 2
shows the patterns of the two most highly shifted macrocyclic protons, labeled axial (axS)
(Scheme S1, Supporting Data). It can be seen that, with an increase in temperature, these
resonances shift toward higher field and broaden dramatically over this temperature range. The
temperature-induced line-broadening is clearly smaller in the presence of glucose. Because the
paramagnetic contribution to the linewidth should be smaller at higher temperatures, the line-
broadening effects observed here must largely reflect the rate of interconversion rate between
the two SAP enantiomers (axS interconverts with eq®, Scheme S1, Supplementary Materials,
which can be viewed at http://www.interscience.wiley.com/jpages/1058-8388/suppmat).
Clearly, this process slows when glucose is bound to the agent.

The binding of glucose to EUDOTAM-2M-2PB appears to be fast on the IH NMR time scale
because a separate set of resonances was not observed for free glucose when added in excess
(data not shown). However, both free glucose and Eu3*-bound glucose resonances were
observed in the 13C NMR spectra of the sensor mixed with 99%-enriched [1-13C]glucose (Fig.
S1, Supporting Data). It is clear from the 13C NMR spectra that binding of glucose takes place
at the boronate groups of EUDOTAM-2M-2PB as evidenced by the appearance of multiplets
in the shifted resonances due to 2J-coupling between C1 of glucose and 1'B(l = 3/2, natural
abundance 80.1%) and 19B(1 = 3, natural abundance 19.9%) of the extended phenylboronate
side-arms. We presented data earlier to demonstrate that glucose forms a 1:1 complex with this
agent and both phenylbor-onate groups contribute to binding (9,10).

CEST Spectra

Figure 3 shows CEST spectra of EUDOTAM-2M-2PB at various temperatures between 4 and
50°C (277-323 K) in the absence (Fig. 3a) and presence (Fig. 3b) of glucose. These spectra
are characterized by a peak in the 40-55 ppm region arising from exchange of a single Eu3*-
bound water molecule with bulk solvent molecules and a large peak due to direct saturation of
bulk water at 0 ppm. With an increase in temperature, the Eu3*-bound water CEST peak
broadens due to exchange and shifts to lower frequency due to a decrease in effective magnetic
moment of the paramagnetic Eu3* ion at higher temperatures. Similar temperature
dependencies have been reported for other Eu3*-based PARACEST agents (19). In the absence
of glucose, the two exchange peaks merge when the temperature reaches ~50°C (323 K). In
the presence of the glucose, these same peaks are not fully merged at 50°C, indicative of slower
water exchange when glucose is bound to the agent. Spectra such as these can be fit to the
Bloch equations modified for exchange (24) to provide the rate of water exchange from
EuDOTAM-2M-2PB in the absence and presence of glucose. A fit of these CEST spectra to a
three-pool model (bulk water, Eu3*-bound water and exchanging —NH protons on the ligand)
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gives Eud*-bound water lifetimes (ty;)of 22 and 43 ps in the absence and presence of glucose,
respectively.

Depending on which temperature the CEST spectra are collected, the depth of the exchange
peak (minimum in My/M,) varies from 13 to 46% with a maximal effect occurring near 25°C.
This may be attributed to optimal matching of the water exchange rate and the applied field
(B1 = 1 kHz) at this temperature. However, the largest change in CEST intensity + glucose
coincidently occurs near the physiological temperature of 37°C where the observed CEST
effect was 30 % and 42% in the absence and presence of glucose, respectively. This translates
to a change in bulk water signal intensity of 17% ((0.70-0.58)/0.70) when glucose binds to
EuDOTAM-2M-2PB at 37°C, a magnitude that should be easily detected by CEST imaging.

