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Abstract. The aim of this study was to evaluate the
properties of the D-amino acid isomers O-18F-fluoromethyl
tyrosine (18F-FMT), O-18F-fluoroethyl tyrosine (18F-FET)
and O-18F-fluoropropyl tyrosine (18F-FPT) as tumour-
detecting agents with PET in comparison with the
corresponding L-isomers. L- or D-18F-FMT, 18F-FET or
18F-FPT, prepared by 18F-fluoromethylation, 18F-fluor-
oethylation or 18F-fluoropropylation of L- and D-tyrosine,
was intravenously injected into BALB/cA Jcl-nu mice
bearing HeLa tumour cells. At 5, 15, 30 and 60 min post
intravenous administration, the uptake of each compound
in normal abdominal organs and xenotransplanted HeLa
cells was determined using the tissue dissection method.
Metabolic stability analyses of these compounds in the
plasma were performed with the thin-layer chromatogra-
phy method. In the plasma fraction, although L- and D-
isomers of 18F-FMT, 18F-FET and 18F-FPT provided
comparable metabolic stability, D-isomers of these labelled
compounds revealed a faster elimination rate than their L-
isomers, with a higher peak uptake in the blood and kidney
5 min post administration. Compared with natural amino
acid ligands, such as L-11C-methionine, the uptake of L-
isomers of these labelled compounds was relatively low and
stable in the abdominal organs, while D-isomers revealed
much lower and faster clearance rates compared with the
corresponding L-isomers. Among the abdominal organs, the
pancreas showed relatively high uptake of all the labelled
compounds used here, and the uptake of D-isomers was
much lower than that of the L-isomers. Although tumour
uptake levels of D-isomers of 18F-FMT, 18F-FET and 18F-
FPTwere almost 95%, 43% and 39% of the uptake levels of
each of the L-isomers 60 min post administration, the
tumour-to-blood ratios of these D-isomers were 181%, 137%

and 101% of the ratios of the corresponding L-isomers. D-
isomers of 18F-FMT and 18F-FET indicated improved
tumour-to-liver ratios compared with the corresponding L-
isomers, and D-18F-FPT showed the highest tumour-to-
pancreas ratio among all the other compounds assayed here.
These results suggest that D-isomers of 18F-fluoroalkyl
tyrosine analogues are potential tracers for tumour imaging
with PET.
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Introduction

The in vivo regional protein synthesis rate in tissue has
been quantitatively determined by the combined use of
positron emission tomography (PET) and positron-labelled
natural amino acids or unnatural amino acid analogues.
Because of the low amino acid utilisation rate in the cortical
normal tissues, radiolabelled amino acids and their
analogues are considered to be useful, especially for
tumour detection in the brain. Their use in tumour detection
is primarily based on an increased uptake of amino acids,
which is assumed to reflect an enhanced amino acid
metabolism and protein synthesis. Natural and unnatural
artificial labelled amino acids, 1-11C-methionine [1, 2],
methyl-11C-methionine (11C-MET) [2–4], 1-11C-tyrosine
[5, 6], β-11C-tyrosine (11C-TYR) [7], 1-11C-leucine (11C-
LEU) [8], 1-11C-phenylalanine (11C-PHE) [9, 10], 4-18F-
fluoro-L-phenylalanine [11] and 2-18F-fluoro-L-tyrosine
[12, 13] have been proposed (for review see 14). Among
these labelled amino acids, L-11C-MET is widely used for
tumour imaging with PET. Since it has been reported that
L-11C-MET is incorporated not only into protein fractions
via the conversion into amino-acyl-tRNA, but also into
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non-protein materials, such as lipids and RNA, via the
transmethylation process via S-adenosyl-L-methionine [2],
the value of this tracer is considered to be as a marker of
methionine transport into tissue in vivo for imaging tumour
tissues with PET [14]. Influenced by this working hypoth-
esis, several artificial amino acid tracers, O-11C-methyl-L-
tyrosine (CMT) [15, 16], O-18F-fluoromethyl-L-tyrosine
(FMT) [15, 16], O-18F-fluoroethyl-L-tyrosine (FET) [17,
18] and O-18F-fluoropropyl-L-tyrosine (FPT) [19, 20],
have been synthesised and evaluated for their potential to
be better tumour imaging agents. These radiolabelled
compounds were found to behave as unnatural amino acids
after intravenous injection, exhibiting relatively low
accumulation in normal peripheral tissues (low tissue-to-
blood ratio), except for the pancreas. No significant
elevation of radioactivity with time was found in normal
peripheral tissues, suggesting a remarkably low incorpo-
ration ratio into the protein fraction. These compounds also
showed relatively slow blood clearance and relatively high
uptake into tumour tissue (high tumour-to-blood ratio).
Furthermore, Ishiwata et al. [21] demonstrated that other
artificial amino acids, L-[ethyl-11C]ethionine (L-[11C]ETH)
and L-[propyl-11C]propionine (L-[11C]PRO), S-ethyl- and
S-propyl-substituted analogues of L-[11C]MET, are also
potent tumour imaging agents.

