
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier.com/locate/bmcl

Synthesis of 18F-labeled streptozotocin derivatives and an in-vivo kinetics
study using positron emission tomography
Kenji Arimitsua,⁎, Yusuke Yagia, Kazuhiro Koshinob, Yukina Nishitoa, Takahiro Higuchic,d,
Hiroyuki Yasuia, Hiroyuki Kimuraa,⁎

a Department of Analytical and Bioinorganic Chemistry, Kyoto Pharmaceutical University, 5 Nakauchi-cho, Misasagi, Yamashina-ku, Kyoto 607–8414, Japan
bDepartment of Systems and Informatics, Hokkaido Information University, 59-2 Nishi-Nopporo, Ebetsu, Hokkaido 069-8585, Japan
cGraduate School of Medicine Dentistry and Pharmaceutical Sciences, Okayama University, 2-5-1 Shikada-cho, Kita-ku, Okayama 700-8558, Japan
dDepartment of Nuclear Medicine and Comprehensive Heart Failure Centre (CHFC), Julius-Maximilian-University of Würzburg, Oberderrbacherstr. 6, 97080 Würzburg,
Germany

A R T I C L E I N F O

Keywords:
Streptozotocin
Glucose transporter 2
Fluorine-18 labeling
Positron emission tomography
Type-2 diabetes
Metabolic syndrome

A B S T R A C T

Glucose transporter 2 (GLUT2) is involved in glucose uptake by hepatocytes, pancreatic beta cells, and ab-
sorptive cells in the intestine and proximal tubules in the kidney. Pancreatic GLUT2 also plays an important role
in the mechanism of glucose-stimulated insulin secretion. In this study, novel Fluorine-18-labeled streptozotocin
(STZ) derivatives were synthesized to serve as glycoside analogs for in-vivo GLUT2 imaging. Fluorine was in-
troduced to hexyl groups at the 3′-positions of the compounds, and we aimed to synthesize compounds that were
more stable than STZ. The nitroso derivatives exhibited relatively good stability during purification and purity
analysis after radiosynthesis. We then evaluated the compounds in PET imaging and ex-vivo biodistribution
studies. We observed high levels of radioactivity in the liver and kidney, which indicated accumulation in these
organs within 5 min of administration. In contrast, the denitroso derivatives accumulated only in the kidney and
bladder shortly after administration. Compounds with nitroso groups are thus expected to accumulate in GLUT2-
expressing organs, and the presence of a nitroso group is essential for in-vivo GLUT2 imaging.

Glucose transporters (GLUTs) are membrane proteins encoded by
SLC2 genes that mediate the transport of monosaccharides, polyols, and
other small molecules.1–3 Fourteen families of GLUT proteins have been
identified in humans, and one or more GLUT families are expressed in
every cell type. Among membrane transporters, GLUT1 is one of the
most extensively studied. GLUT1 is expressed by many cells, including
erythrocytes, brain cells, and cells in the blood-brain barrier. It plays an
important role in glucose-metabolizing tissues.4–7 A glucose mimic la-
beled with fluorine-18, 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG), is
the most widely used positron emission tomography (PET) probe for the
detection of solid tumors and cardiovascular events due to its high af-
finity for GLUT1.8 GLUT2 belongs to another family of GLUTs expressed
primarily in hepatocytes, pancreatic beta cells, and absorptive cells in
the intestine and kidney proximal tubules.9 GLUT2 (Km of ~17 mM) has
a notably lower affinity for glucose than GLUT1 (Km of 2–5 mM).10 This
unique characteristic of GLUT2 means that its rate of glucose uptake
varies, even at normal and hyperglycemic plasma glucose concentra-
tions. Previous research indicates that pancreatic GLUT2 has an im-
portant function in glucose-stimulated insulin secretion, which

