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Fructose metabolism has been implicated in various diseases, includ-
ing metabolic disorders, neurodegenerative disorders, cardiac disor-
ders, and cancer. However, the limited availability of a quantitative
imaging radiotracer has hindered its exploration in pathology and
diagnostic imaging. Methods: We adopted a molecular design strat-
egy based on the catalytic mechanism of aldolase, a key enzyme in
fructolysis. We successfully synthesized a radiodeoxyfluorinated fruc-
tose analog, ['®F]4-fluoro-4-deoxyfructose (['®F]4-FDF), in high molar
activity. Results: Through heavy isotope tracing by mass spectrome-
try, we demonstrated that C,-deoxyfluorination of fructose led to
effective trapping as fluorodeoxysorbitol and fluorodeoxyfructose-
1-phosphate in vitro, unlike C4- and Ceg-fluorinated analogs that
resulted in fluorolactate accumulation. This observation was consis-
tent in vivo, where ['®F]6-fluoro-6-deoxyfructose displayed substantial
bone uptake due to metabolic processing whereas ['F]4-FDF did not.
Importantly, ['®F]4-FDF exhibited low uptake in healthy brain and heart
tissues, known for their high glycolytic activity and background levels
of ["®F]FDG uptake. ['®F]4-FDF PET/CT allowed for sensitive mapping
of neuro- and cardioinflammatory responses to systemic lipopolysac-
charide administration. Conclusion: Our study highlights the signifi-
cance of aldolase-guided C, radiodeoxyfluorination of fructose in
enabling effective radiotracer trapping, overcoming limitations of C4
and Cg radioanalogs toward a clinically viable tool for imaging fructoly-
sis in highly glycolytic tissues.
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The use of fructose as an energy source (i.e., fructolysis) dur-
ing the onset and progression of a variety of diseases is a contin-
ued area of both fundamental and clinical investigation, with
inflammation-induced energy crises activating a fructolytic state in
the affected tissues. In the heart, the switch from glycolysis to
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fructolysis has been identified in cardiac hypertrophy (/,2) and myo-
cardial infarction (3), with data supporting a hypoxia-driven activa-
tion of this aberrant metabolic program. In the brain, fructolysis is
thought to be a putative driver of Alzheimer disease (4) and has been
shown to be proinflammatory, with negative implications after trau-
matic or stroke injury and in psychologic health (5). The switch from
glucose to fructose as an energy source may also be a key oncologic
driver, promoting the progression of a variety of solid tumors
through the concerted transcriptional activation of transport and met-
abolic machinery (6—10). Excessive fructose consumption has also
been associated with a liver-centered metabolic syndrome thought to
drive obesity and diabetes (/) and to be a major player in the related
cardiovascular (/1,12), ocular (/3), and degenerative (/2) outcomes.
The fundamental importance of fructolysis in a range of diseases has
encouraged the development of methods to noninvasively map fruc-
tose metabolism, a challenge that is currently an unsolved problem.

Canonic fructose metabolism begins with glucose transporter
S5—mediated transport into the cell and ketohexokinase-mediated trap-
ping of the sugar as fructose-1-phosphate (Fig. 1A) (/). Phosphory-
lation is followed by carbon chain scission through the activity of
aldolase enzymes and the subsequent formation of glyceraldehyde-
3-phosphate, which continues to be metabolized downstream. This
metabolic cascade has been followed using noninvasive in vivo
imaging in preclinical models, taking advantage of the spectroscopic
capabilities of deuterium and hyperpolarized MRI (/4,15). Toward
the clinical translational use of fructolysis as a quantitative imaging
biomarker, previous work has attempted to trace fructose metabolism
by PET by installing radiofluorine ('®F) at the C; or Cg positions
(16-20). The early metabolic trapping of fructose would lend itself
to tracing of aberrant metabolism similarly to ['*F]FDG, the most
extensively applied PET nuclear diagnostic used in the clinic. How-
ever, the significant bone-derived radioactivity observed by PET
from previous radiodeoxyfluorofructose analogs suggests that cellu-
lar trapping was not achieved (Fig. 1A).