Since L-isomers of amino acids are commonly used in
mammalian cells in nature, D-isomers are considered to be
unnatural amino acids, and radiolabelled D-amino acids are
therefore expected to be good tumour imaging agents.
However, the reported results have been somewhat
controversial. It has been reported that D-isomers of some
radiolabelled amino acids, such as 14C-MET [22] and 14C-
LEU [23], show higher uptake into xenotransplanted
tumour cells than the corresponding L-isomers. We also
recently demonstrated in tumour-bearing mice that D-
isomers of 11C-MET, 11C-CMT and 18F-FMT could be
better tumour imaging agents than their L-isomers [24].
Schober et al. [25] showed no enantiomeric selective
transport of L- and D-11C-MET into a malignant glioma. In
contrast, Bergström et al. [26] demonstrated that uptake
of D-11C-MET into brain tumours was lower than that of
L-11C-MET. Furthermore, D-18F-FET showed negligible
accumulation in human colon carcinoma cells in an in vitro
assay [18], and also in the mouse brain in vivo [17],
compared with its L-isomer, suggesting the stereospecificity
of amino acid transport across the cell membrane and
blood-brain barrier (BBB).

The aim of this study was to evaluate the potential of D-
isomers of 18F-FMT and its o-fluoroalkyl substituted
tyrosine analogues, 18F-FET and 18F-FPT, as tumour
imaging agents in comparison with their corresponding L-
isomers in tumour-bearing mice.

Materials and methods

Animals

Female BALB/cA Jcl-nu mice (6 weeks old) were obtained from
Japan Clea (Tokyo, Japan). Mice were housed five per cage under

standard laboratory conditions at 25°C and 50% humidity with a 12-h
light/dark cycle (light on at 6.00 a.m., light-off at 6.00 p.m.)
throughout the experimental period. They were allowed free access
to food and water. Mice were inoculated subcutaneously with 5×106

of JCRB9004 HeLa cells (doubling time =4.4 days) when 7 weeks
old, maintained for 2 weeks after xenotransplantation with monitor-
ing of growth rates, and subjected to the experiments at 9 weeks of
age. The tumour volume and weight used in the present study were
631.5±102.1 mm3 and 517±129 mg, respectively. Mice were
maintained and handled in accordance with the recommendations
of the US National Institutes of Health and also the guidelines of the
Central Research Laboratory, Hamamatsu Photonics.

Chemicals

Ethylene glycol di-p-tosylate, 1,3-propanediol-di-p-tosylate, di-
methylsulphoxide (anhydrous) (DMSO), N,N-dimethylformamide
(anhydrous) (DMF), acetonitrile (anhydrous) and D-tyrosine were
purchased from Sigma-Aldrich Japan (Tokyo, Japan).
4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo- [8,8,8]hexacosane (K
[2,2,2]) and K2CO3·1.5H2O were from Merck (Darmstadt, Ger-
many). Anion exchange resin AG1-X8 (OH- form, 100-200 mesh)
was from Bio-Rad Laboratories (Hercules, CA, USA). L-Tyrosine
and dibromomethane were obtained from Nacalai Tesque (Kyoto,
Japan). All other reagents were of analytical grade.

Syntheses of labelled compounds

Positron-emitting fluorine-18 (18F) was produced by 18O(p, n)18F
nuclear reaction using the cyclotron (HM-18, Sumitomo Heavy
Industry, Osaka, Japan) at Hamamatsu Photonics PET centre.