decreased in pancreatic beta cells with a decrease in GLUT2-expres-
sion.11–17 Reduced levels of GLUT2 expression have been observed on
the surfaces of pancreatic cells in mice fed a high-fat diet and pancreatic
beta cells exposed to palmitic acid and the synthetic glucocorticoid
dexamethasone.18,19 The decrease in GLUT2 expression has been found
to be the result of reduced GnT-IVa expression, which is related to the
production of a complex-type glycan in the GLUT2 protein that stabi-
lizes GLUT2 on cell surfaces by binding lectin receptors.20,21 Decreased
GnT-IVa expression is thought to be the reason why elevated free fatty
acid concentrations cause nuclear exclusion and reduced expression of
the transcription factors FOXA2 and HNF-1A in beta cells.22 It has thus
been suggested that GLUT2 is a very important biomolecule in the
pathogenic mechanism of impaired insulin secretion and insulin re-
sistance in type-2 diabetes. In their efforts to visualize the ribose sal-
vage pathway, Clark et al. reported the incorporation of a 18F-labeled
compound into mouse hepatocytes via GLUT2.23 They found that 2-
deoxy-2-[18F]fluoroarabinose was taken up by the liver through
GLUT2, and that uptake by the liver was reduced in model mice with
metabolic syndrome. This confirmed that GLUT2 expression by
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hepatocytes would decrease with the progression of type-2 diabetes. We
hypothesized that the expression of GLUT2 on cell membranes would
decrease as part of a negative feedback mechanism in hyperlipidemia,
which would promote gluconeogenesis after lipid consumption and
reduce intracellular glucose concentrations. We thus became interested
in elucidating the relationship between metabolic syndrome and GLUT2
expression.

Herein we report the synthesis of 18F-labeled streptozotocin (STZ)
derivatives for in-vivo GLUT2 imaging. STZ (Fig. 1) is a D-glucosamine
derivative that bears a nitrosoureido group,24 and it is known to be

taken up by cells through GLUT2.25,26 STZ causes nitrosourea-induced
cytotoxicity, and its antibacterial and antitumor activities make it
biologically useful.25,28 In fact, STZ has been approved in Japan and the
United States as a drug for metastatic cancer of the pancreatic islet
cells.29 Diabetogenic activity damages beta cells in the islets of Lan-
gerhans in the pancreas. STZ has been used to establish mouse models
for type-1 diabetes in the field of diabetes research.30–32 The in-vivo
biodistribution of STZ labeled with carbon-14 has been studied.33,34

Carbon-14 was incorporated at the 3′-position of STZ to make it
radioactive for detection, and the sugar moiety was shown to be im-
portant for the accumulation of STZ in pancreatic islets. Radioactivity
also accumulated in the liver and kidney. STZ derivatives have also
been conjugated to fluorescent probes35,36 and the probes were found to
be taken up selectively by insulinoma INS-1E cells used to model pan-
creatic beta cells. However, STZ derivatives labeled with positron-
emitting nuclides have never been developed for in-vivo PET imaging.
We synthesized novel 18F-labeled STZ derivatives and evaluated their
biodistribution in normal mice by performing PET imaging and an ex-
vivo biodistribution study.

Prior to designing 18F-labeled STZ, we investigated a known STZ
derivative (III)37 that contained a 2-fluoroethyl group as a substitute for
the STZ methyl group (Scheme 1A). We synthesized the compound from
2-fluoroethylamine and D-glucosamine (Scheme 1A). We first prepared
a carbamate (I) from 2-fluoroethylamine and disuccinimidyl carbonate
and reacted it with D-glucosamine to obtain glucosaminyl urea (II).38 N-
nitrosylation of II with tert-butyl nitrite afforded derivative III as a
white solid. However, we concluded that IIIwould not be a suitable 18F-
labeled model compound. One reason for this was the long reaction
time needed for the first step. Even if 2-[18F]fluoroethylamine was used,
a long reaction time did not afford I with a sufficient amount of
radioactivity.39 Another reason was the instability of III and urea II. We
expected III to be unstable based on previous studies of STZ and
chlorozotocin.24,40 However, the urea precursor (II) also generated

Fig. 1. Structures of STZ and known labeled STZ derivatives.