Optimizing the Presaturation Pulse Power and Duration

The CEST image intensities one can detect using this sensor depends of course upon sensor
concentration, the pulse power (B1) and the length of presaturation time. As shown in Figure
4a, CEST increases with increasing presaturation time but reaches ~80% maximum intensity
after a presaturation period of 2 s. Therefore, a 2-s presaturation period was chosen for tissue
studies. Similarly, CEST increases with increasing power of the presaturation pulse (B1) (24)
as illustrated in Figure 4b. Under these experimental conditions, the minimal B; power level
to observe CEST was ~250 Hz and the CEST intensity grew in proportion to power up to ~1
kHz. Further increases in power resulted in substantial attenuation due to direct saturation of
the bulk water peak at these high power levels. Thus, 1 kHz was chosen as the maximum power
level for further in situ studies.

Glucose Sensing in Perfused Livers

To investigate the effectiveness of EUDOTAM-2M-2PB as a PARACEST sensor for ex vivo
glucose imaging, livers were isolated from standard laboratory mice and perfused in the
presence of the sensor + glucose. First, a liver was isolated from a fed mouse and perfused with
buffer containing 10 mM EuDOTAM-2M-2PB and 10 mM glucose to mimic hyperglycemia
(typical blood glucose levels in the diabetic state is 7-10 mM). A second liver (to serve as a
control) was removed from a 24 hr fasted mouse and perfused an equivalent amount of sensor
but no glucose. Both livers were perfused on the bench for 25 min to insure complete
equilibration of the agent into all extracellular space. At the end of this perfusion period, a
small amount of perfusate was collected from each liver for further characterization. The CEST
spectrum of the perfusate lacking glucose (Fig. 5a) showed no clear exchange peak while the
spectrum of the perfusate containing both glucose and agent showed a distinct CEST peak at
the known Eu3*-bound water position (~42 ppm at 37°C). Although the change in CEST
intensity shown here + glucose appears to differ from the data presented in Figure 3, this
apparent difference can be completely attributed to the influence of NMR frequency on CEST
(the CEST spectra shown in Figure 5a were collected using a 4.7 Tesla (T) animal scanner
while the spectra reported in Figure 3 were collected using a 500 MHz NMR spectrometer).
Quantitatively, however, the change in CEST intensity induced by glucose, Ag|c, was exactly
the same, 17%, here at 200 MHz as found previously at 500 MHz. To verify that the CEST
differences reported in Figure 5a can indeed be traced to the difference in glucose levels
between these two perfusate samples, glucose was also analyzed by enzymatic assay. Indeed,
the glucose concentration in the perfusate collected from the fasted liver was measured at 0.03
mM while glucose in the effluent from the fed mouse liver originally perfused with 10 mM
glucose was found to be 9.87 mM. Thus, the CEST differences shown in Figure 5a can be
ascribed entirely to the differences in concentration of glucose in the two samples.

Given the reasonable assumption that the perfusate had fully equilibrated with all extracellular
space in these livers during the 25 min perfusion period, a similar CEST difference should also
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be apparent in the tissue. Furthermore, given the sizable extracellular space in liver tissue
(25), the effects should be nearly as large as those measured in the perfusate samples. MR
images of these same livers were collected at the end of the 25-min perfusion period; the control
image in Figure 5b was collected using a 2-s presaturation pulse far “off-resonance” while the
image shown in Figure 5¢c was collected usingalkHz presaturation pulse “on-resonance” at 42
ppm (wgp) for a period of 2 s. The CEST image (5d) illustrates the intensity differences between
Figure 5a and b. For the “off-resonance” image, there were no apparent differences in contrast
between the two livers with an average image intensity ratio (Igiycose/ Iglucose-free) Of 0.95 +
0.05 for two ROI positioned near the center of each liver. However, for the “on-resonance”
image, the intensity of the liver perfused with glucose was substantially altered; now the
intensity ratio in the images of the two livers was 0.75 + 0.04. The CEST image (obtained by
subtraction) shows that the liver lacking glucose very nearly cancels while the CEST image of
the liver perfused with glucose is uniformly bright throughout the tissue. The CEST image is
even brighter in the liver vasculature as expected because those regions contain more agent
and glucose per unit volume and less tissue. These results suggest that the intensities in the
solid tissue regions of the CEST image reflect the distribution of extracellular glucose.