L- and D-18F-FMT, 18F-FET and 18F-FPT were synthesised by
reactions of 18F-fluoromethyl bromide, 18F-fluoroethyl tosylate or
18F-fluoropropyl tosylate with the corresponding L- and D-tyrosine.
After irradiation, 18F-fluoride was recovered from target by He flow.
Then, the recovered 18F-fluoride solution was trapped by ion-
exchange resin (AG1-X8, Bio-Rad) and eluted from resin by 0.5 ml
of 40 mM K2CO3 solution. To this fluoride solution, 2 ml of K[2,2,2]
solution (containing 15 mg of K[2,2,2] in CH3CN) was added. Water
was removed by azeotropic distillation at 110°C under He flow
(400 ml/min) for 5 min. To the residue, the addition of acetonitrile
(1 ml) and azeotropic distillation was repeated twice. Then, the
residue was dried under reduced pressure for 1 min and under He
flow (50 ml/min) for 1 min. Cooling the residue to room temperature
gave the activated 18F-fluoride/K[2,2,2] complex.

To synthesise the no-carrier-added 2-18F-fluoromethyl bromide
(18F-FMBr), 0.1 ml of dibromomethane in 1 ml of CH3CNwas added
to 18F-fluoride/K[2,2,2] complex described above, and it was reacted
at 110°C for 4 min. 18F-FMBr was distilled into precursor solution
through in-line connected Sep-Pak silica cartridges. Then, 18F-FMBr
fraction was collected into precursor solution of L- or D-tyrosine
(2 mg/ml) in DMSO (0.3 ml) at −10°C for subsequent alkylation.
After reacting for 5 min at room temperature, the reaction mixture
was diluted with 1.0 ml of water and applied to high-performance
liquid chromatography (HPLC): column, YMC-Pack ODS-A col-
umn (10 mm inner diameter × 250 mm length, particle size 5 μm,
YMC Co. Ltd., Kyoto, Japan); mobile phase, CH3CN/50 mM
CH3CO2H/50 mM CH3CO2NH4 (8/46/46, v/v/v); and flow rate,
5 ml/min. The 18F-FMT fraction was evaporated to dryness. The
residue was dissolved in physiological saline and sterilised by
membrane filtration.

For the synthesis of no-carrier-added 2-18F-fluoroethyl tosylate
(18F-FEOTs), 5 mg of ethyleneglycol-di-tosylate in 1.2 ml of CH3CN
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was added to 18F-fluoride/K[2,2,2] complex described above.
Fluorination was conducted at 110°C for 5 min. After cooling the
reaction mixture, 4 ml of n-hexane/ether (=3/1) was added and applied
to a Sep-Pak silica cartridge. Sep-Pak was washed with 8 ml of n-
hexane/ether (=3/1). The combined eluate was concentrated under He
flow at 80°C to give partially purified 18F-FEOTs. To prepare the no-
carrier-added 2-18F-fluoropropyl tosylate (18F-FPOTs), it was prepared
with the same procedure as that for 18F-FEOTs from 5 mg of 1,3-
propanediol-di-p-tosylate. For 18F-fluoroethylation or fluoropropyla-
tion, 18F-FEOTs or 18F-FPOTs was added to the precursor solution of
L- or D-tyrosine (2 mg/ml) in DMSO (0.3 ml) followed by heating at
90°C for 15 min; the reaction mixture was then cooled to room
temperature. Thereafter, the mixture was passed through a silica Sep-
Pak cartridge and C-18 Sep-Pak cartridge, and eluted with anhydrous
ether (10ml) and water (1 ml) to remove unreacted substrates. 18F-FET
or 18F-FPTwas eluted with 4 ml of 0.15mol/l phosphate buffer, diluted
with 2 ml of saline and applied to the same HPLC system as described
for 18F-FMT preparation. 18F-FETor 18F-FPT fraction was evaporated,
and the residue was dissolved in physiological saline and sterilised by
membrane filtration.

Enantiomeric purity was analysed on a CHIOBIOTIC T column
(4.6 mm×250 mm, Tokyo Kasei Kogyo, Tokyo, Japan). The elution
solution was ethanol:water=1:1, and the flow rate was 1 ml/min.