Scheme 1. Synthesis of a known fluorinated STZ derivative (III) and structures predicted to be obtained from the transformation of urea II.
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byproducts rapidly in solution. This was attributed to cyclization of the
anomeric carbon and nitrogen atoms in the urea moiety (Scheme 1B).41

Based on these results, we decided to redesign the STZ derivatives.
Alkylating the anomeric hydroxy groups in STZ glycoside analogs

has been reported to enhance their stability.42 The compounds do not
have diabetogenic activity, and their antitumor activities are similar to
that of STZ.42–44 However, it is not yet known whether glycosylation
interferes with their ability to interact with GLUT2. We decided to
employ this strategy to synthesize methyl glycosides. Thereby, we first
obtained N-carbobenzyloxy-D-glucosamine (1)45 from D-glucosamine
hydrochloride and used it to prepare α-methyl and β-methyl glycosides
2a and 2b (Scheme 2). Anomeric isomers 2a and 2b could be separated
via silica gel chromatography. The benzyloxycarbonyl protecting
groups were removed, and disuccinimidyl carbonate was added for
subsequent conversion to the active carbamates without purification.
To perform conventional 18F-fluorination of the corresponding tosylate
precursor using potassium [18F]fluoride, the introduction of hydro-
xyalkyl chain of appropriate length to the ureido moiety was in-
vestigated. Among them, the tosylation of 2-hydroxyethyl derivative 8
and 4-hydrobutyl derivative 11 prepared from 2b to give corresponding
tosylate were difficult because these compounds readily underwent
intramolecular cyclization (Scheme 3). Therefore, we prepared 6-hy-
droxyhexylureido compounds 3a and 3b with 6-amino-1-hexanol in
moderate yields, and subsequent tosylation of 3a and 3b successfully
yielded 4a and 4b as precursors for the fluorinated compounds (Scheme

Scheme 2. Synthesis of the novel fluorinated STZ derivatives 7a and 7b.

Scheme 3. Attempt of tosylation using compounds 8 and 11.

Scheme 4. Synthesis of 18F-fluorinated STZ derivatives [18F]7a and [18F]7b. The yields shown in parentheses represent the ranges of three independent experiments
(n = 3) at the end of synthesis.
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2). Non-radioactive compounds 5a and 5b were obtained without any
byproducts after fluorinating 4a and 4b with tetrabutylammonium
fluoride. Hydrolysis of 5a and 5b and subsequent nitrosylation gave the
desired products 7a and 7b. As expected, the ureas 6a, 6b, 7a, and 7b
were relatively stable under various chromatographic purification
conditions. However, 7a and 7b were not stable under reversed-phase
high performance liquid chromatography (HPLC) conditions.

We synthesized radioactive [18F]7a and [18F]7b as illustrated in
Scheme 4. Nucleophilic substitution of 4a and 4b was performed using
potassium [18F]fluoride. Acetonitrile was a more suitable solvent for
this reaction than tetrahydrofuran and 1,4-dioxane. Ten minutes was
insufficient for the reaction to go to completion, so the reaction was
allowed to proceed for 20 min. The mixture was heated to 90 °C for 18F-
fluorination, and methanolysis was performed immediately after re-
moving the solvent to yield [18F]6a and [18F]6b. [18F]6a and [18F]6b
were purified and analyzed using a reversed-phase HPLC system
equipped with a radioisotope detector. Final nitrosylation proceeded
rapidly to afford [18F]7a and [18F]7b, which were then purified on a
reversed-phase Sep-Pak solid phase extraction column. The radio-
chemical purities were estimated via autoradiography using thin-layer
chromatography plates and found to be near 90% (84%–99%).

PET imaging was performed using normal mice to evaluate the
dynamic whole-body distributions of the 18F-labeled STZ derivatives.
Male ddY mice were anesthetized with isoflurane and injected in-
travenously with [18F]7a or [18F]7b. [18F]6a and [18F]6b, which were