Given these initial observations, a second set of experiments was designed to test whether this
sensor is capable of detecting glucose being exported from liver, either as a result of
glycogenolysis (breakdown of liver glycogen) or gluconeogenesis (synthesis of glucose from
precursors). Given that liver can store a substantial amount of glucose in the form of glycogen,
we chose to use the hormone, glucagon, to initiate glycogenolysis from a liver isolated from a
well-fed mouse. Glucagon acts by binding to receptors on the hepatic cell membrane which,
through a cas- cade of events, subsequently triggers release of glucose into the extracellular
space (25). The liver from a 24-hr fasted mouse (no liver glycogen) was again used as control
(26). Both livers were perfused with glucose-free KH buffer plus, in this case, 5 mM
EuDOTAM-2M-2PB, for a period of 25 min before glucagon was administered to the liver
from the well-fed animal. Five minutes later, the liver was removed from the perfusion
apparatus and positioned in the holder for imaging. The livers were maintained at 37°C while
positioned on the surface coil for a period of 43 min before a set of “on” and “off” images were
collected (17 min). This was done to allow time for the liver to continue exporting glucose
after removal from the perfusion apparatus and before data collection. Figure 6 shows images
of the two livers without (Fig. 6a) and with (Fig. 6b) a presaturation pulse on the exchange
resonance and the corresponding difference or CEST image. Again, the intensity ratio
(Iglucagon / Icontrol) in selected ROI in the images collected without a presaturation pulse
averaged 0.93 + 0.05 and this ratio dropped to 0.84 + 0.04 after application of the presaturation
pulse. Although the CEST intensity difference is smaller in this case due to the lower
concentration of EUDOTAM-2M-2PB and glucose, the CEST effect was still large enough to
detect glucose being exported from the liver. The amount of glucose actually released into the
extracellular space of this liver at the time the CEST image was collected is unknown but is
likely well below 10 mM.

To evaluate the effects of flow on glucose imaging, individual livers were also perfused with
5 mM EuDOTAM-2M-2PB in the magnet. Initially, no glucose was present in solution so the
resulting CEST image intensity (Ag|c) was near zero. After addition of each incremental
amount of glucose to the perfusate, the liver was perfused for 15 min to allow equilibration,
followed by collection of a set of “on” and “off” images (17 min). As shown, Agc increased
in proportion to the amount of added glucose with a maximum CEST intensity of ~12% at
glucose-to-agent ratio of 2:1 (Fig. 7a). A least-squares fitting of these data to a 1:1 binding
model gave an apparent limiting Agyc value of 15 + 2% and a K, of 656 = 103 M1, a value
that is somewhat higher than the binding constant reported previously (339 + 29 M) for an
in vitro experiment at 25°C (9). The images in the bottom panel of Figure 7 were collected
after the glucose concentration reached 10 mM; again, the data are presented as “off-
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resonance” (Fig. 7b) and “on-resonance” (Fig. 7c) images together with the corresponding
CEST image (Fig. 7d). Here, the CEST image reveals features of liver vasculature not seen in
the postperfused images of Figures 5 and 6. Now, the portal vein (PV), which was attached to
a pump for administering perfusate, and the gallbladder (GB) are clearly delineated from the
two hepatic lobes. The well-perfused lobes of liver appear uniformly hyper-intense in the CEST
image, again indicating that the sensor and glucose are both uniformly distributed in all
extracellular space. In comparison, the gallbladder was invisible in the CEST image because
the sensor likely does not get distributed into the gallbladder during a short perfusion period
such as this. The vascular beds in this case appear dark in all images because perfusate flow
leads to loss of the magnetization during the image readout period, as commonly seen in the
conventional black-blood images with relative long TEs. Overall, the data show that
EuDOTAM-2M-2PB holds promise as a glucose sensor in tissues and that CEST imaging with
this agent may allow differentiation of vascular versus extracellular glucose.