Tissue distribution assay

Five MBq of a radiolabelled compound was injected into mice via the
tail vein. The animals were sacrificed by decapitation under
halothane anaesthesia 5, 15, 30 and 60 min after the injection.
Samples of blood, heart, lung, liver, pancreas, kidney, spleen, small
intestine, gut and tumour were rapidly removed, and the weight and
radioactivity were measured using a gamma counter (Aloka ARC-
2000, Tokyo, Japan). For the metabolite analysis, blood samples
were centrifuged to separate the plasma, weighed and the radioac-
tivity measured. Then, methanol was added to some of the plasma
samples (sample/methanol=1/1), centrifuged and the obtained
supernatants developed on thin-layer chromatography (TLC) plates
(AL SIL G/UV, Whatman, Kent, UK) using a mobile phase of n-
butanol/acetic acid/PBS (pH=7.4)=4/1/2. At each sampling time
point for analysis, the ratio of radioactivity in the unmetabolised
fraction to that in total plasma (metabolised plus unmetabolised) was
determined using a phosphoimaging plate (BAS-1500 MAC, Tokyo,
Japan). Standard uptake values (SUVs) were calculated as the
radioactivity in tissue divided by the ratio of total injected
radioactivity and body weight. Ratios of the SUVs of the organs
and blood were calculated in a further analysis.

Statistical analysis

Results are expressed as means±SD. Comparisons between condi-
tions were carried out using the unpaired, two-tailed Student’s t test.
A probability level of less than 5% (p<0.05) was considered to
indicate statistical significance.

Results

In order to evaluate the D-isomer of amino aid analogues as
tumour-detecting agents, the quality control of enantio-
meric purity was a critical factor. The retention times
determined on the analytical HPLC were as follows: L- and
D-FMT, 5.16 and 6.74 min; L- and D-FET, 4.85 and
6.66 min; L- and D-FPT, 5.48 and 7.05 min, respectively. As
shown in Fig. 1, the results revealed that the enantiomeric
purities of these six radiolabelled compounds exceeded
98%.

The tissue distribution and kinetics of L- and D-isomers
of 18F-FMT, 18F-FET and 18F-FPT in mice are summarised
in Tables 1, 2 and 3, expressed as the SUV. The kinetic data
showed that the longer 18F-fluoroalkyl chain length
induced the higher blood levels in the early phase after
the injection with either the L- or D-isomers. In addition, all
D-isomers of these labelled compounds revealed higher
peak levels 5 min post injection, followed by a faster
elimination rate than their L-isomers. As shown in Fig. 2,
metabolic analysis in the plasma demonstrated that these
compounds were generally stable, and that the stability of
L-18F-fluoroalkyl tyrosine analogues was not significantly
affected by changing the alkyl chain length. Of interest, the
D-isomers had a slightly higher stability in the plasma than
the corresponding L-isomers (Fig. 2a–c).

In parallel to the blood kinetics, the uptake of all D-
isomers in the kidney was tentatively much higher 5 min
post injection and lower 30 min and later post injection
than the uptake of the corresponding L-isomers (Tables 1, 2
and 3). Compared with the L-isomers, the uptake of the
corresponding D-isomers in the liver was also higher 5 min
post injection and lower thereafter (Tables 1, 2 and 3). In
the pancreas and muscle, L-18F-FMT and L-18F-FET
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Fig. 1. HPLC analyses of en-
antiomeric purities of L- and
D-isomers of 18F-FMT (a), 18F-
FET (b) and 18F-FPT (c).
Enantiomeric purity of each
compound was analysed on a
CHIOBIOTIC T column using
an elution solution of ethanol:
water=1:1 at a flow rate
of 1 ml/min
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revealed almost similar uptake levels, and L-18F-FPT was
slightly, but significantly lower than the former two
compounds throughout the study. In contrast, the D-isomers
indicated that the substitution by a longer 18F-fluoroalkyl
chain length resulted in a lower uptake in the pancreas, but
no significant difference in the muscle (data not shown).
Compared with natural amino acid ligands, such as 11C-
methionine, the uptake of L-isomers of 18F-FMT, 18F-FET
and 18F-FPTwas relatively low and stable in the abdominal
organs, while D-isomers revealed much lower uptake and
faster clearance rates compared with the corresponding L-
isomers. Among the abdominal organs, the pancreas
showed a markedly high uptake of all the L-isomers of
the labelled compounds used here; however, the uptake of
D-isomers was much lower than that of the L-isomers
(Tables 1, 2 and 3). In addition, D-isomers with the longer
18F-fluoroalkyl chain length provided a lower pancreatic
uptake level; in particular, the D-18F-FPT uptake in the
pancreas was quite similar to that in the kidney and less
than 60% of tumour uptake 60 min post injection (Table 3).