To produce a radioftuorinated fructose analog that is trapped in
cells as its phosphorylated metabolite, we closely examined the cata-
lytic mechanism of aldolase, the enzyme for which fructose-1-phos-
phate is a substrate (Fig. 1B) (27). Within the aldolase active site, the
initial Schiff base formation with the C,-carbonyl is immediately fol-
lowed by a base-mediated proton abstraction from the C,-hydroxyl
moiety to induce C—C bond scission. Given the critical role of the C4-
OH in the catalytic mechanism, we hypothesized that the

475


https://doi.org/10.2967/jnumed.123.266905
mailto:adam.shuhendler@uottawa.ca
mailto:adam.shuhendler@uottawa.ca

A Cell Downstream
Uptake Phosphorylation Scission Metabolism
ATP ADP i

i i L)

,\?‘(:-c'"m« l- O oon AP AP o groy T ]
HO { - HO “oH S/ wo ~oH | "

R T g
] L o~ orop

o O
1-FDF  Ho o
Haradahira, 1995 wO  OH

0. —OH

6FDF r [ M

e o . I
0. OH H H
<
e

B C

4-FDF
Current Work

ALDO + Fructose ALDO + 4-FDF
Of:,; ". N, H 0 ﬂm-‘;i ﬁr,wmo-»in ?’:""\H o‘r::_,;/ N, 70‘ evo 31 x-—
Ho N OR B - wo 260N e T o Ha = o B T
7 oH 7 oH ron ) OH
OH OH OoH OH
FIGURE 1. Fructose metabolism tracing, then and now. (A) Initial metabolism of fructose comprises

cell uptake, phosphorylation, and scission steps mediated by glucose transporter 5, ketohexokinase,
and aldolase, respectively. Proposed progression of existing fructose-derived radiotracers, 1-FDF
and 6-FDF, as well as hypothesized trapping of proposed 4-FDF, are shown. (B) First 2 steps of
aldolase-mediated scission of fructose. (C) Proposed effect of C, deoxyfluorination on aldolase
mechanism. ADP = adenosine diphosphate; ALDO = aldolase; ATP = adenosine triphosphate; B~ =
basic residue; blue = aldolase active site residue; GLUT = glucose transporter; KHK = ketohexokinase;

PET/CT Imaging

PET/CT imaging was performed on an
Si78PET/CT scanner with a 4-position hotel
having adjustable isoflurane and respiratory
monitoring for each position (Bruker USA).
Tail veins were catheterized, and an ana-
tomic CT scan was acquired over the whole
of the mouse bodies using the rat settings.
The PET acquisition was started just before a
bolus intravenous injection of approximately
74 MBq of radiotracer. Dynamic scans
were acquired in list mode over 45 min and
sorted into sixteen 0.5-mm sinogram bins for
image reconstruction (4 X 155, 4 X 60, and
8 X 3005s). Iterative reconstruction was per-
formed using 3-dimensional ordered-subsets
expectation maximization followed by fast
maximum a posteriori estimation using Para-
vision 360 software, version 3.4 (Bruker). Four-
mouse images were split into individual mice,
and the bed was removed using PMOD (Bruker).
VivoQuant, version 2022 (InviCRO), was used
to visualize tissue uptake, for definition of
3-dimensional volumes of interest, and to visual-
ize in 3 dimensions for volume rendering. The

TK = triose kinase; TPl = triosephosphate isomerase.

deoxyfluorination of the C, position would prevent aldolase-mediated
scission (Fig. 1C), resulting in the trapping of 4-fluoro-4-deoxyfruc-
tose (4-FDF) within the metabolic cell of origin (Fig. 1A). In the cur-
rent work, we generated 4-FDF, evaluated its metabolic flux in vitro
relative to 1-fluoro-1-deoxyfiructose (1-FDF) and 6-fluoro-6-deoxy-
fructose (6-FDF), and compared the PET imaging of ['8F]4-FDF with
that of ['®F]6-FDF and ['®F]FDG in tracing metabolism in mouse
models of cancer and systemic inflammation.

MATERIALS AND METHODS

Synthesis
All synthetic procedures are described in detail in the supplemental
materials (available at http://jnm.snmjournals.org).

In Vitro Metabolic Tracing
All procedures for metabolic tracing of [U'*C]-fructose analogs are
provided in the supplemental materials.

Animal Models

All animal research was approved by the institutional animal care
and use committee of the University of Ottawa under animal use pro-
tocols SCe-3254-R3 (tumor study) and SCe-4019-A1 (inflammation
study). Mice were housed in standard cages, kept on a 12-h light—dark
cycle, and provided standard rodent chow and water ad libitum.