DISCUSSION

Glucose, the most abundant sugar in the body and an essential source of energy in mammalian
tissues, is also toxic when presented to cells in high concentrations for prolonged periods.
Glucose in humans is largely derived from three major sources, dietary carbohydrate, break-
down of stored glycogen (glycogenolysis, GLY) and gluconeogenesis (GNG) from lactate or
amino acids. The predominant site of glucose production in the fasting human is liver and the
energy necessary to drive glucose production from lactate or amino acids comes from excess
NADH produced in the hepatic TCA cycle. The technologies currently available for sensing
tissue glucose are largely based on implantable devices that detect glucose electrochemically
(27), optically (29), enzymatically (29), or by using microdialysis (30). To our knowledge, this
is the first report of a sensor method that allows imaging of glucose by MRI. Although FDG
and PET imaging is commonly thought of as glucose imaging, the method presented here
provides complimentary information to FDG. Like the PARACEST sensor, FDG distributes
throughout all extracellular space but PET highlights only those tissue regions that accumulate
excess FDG in cells in the form of phosphorylated FDG. Thus, the PET method detects relative
glucose uptake by cells whereas the PARACEST method described here monitors only the
extracellular distribution of glucose.

As demonstrated here, the utility of EUDOTAM-2M-2PB as a glucose sensor originates from
its unique CEST properties at 37°C. The variable temperature CEST spectra (Fig. 3) show that
the increase in intensity of the CEST exchange peak at 42 ppm can be attributed to slowing of
exchange between a Eu3*-bound water molecule and bulk water molecules when glucose binds
to the phenylboronate groups of the ligand. The mechanism responsible for slowing of water
exchange in this system has not been fully delineated but likely has at least two contributions.
Glucose clearly forms a “cap” directly over the Eu*-bound water molecule and this may
physically impair dissociation of water from its Eu3* coordination position. This model is
illustrated in Scheme 1. Second, bridging of glucose between the two phenylboronate side-
chains certainly alters the molecular dynamics of the system and may slow interconversion of
the two SAP enantiomers of the complex that are present in solution. The variable temperature
NMR data reported here indicates that the water exchange parallels the rate of interconversion
between the two enantiomers and that addition of glucose slows this process (Figs. 1, 2).
Therefore, it is possible that binding of glucose to EUDOTAM-2M-2PB slows dissociation of
the bound water molecule by slowing interconversion of coordination isomers (Scheme S1).
A strong correlation between the intra-molecular isomer exchange and bound-water exchange
process has been proposed for similar lanthanide complexes (26). Regardless of the exact
mechanism, it is clear that both the blockage and interconversion mechanisms might be
exploited to design even more efficient PARACEST imaging agents for glucose and perhaps
other metabolites as well.
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A 17% change CEST was observed between livers perfused with 0.03 mM (hypoglycemia)
and 9.87 mM (hyperglycemia) glucose in the presence of 10 mM EuDOTAM-2M-2PB.
Assuming an approximate linear response over this range, one would predict an 8.7% CEST
effect at 5 mM (normal glucose = 701100 mg/dL) and a 13.9% CEST effect at 8 mM (diabetes
= 140 mg/dL). Given the assumption that one should be able to detect a 2% change in CEST
intensity, this translates to a change in glucose of ~1mM using the agent presented here at 10
mM. However, if one can increase the affinity of the sensor for glucose by ~10-fold, then one
should be able to detect ~1 mM changes in glucose using only 1 mM agent, a perfectly
reasonable amount for in vivo use. One could take two approaches to increase the sensitivity
of a PARACEST-based glucose sensor; first, one could increase the affinity of the sensor for
binding to glucose as indicated above and second, one could redesign the system such that it
has a more optimal water exchange rate for CEST than the current agent (so the CEST image
intensities became larger per unit change in glucose concentration). The water exchange rate
in EuDO-TAM-2M-2PB is clearly not optimal for achieving the most sensitive CEST imaging
results. Bloch exchange theory predicts that the optimal water exchange rate for an applied
power level of 1000 Hz would be 6283 s1,aspredicted by the relationship, C,, = 21B1 (24).
This would require a sensor molecule with a Eu3*-bound water lifetime of 159 s,
approximately 2.7 times longer than the lifetime found in the present glucose sensor (tp = 43
usat 37°C). This indicates that one could achieve a much larger CEST effect using
EuDOTAM-2M-2PB with a higher applied B; power but this was not done because of concerns
of possible tissue heating. Alternatively and preferably, if one could create a glucose sensor
with a longer Eu3*-bound water lifetime, perhaps by further hindering the known water
exchange pathways, then the sensitivity for CEST imaging of glucose could be improved
substantially. Our current estimate of this sensitivity limit indicates that, given the optimal
sensor, one should be able to image the tissue distribution of glucose using this technology
using sub-millimolar concentrations of sensor.