As shown in Tables 1, 2 and 3, L- and D-isomers of 18F-
FMT, 18F-FET and 18F-FPTwere gradually accumulated in
the tumour tissue at least up to 45 min post injection. The
tumour uptake of L-isomers of 18F-FMT, 18F-FET and 18F-
FPT was not affected by the 18F-fluoroalkyl chain length,
while the uptake of D-isomers was markedly lowered by the
increase in the chain length (Tables 1, 2 and 3). Although
the tumour uptake levels, as expressed by the SUV, of D-
isomers of 18F-FMT, 18F-FET and 18F-FPT were almost
95%, 43% and 39%, respectively, of the tumour uptake
levels of each of the L-isomers 60 min post administration
(Tables 1, 2 and 3), the tumour-to-blood ratios of these D-
isomers were 181%, 137% and 101%, respectively, of the

ratios of the corresponding L-isomers (Fig. 3). To assess the
contrast with the abdominal organs, the tumour-to-liver and
tumour-to-pancreas ratios were compared among these
labelled compounds. All L- and D-isomers used here
provided tumour-to-liver ratios of more than 1.0 at
60 min post injection, and the tumour-to-liver ratios of
the D-isomers were 198%, 132% and 123%, respectively,
of the ratios of the corresponding L-isomers (Fig. 4a–c).
Although the tumour-to-pancreas ratios of the D-isomers
were also 250%, 195% and 288%, respectively, of those of
the corresponding L-isomers, only D-18F-FPT provided a
tumour-to-pancreas ratio of markedly more than 1.0 at
60 min post injection (Fig. 4d–f).

Discussion

The present study investigated the capability of D-isomers
of three 18F-labelled unnatural amino acids, 18F-FMT, 18F-
FET and 18F-FPT, to image tumours by comparison with
the corresponding L-isomers, which were previously
reported not to be utilised in protein synthesis [16–18, 20].

Evaluation of enantiomeric purity with a stereospecific
analytical column could certainly confirm that the L- and D-
18F-FMT, 18F-FET and 18F-FPT applied in the present
study had enantiomeric purities of more than 98%. The
enantiomeric purity of these compounds was a critical
issue, because the distribution and kinetics of these D-
isomers in normal abdominal organs was revealed to be
significantly different from those of the corresponding L-
isomers. If a labelled compound with low enantiomeric
purity were to be injected, one would expect the results of
tumour grading and therapeutic efficacy to be affected

Table 1. Uptake of L- and D-18 F-FMT in tumour-bearing mice

Organs 5 min 15 min 30 min 60 min

Blood L 1.175±0.024 1.010±0.030 0.852±0.024 0.747±0.029
D 1.492±0.045 0.699±0.055 0.474±0.018 0.391±0.045

Liver L 1.047±0.014 0.846±0.016 0.815±0.032 0.675±0.025
D 1.493±0.046 0.738±0.044 0.468±0.013 0.325±0.031

Kidney L 1.323±0.032 1.177±0.027 1.034±0.052 0.858±0.055
D 4.550±0.879 1.448±0.083 0.958±0.076 0.610±0.081

Spleen L 1.533±0.080 1.451±0.088 1.418±0.145 1.070±0.013
D 1.370±0.046 1.037±0.094 0.805±0.029 0.616±0.259

Bone L 0.929±0.033 0.888±0.026 0.965±0.007 1.143±0.031
D 0.772±0.016 0.701±0.049 0.713±0.009 0.686±0.042

Intestine L 1.120±0.033 1.002±0.084 0.837±0.058 0.805±0.074
D 1.041±0.048 0.718±0.076 0.475±0.062 0.306±0.015

Pancreas L 6.601±0.257 7.873±1.088 9.199±0.530 6.243±0.715
D 7.658±1.621 5.187±1.815 3.853±0.655 2.385±0.264

Tumour L 1.478±0.119 2.271±0.457 2.801±0.164 2.700±0.329
D 1.315±0.248 2.129±0.311 2.489±0.188 2.570±0.547

Mice (n=5 at each time point) were intravenously injected with 5 MBq of L- or D-18 F-FMT via the tail vein, and sacrificed 5, 15, 30 or
60 min after the injection. Tissue samples were rapidly removed, and the weight and radioactivity were measured. Data were expressed as
the standard uptake value (SUV)
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because differences in the composition ratio of L- and D-
isomers are responsible for differences in uptake values in
the same tumour tissue.