Eight-week-old female nu/nu mice were inoculated, subcutaneously
under the left shoulder, with 10 X 10° HepG2 cells suspended in 50%
Matrigel (Corning)-50% Dulbecco modified Eagle medium. Within 3
wk of implantation, the mice were imaged by PET/CT.

Eight-week-old male C57BL/6 mice received a 5 mg/kg dose of lipo-
polysaccharide through intraperitoneal injection 24h before planned
PET/CT imaging. For 12h after receiving the injection, they were kept
warm, given fluids subcutaneously, monitored, and scored for severity
of response to lipopolysaccharide as published previously (22).
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count densities were averaged for all volumes of
interest at each time point to obtain a time—activ-
ity curve. Tumor and tissue time—activity curves
were normalized to injected dose, measured by a CRC-15 PET dose calibra-
tor (Capintec, Inc.), and expressed as percentage injected dose per cubic cen-
timeter of tissue.

Statistical Analyses

Statistical analyses were performed using Prism (version 9.5.0; Graph-
Pad, Inc.). Comparisons across more than 2 groups were performed by
1-way ANOVA followed by the Tukey test for honestly significant differ-
ences. Normality was assumed when appropriate for all datasets. Before
ANOVA, the Levene test was used to confirm equal variance, and visual
quantile—quantile plot analysis was used to confirm homoscedasticity.

RESULTS

To characterize the structure—activity effect of fructose deoxy-
fluorination on metabolic flux, we evaluated the metabolism of
isotopically labeled [U'3C]-fructose and of [U'3*C]-1-FDF,
[U'3C]-6-FDF, and [U'3C]-4-FDF deoxyfluorinated fructose ana-
logs in vitro in HepG2 human hepatocarcinoma cells by mass
spectrometry (Fig. 2). HepG2 was chosen as a model cell line
because of a recent report by Tee et al. outlining its propensity for
fructolysis (23). [U'3C]-1-FDF and [U'*C]-6-FDF were synthe-
sized according to previously published methods (76,17), and
[U'3C]-4-FDF was synthesized as described in the supplemental
materials. After confirming that [U'3C]-fructose was metabolized
as expected through both fructolytic and polyol pathways to estab-
lish a baseline for tracing fructose metabolism (Fig. 2A), we
next examined the relative flux of the deoxyfluorinated analogs
(Fig. 2B). [U'3C]-1-FDF showed limited metabolism through the
polyol pathway, with most of the '*C-labeled cellular product
being [U!3C]-deoxyfluorolactate (Fig. 2B). Of critical importance,
however, is that although [U'3C]-6-FDF metabolism produced a sub-
stantial amount of [U'3CJ-deoxyfluorolactate through scission and
downstream metabolism (Fig. 2B), [U'3C]-4-FDF metabolism halted
at [U'3C]-4-fluorodeoxy-1-phosphate, the fructolytic metabolite that
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FIGURE 2. Decoding positional effects of fructose deoxyfluorination on its metabolism in vitro in
HepG2 cells by mass spectrometry. (A and B) Relative abundance of metabolites from isotopically

labeled [U'3C]-fructose (A) and [U'3C]-1-FDF, [U'3C]-4-FDF, and [U'C]-6-F

of metabolite generation from [U'C]-4-FDF. (D-G) Metabolism schemes based on mass spectrome-
try results for [U'3C]-fructose (D), [U'®C]-1-FDF (E), [U'3C]-4-FDF (F), and [U'3C]-6-FDF (G). Black
text = detected metabolite or pathway; blue circle = '°C; dF = deoxyfructose; DHAP = dihydroxy-
acetone phosphate; G3P = glyceraldehyde-3-phosphate; gray text = undetected metabolite or
~; yellow circle = 19F,