Another factor to consider is whether the sensor concentration will remain constant long
enough in vivo to allow CEST imaging. At this point, little is known about the biodistribution
of these agents in vivo or how quickly they are eliminated and by which route. If these agents
have washout characteristics similar to typical Gd-based T4 imaging agents, then one should
have sufficient time to perform CEST imaging in an adult subject after a single bolus injection
of the glucose sensor, providing that the imaging data can be collected within a few minutes.
A fast imaging sequence such as a single-shot gradient-echo with presaturation could used to
improve temporal resolution and detection sensitivity with some loss in spatial resolution.

In summary, the feasibility CEST detection of glucose in isolated perfused livers was
demonstrated by comparing CEST images of two isolated perfused livers under identical
imaging conditions (Fig. 5). Using this procedure, we confirmed that the image contrast found
in these livers was indeed due to the glucose content, because other endogenous exchanging
protons in tissue and possible interactions between EUDOTAM-2M-2PB and sugars or other
tissue glycoproteins were otherwise identical. Using a presaturation pulse at 42 ppm, the
Eu3*-bound water pool dominates the contrast observed in the CEST images; the MT effect
from endogenous macromolecules and CEST effect from glucose-OH residues is quite small
in comparison. Small but significant intensity differences were also found between the CEST
images obtained for a glucagon- treated liver compared with the control liver without glucagon
treatment (Fig. 6). Although the amount of glucose exported from the glucagon-treated liver
was not precisely known in the experiment described herein, the CEST image clearly arose
from release of glucose from hepatic cells after degradation of tissue glycogen. Degradation
of glycogen by addition of glucagon using conditions identical to those used here was recently
confirmed in perfused mouse livers by 23C NMR (31). CEST imaging of livers while being
perfused with variable amounts of glucose not only established the sensitivity of the CEST-
based sensor for detection but it also delineated anatomical details of the perfused liver that
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were not visible in CEST images of livers post-perfusion. In the CEST images of perfused
livers, the hepatic parenchyma was hyper-intense, clearly different from a similar contrast
enhancement commonly seen on conventional T»,, and proton-density weighted images caused
by susceptibility and off-resonance saturation effect, while the tissues not perfused by the
sensor and the hepatic vasculature were invisible. These observations suggest that in vivo CEST
images may provide additional functional information in addition to the distribution of glucose.
Such experiments were not performed using this glucose sensor because initial injections of
the agent into mice revealed that this complex is somewhat toxic, likely due to the positive
charge on the existing EuDOTAM-2M-2PB sensor. More recently, a modified sensor with
additional negatively charged carboxyl groups on the nonfunctional amide side-chains was
reported by our laboratory and preliminary studies using this modified agent indicates that it
retains similar CEST sensitivity to glucose and shows no clinical signs of toxicity in mice
(32). This modified sensor will be the subject of future in vivo CEST imaging experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
The chemical structure (left) and proposed binding model for EUDOTAM-2M-2PB with
glucose.
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Schematic of the liver perfusion apparatus.