denitroso intermediates in the synthesis of [18F]7a and 7b, were also
examined. In an in-vitro study of fluorescently-labeled STZ deriva-
tives,35,36 it was found that denitroso derivatives were taken up by cells
through GLUT2 in addition to the nitroso products. Therefore, we also
expected the biodistribution of [18F]6a and [18F]6b as GLUT2 imaging
probes. PET data were acquired for 60 min soon after injection and
reconstructed into images with dynamic frames of 12 × 15 s, 7 × 60 s
and 5 × 600 s. Images at representative timepoints are shown in Fig. 2.
Images of mice injected with [18F]7a and [18F]7b showed high levels of
radioactivity accumulating in the liver and kidney within 5 min of
administration. We also observed intestinal accumulation after 20 min
and clearance through the liver. GLUT2 is known to be expressed pri-
marily in the liver, kidney, and intestine.9 In addition, we performed
Western blot analysis using ddY mice of same age as used for PET study,
and confirmed that GLUT2 is expressed in these tissues of ddY mice
(Fig. 3). The relatively high accumulations of [18F]7a and [18F]7b in
the liver and kidney were similar to previously reported results ob-
tained with carbon-14-labeled STZ.33,34 Surprisingly, [18F]6a and [18F]
6b accumulated only in the kidney and bladder soon after adminis-
tration. Based on previous reports that a fluorescein-labeled denitroso
STZ derivative was recognized by GLUT2 in-vitro,35,36 we thought the
distribution of [18F]6a and [18F]6b might be attributable to rapid renal
excretion. However, further examination is required. We evaluated
differences arising from the stereochemistry of the anomers and found
that the β anomers [18F]7b and [18F]6b accumulated in the kidney to a
greater extent than the α anomers [18F]7a and [18F]6a.

The ex-vivo biodistributions of [18F]7a and [18F]7b were also in-
vestigated (Table 1). Like the PET study, marked accumulation of both
compounds in the liver, kidney, and intestines was observed. Mean-
while, their clearances were relatively rapid. If [18F]7a,b are expected
to add a [18F]fluorohexyl group to the 7-position nitrogen atom in
guanine base by a mechanism similar to STZ alkylation,27,32 the
clearance of radioactivity from these tissue may be considered too
rapid. This may be attributed to the elimination of [18F]fluoride ions
caused by the formation of DNA cross-linking. Nitrosourea antitumor
agents such as nimustine, ranimustine, and carmustine that contain 2-

Fig. 2. PET/CT images of mice after administration of the 18F-labeled STZ derivatives. (A) [18F]7a (17.2 MBq), (B) [18F]7b (13.4 MBq), (C) [18F]6a (28.0 MBq), (D)
[18F]6b (33.7 MBq).

Fig. 3. The expression of GLUT2 in liver, pancreas, kidney, and small intestine.
(A and B) GLUT2 expression in total protein of liver (A) and pancreas (B).
GAPDH and β-actin were used as the loading control. (C and D) GLUT2 ex-
pression in membrane protein of kidney (C) and small intestine (D). Na+/K+-
ATPase was used as the loading control.
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chloroethyl groups are known to cause interstrand DNA cross-linking
through the formation of 2-chloroethyl adducts and subsequent nu-
cleophilic displacement of chlorine.46 Furthermore, there are some re-
ports which suggest that nitrosoureas with fluoroalkyl group, whose
reactivity is less than that of chloroalkyl group, form DNA cross-
linking.37,46 Indeed, the accumulations of radioactivity in bone in-
creased over time; this is associated with the presence of free fluoride
ions. On the contrary, the pancreas did not show high accumulation.
GLUT2 in the pancreas is present in pancreatic islet cell which is less
than 5% of all pancreatic cells, so it is expected to be lower than in the
liver and small intestine. Therefore, it is beneficial to evaluate the re-
tention capability of radioactivity in pancreas for the investigation of
pancreatic islet imaging probe. However, because the pancreatic ac-
cumulation is also rapidly cleared, it would be necessary to redesign a
molecule that is difficult to be cleared from islet cells. Moreover, unlike
[18F]FDG, the compounds did not accumulate to a notable extent in the
brain and heart.8

The chemical stability of a PET probe is important to ensure the
reliability of a molecular biological evaluation. With this in mind, we
synthesized STZ derivatives as glycoside analogs and radiolabeled them
by introducing 18F to hexyl groups at the 3′-positions. The 18F-labeled
STZ derivatives [18F]7a and [18F]7b obtained using our radiosynthetic
protocol were relatively stable during purification and purity analysis.
Their biodistributions clearly differed from that of [18F]FDG.47 They
were similar to the biodistribution of 2-deoxy-2-[18F]fluoroarabinose, a
PET probe reported for the visualization of ribose salvage via GLUT2.23

We expected that probes 6a and 6b would be taken up by cells after
labeling the alkyl functional groups with 18F, and we examined their
biodistributions by performing PET imaging. However, to obtain high-
contrast images, additional structural optimization is needed to sup-
press the dissociation of fluoride ions.
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