pathway; HK = hexokinase; KHK = ketohexokinase; pink circle = PO42

is the substrate for aldolase-mediated scission (Fig. 2B). Uniquely,
[U'3C]-4-FDF metabolism also resulted in the accumulation of
[U'3C]-4-fluorodeoxyfructose-1,6-bisphophate. A key outcome of
this experiment was the confirmation that all deoxyfluorinated ana-
logs of fructose entered the cells rapidly (within 30 min). To validate
the observed metabolite trapping, a time course evaluation of
[U'3C]-4-FDF metabolism was performed over 60 min, demonstrat-
ing the steady-state accumulation of [U'*C]-4-fluorodeoxyfructose-
1-phosphate and [U'3C]-4-fluorodeoxyfructose-1,6-bisphosphate and
the increase in [U'3C]-4-fluorodeoxysorbitol throughout the 60 min
of incubation (Fig. 2C). The results of this study support our hypoth-
esis that, like native fructose (Fig. 2D), neither [U'3C]-1-FDF (Fig.
2E) nor [U'3C]-6-FDF is metabolically trapped (Fig. 2G) but that
the deoxyfluorination of fructose at C, prevents aldolase-mediated
hexose scission and traps the deoxyfluorinated fructose analog in the
cell (Fig. 2F). By rethinking the site of deoxyfluorination to afford
metabolic trapping as informed by the catalytic mechanism of the
enzyme immediately ensuing to the intended trapped metabolite, we
uncovered the chemical requirements for mapping fructolysis.

To proceed toward fructolysis mapping in vivo by PET, a radio-
deoxyfluorination approach was designed to afford nucleophilic
substitution at the C, position using standard radiochemical techniques
somewhat related to the routine production of ['*F]JFDG. Details of
the synthesis of compounds 1-4 have been reported previously
(24), and further synthetic steps and chemical characterization for
compounds 5, 6, and ['8F]4-FDF are provided in the supplemental
materials (Supplemental Schemes 1-5; Supplemental Figs. 3-232).
The precursor synthesis began with C;-OH methylation and
dimethyl ketalation of C,-OH and C3-OH, followed by the protec-
tion of C¢-OH with chloromethyl methyl ether in order to isolate
the C4-OH (Fig. 3A). The stereochemistry at C, was then inverted
in 2 steps and was converted to the tosylated precursor 5 (Fig. 3A).
The C, stereoinversion was necessary to allow the subsequent
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in vitro and in vivo (/8). After intravenous
injection, ['®F]4-FDF was found to accumu-
late in the tumor, with renal exceeding hepa-
tobiliary excretion (Fig. 4A). This pattern of
radiotracer retention was similarly observed
for ['8F]6-FDF, with a key difference, how-
ever, being bone uptake (Fig. 4B). Although
any bone uptake was limited to less than 2%
injected dose/mL for ['®F]4-FDF (Fig. 4A;
Supplemental Fig. 2), bone uptake was 3.69-fold higher (>7% injected
dose/mL) after ['8F]6-FDF imaging (Fig. 4B and 4D). This extensive
bone uptake, which continues to increase over time (Supplemental Fig.
2), was reported previously for ['8F]6-FDF (I7) and is supported by
the metabolic flux outcomes of [U'*C]6-FDF demonstrating the pro-
duction of [U3C]fluorodeoxylactate (Figs. 2B and 2G).

Overall, the accumulation of ['®F]4-FDF in normal mouse tis-
sues was lower than that of ['®F]FDG (Figs. 4A vs. 4C). Notably,
the area under the time—activity curve in the brain and heart was
6.01- and 5.29-fold greater, respectively, for ['®F]FDG than for
['8F]4-FDF (Fig. 4D), suggesting that healthy brain and heart have
a limited dependence on fructolysis for energy production. To fur-
ther investigate whether a fructolytic switch occurs in inflamma-
tory neural and cardiac tissues, as previously proposed (/-3,12), a
mouse model of systemic inflammation was examined (Fig. 5).
Mice receiving saline vehicle (Fig. 5A) or intraperitoneal bacterial
cell wall lipopolysaccharide, as previously described (Fig. 5B)
(22), were imaged by ['®F]4-FDF PET/CT 24h after injection. A
significant increase in cardiac (Figs. 5D and 5F) and brain (Figs.
5C and 5F) uptake of ['8F]4-FDF was observed after lipopolysac-
charide treatment in all mice evaluated. Both the brain and the
heart demonstrated inflammatory responses to lipopolysaccharide
stimulation within 24h of its systemic introduction, mediated
through toll-like receptor engagement on microglia or cardiac
adrenergic cells (26,27). The low uptake of ['8F]4-FDF in healthy
brain and heart contributed to an increased signal-to-noise ratio for
the mapping of cardio- and neuroinflammation (Figs. 5C and 5D).