Magn Reson Med. Author manuscript; available in PMC 2009 June 25.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Ren et al. Page 15

a

without glucose with glucose
R-eq®
R-ax¢ R'eqc Phen'H
H,O e A-ac?
Phen-H H
ac’
R-axs m
A R-axs
0 ol S
o o
R- -y
“» o &
» . Vo
b4
PO " "f, -
' 0
.0 .a .l 1
11||[11|||r|r11|w||1!1|1r11 TT‘ lVl\TYI[IViI‘l] |||rl|y\y|||||\1\||'||‘|\||‘1[|1[\||\]|[r|||\
2015 10 5 0 -5 -10 ppm b 20 15 10 5 0 -5 -10 ppm
FIG. 1.

a,b: TH EXSY NMR spectrum of 20 mM EuDOTAM-2M-2PB in D,0 at 400 MHz with water
suppression at 20°C in the absence (a) and presence (b) of 1:1 glucose. The mixing time was
25 ms. The chemical shift of water solvent is referenced to 0 ppm. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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FIG. 2.

a,b: IH NMR spectra of 20 mM EuDOTAM-2M-2PB cyclen axial protons in the most
downfield region at various temperature in the absence (a) and presence (b) of 20 mM glucose,
at 400 MHz, pH 7. The increased line broadening at higher temperatures is due to the more
rapid intramolecular exchange process discussed in the text.
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FIG. 3.
a,b: Z-spectra of 10 mM EuDOTAM-2M-2PB at 500MHz and various temperatures in the

absence (a) and presence (b) of 20 mM glucose. The presaturation pulse was a hard square
pulse with a B power level of 1 kHz and duration of 2 s.
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FIG. 4.

a: Z-spectra of 10 mM EuDOTAM-2M-2PB collected using various presaturation pulse
lengths in the presence of 20 mM glucose, 500 MHz, 25°C. b: Z-spectra of 40 mM EuL at
various saturation power levels (B1) in the absence of glucose, 400 MHz, 20°C, presaturation
duration = 2 s. The small CEST peak at -5 ppm is from the ligand —NH protons.
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a: Z-spectra of fresh effluent from a perfused fed-mouse liver and a 24-hr fasted mouse liver
at 37°C showing a glucose-induced CEST peak at wgn = 42 ppm. Both perfusates contained
10 mM EuDOTAM-2M-2PB agent, pH = 7.4. b,c: CEST images of a fed mouse liver (bottom)
and a 24-hr fasted mouse liver (top) perfused with 10 mM EuDOTAM-2M-2PB agent in the
presence (fed liver) and absence (fasted liver) of 10 mM glucose, 37°C. The “off-resonance”
image (b) showed no contrast between the two livers while the “on-res-onance” image (c)
showed image darkening of fed liver versus the fasted mouse liver with ogn =42 ppm. d: The
CEST image showed the glucose-induced CEST contrast between the fed and fasted mouse
livers.
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FIG. 6.

The 4.7T MR images of a glucagon-treated fed mouse liver (bottom) and a control 24-hr fasted
mouse liver (top) perfused with a 5 mM EuDOTAM-2M-2PB at 37°C. The “on-resonance”
image (ogn = 42 ppm with duration of 2 s and B1 power level of 1 kHz) showed CEST contrast
between the glucagon-treated perfused mouse liver and the liver without glucagon. The CEST
image shows the intensity differences between the “off” and “on” images. Other imaging
parameters included a [FOV] = 40 x 40 cm, 128 x 128 matrix, single 2 mm slice, TR = 4s, TE
=13 ms.
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FIG. 7.

CEST images showing the distribution of glucose in a perfused mouse liver (37°C) using
EuDOTAM-2M-2PB as the glucose sensor. The imaging parameters were identical to those
given in Figure 6. The gallbladder (GB) and liver portal vein (PV) are marked by arrows. (Top
panel) Glucose-induced CEST effect (Agc) versus glucose concentration in the isolated,
perfused liver. The data are averaged over three selected ROls within the liver tissue. The solid
curve represents a least-squares fitting of these data to a 1:1 binding model with an apparent
limiting Agc value of 15% and a binding constant (K;) of 656 M1,
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