DF (B). (C) Time course

DISCUSSION

Although the pathologic switch to fructose metabolism has been
implicated in a variety of metabolic, neurodegenerative, and car-
diac diseases, as well as being a driver or consequence of
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FIGURE 3. Syntheses of radiochemical precursor (A) and final radiofluorinated ['®F]4-FDF (B).
methanol; MOMCI = chloromethyl methyl ether;

pTsOH = para-toluenesulfonic acid; MeOH
DIPEA = N,N-diisopropylethylamine; DCM = dichloromethane; EtOH

toluenesulfonyl chloride; R.T. = room temperature; TEAB = tetraethylammonium bromide.; DMSO

= dimethylsulfoxide; RCY = radiochemical yield.

malignancy, the evaluation of fructolysis in fundamental mecha-
nisms of pathology and its implementation as a diagnostic imaging
biomarker has been limited by the lack of a quantitative tracer for
imaging-based analysis. Taking a molecular design approach
informed by the catalytic mechanism of aldolase, the fructolytic
enzyme whose activity must be blocked in order to afford meta-

tumor microenvironment that is a hallmark
of solid tumors (31,32). The direct mecha-
nism of radiofluorinated metabolite uptake
by bone remains to be uncovered; however,
it is known that osteoblasts express mono-
carboxylate transporter 1 and actively take
up lactate (33-35). Additionally, extratu-
moral metabolism may also contribute to radioactivity uptake in the
bone, as hepatic lactate metabolism through lactate dehydrogenase
can produce pyruvate with a potential for defluorination (36). By
any mechanism, both in vitro and in vivo data demonstrate that
radiodeoxyfluorination of fructose at C,4, but not at Cg, can subvert
cellular radiometabolite loss and bone accumulation.

ethanol; TsCl = para-

bolic trapping, we synthesized a radiodeoxy-
fluorinated analog of fructose: ['8F]4-FDF.
Radiosynthesis was realized on a standard
radiofluorination module in good yield and
molar activity, mimicking the nucleophilic
radiofluorination and acid-catalyzed depro-
tection used for the preparation of [!F]JFDG
(Fig. 3).

As compared with previously reported C;
and Cg radioanalogs of fructose, using heavy-
isotope tracing by mass spectrometry we dem-
onstrated that the C, deoxyfluorination of
fructose led to trapping as fluorodeoxysorbi-
tol and fluorodeoxyfructose-1-phosphate
in vitro (Fig. 2). Key differences in polyol
pathway flux were also observed between the
different fluorinated positional isomers. The
limited polyol flux observed for C; fluoro-
deoxyfructose is likely the result of improper
substrate positioning in the sorbitol dehydro-
genase active site by the deoxyfluorination of
C,, which prevents a critical C;-OH-to—zinc
interaction (28). In contrast, both [U'3C]-6-
FDF and [U'3C]-4-FDF were capable of pro-
ceeding through the polyol pathway but did
not form detectable amounts of glucose-6-
phosphate (Fig. 2B). The arrest at [U'3C]-4/6-
fluorodeoxysorbitol could be the result of the
reduction of aldose reductase activity either
through active-site water displacement or
through catalytically detrimental interactions
with the active-site—adjacent specificity pocket
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FIGURE 4. Comparative PET/CT imaging in heterotopic HepG2 xenograft mouse model. (A-C) Summed
PET/CT images from 20 to 45 min after intravenous injection of ["®F4-FDF (A), ['®F]6-FDF (B), or ['®FIFDG
(C). Sagittal sections, coronal sections, and maximum-intensity projections are shown, in addition to axial
sections at level of brain, heart, liver/kidneys, and hips. (D) Fold change in area under curve for entire time—
activity curve in Supplemental Figure 2 for ['®F]6-FDF and ['®F] FDG normalized to values for [*®F]4-FDF.
Purple represents increase in AUC, and blue represents decrease in area under curve. %ID = percentage
injected dose; AUC = area under curve; MIP = maximume-intensity projection.
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show individual data points (circles), mean (long line), and SD (vertical line).
*P < 0.05 by ANOVA followed by Tukey test. %ID = percentage injected
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An important outcome of the stable tracing of fructolysis
afforded by ['®F]4-FDF was the observation of low uptake in
healthy brain and heart (Fig. 5), tissues that are highly glycolytic
and associated with high background levels of ['*F]JFDG uptake
(Fig. 4). The low fructolytic background rates in these tissues
afforded the sensitive mapping of the neuro- and cardioinflamma-
tory response to systemic lipopolysaccharide administration by
['8F]4-FDF (Fig. 5). Therefore, the aldolase-prescribed C, radio-
deoxyfluorination of fructose resulted in radiotracer trapping on
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intracellular uptake and phosphorylation (Fig. 1), overcoming lim-
itations to fructolysis tracing by C; and Cg radioanalogs.

Although ['8F]FDG is used clinically to map glucose uptake for
diagnostic imaging of traumatic brain injury (37), dementia (38), and
Alzheimer disease (39), the estimation of neuroinflammation by
['*F]FDG PET is difficult because physiologic glucose uptake may
obscure inflammation-specific signal. The presence of inflammatory
cells can mask metabolic deficits in neurodegenerative diseases, hin-
dering the use of glucose consumption as a biomarker in these cases
(40). Neuronal ['8F]JFDG uptake in a lipopolysaccharide-treated mouse
therefore does not necessarily reflect metabolic state or neuronal dam-
age, as microglial activation and immune cell infiltration confound
uptake (47). ['"*FJFDG PET may also be used for diagnostic imaging
of cardiopulmonary inflammation (42), cardiopulmonary infection
(43), and atherosclerosis; however, efforts must be made to minimize
myocardial glucose metabolism before imaging to reduce the false-
positive rate due to the low signal-to-noise ratio (44,45). These efforts
rely on a diet-based metabolic switch from glucose to free fatty acids,
relying heavily on patient compliance. The low brain and heart uptake
in healthy, nonfasting mice described here makes fructose metabolism
an attractive biomarker in tissues that are otherwise highly glycolytic
and have high ['8F]JFDG uptake in the absence of disease.

CONCLUSION

The metabolic flux of deoxyfluorofructose was characterized by
heavy-isotope labeling. [U'3C]-1-FDF exhibited limited polyol
metabolism, whereas both [U'*C]-6-FDF and [U'3C]-4-FDF showed
polyol pathway involvement. Only [U'3C]-4-FDF metabolism halted
at [U3CJ-4-fluorodeoxyfructose-1-phosphate, supporting its unique
ability to be trapped within cells. ['8F]4-FDF was synthesized with
good molar activity and radiochemical yield. In a HepG2 xenograft
mouse model, ['®F]4-FDF exhibited tumor accumulation with mini-
mal bone uptake, whereas ['®F]6-FDF displayed substantial bone
retention. ['8F]4-FDF displayed lower accumulation in normal
mouse tissues than did ['®F]JFDG, notably in the brain and heart. As
a result, a significant increase in ['®F]4-FDF uptake in cardiac and
brain tissues was observed after lipopolysaccharide treatment,
highlighting the potential of ['®F]4-FDF PET/CT for sensitive map-
ping of cardio- and neuroinflammation in highly glycolytic tissues.
Overall, this research provides critical insights into the metabolic fate
of deoxyfluorinated fructose analogs and demonstrates the potential
of ['8F]4-FDF for mapping disease or injury involving cardio- and
neuroinflammation. With the ability to safely and effectively map
fructolysis in mice, and low uptake in healthy tissues compared with
[*®F]FDG, ['8F]4-FDF offers a clinically viable tool for diagnostic
imaging of tissues with a high baseline glycolytic index. As dosime-
try is not expected to be limiting, the clinical translation of this biosi-
milar radiotracer is feasible.
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KEY POINTS

QUESTION: Can fructose metabolism accurately be mapped
by PET?

PERTINENT FINDINGS: By installation of radiofluorine at the C,
position of fructose, fructose metabolism can be accurately
mapped because of intracellular trapping of the phosphorylated
metabolite. Fructose use was low in the healthy brain and heart
but elevated in disease, providing an opportunity for imaging
neuro- and cardioinflammation.

IMPLICATIONS FOR PATIENT CARE: The introduction of
["8F]4-FDF opens new doors for mapping inflammation in cardiac
and neural diseases with a biosimilar radiotracer based on a
modified dietary sugar.
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