It is well known that the high tumour uptake of amino
acids mainly reflects the increased amino acid metabolism
of tumour cells, including increased active transport and an
increased protein synthesis rate. In general, natural L-amino
acids are distributed into the free amino acid pool of
tumour tissue across the plasma membranes, and some are
actively utilised for protein synthesis in normal organs,

such as the pancreas [27, 28]. The high uptake of labelled
amino acids in normal organs impairs their use as tumour
imaging agents because of the resultant lower tumour-to-
normal tissue ratios. Our previous study demonstrated that
the utilisation not only of L-11C-MET but also of D-11C-
MET for protein synthesis was significantly reduced by
pre-treatment with cycloheximide, a protein synthesis
inhibitor [24]. These results may explain why D-11C-
METwas not as good a tumour imaging agent as expected;
D-11C-MET might be partly converted to α-keto-γ-

Table 2. Uptake of L- and D-18 F-FET in tumour-bearing mice

Organs 5 min 15 min 30 min 60 min

Blood L 1.366±0.052 1.112±0.062 1.030±0.059 0.852±0.035
D 1.878±0.074 0.797±0.059 0.433±0.038 0.268±0.048

Liver L 1.120±0.025 0.970±0.063 0.910±0.031 0.774±0.034
D 1.735±0.064 0.791±0.048 0.423±0.034 0.253±0.042

Kidney L 1.377±0.163 1.104±0.041 1.077±0.109 0.912±0.081
D 4.633±0.526 1.642±0.206 0.929±0.099 0.491±0.061

Spleen L 1.308±0.013 1.229±0.060 1.042±0.040 1.038±0.094
D 0.905±0.134 0.678±0.067 0.517±0.074 0.357±0.085

Bone L 0.758±0.061 0.679±0.062 0.637±0.030 0.601±0.023
D 0.669±0.081 0.570±0.082 0.467±0.044 0.362±0.087

Intestine L 1.041±0.027 0.823±0.040 0.773±0.027 0.729±0.009
D 1.054±0.153 0.612±0.061 0.365±0.054 0.228±0.070

Pancreas L 7.349±0.907 7.928±0.494 8.357±0.852 6.515±0.498
D 3.124±0.092 3.236±0.302 2.451±0.373 1.446±0.261

Tumour L 1.129±0.203 2.070±0.235 2.763±0.198 2.956±0.212
D 0.883±0.068 1.294±0.184 1.502±0.140 1.278±0.293

Mice (n=5 at each time point) were intravenously injected with 5 MBq of L- or D-18 F-FET via the tail vein and sacrificed 5, 15, 30 or 60 min
after the injection. Tissue samples were rapidly removed, and the weight and radioactivity were measured. Data were expressed as the
SUV

Table 3. Uptake of L- and D-18 F-FPT in tumour-bearing mice

Organs 5 min 15 min 30 min 60 min

Blood L 1.572±0.036 1.306±0.056 1.156±0.033 0.969±0.057
D 2.204±0.162 1.140±0.066 0.738±0.046 0.379±0.008

Liver L 1.428±0.033 1.483±0.018 1.380±0.036 1.202±0.115
D 1.935±0.146 1.085±0.065 0.705±0.045 0.385±0.016

Kidney L 1.431±0.094 1.282±0.090 1.039±0.100 0.899±0.074
D 3.791±0.395 1.783±0.269 1.189±0.252 0.621±0.032

Spleen L 1.223±0.179 1.592±0.462 1.032±0.196 0.882±0.136
D 0.861±0.037 0.805±0.143 0.492±0.039 0.292±0.038

Bone L 0.631±0.130 0.750±0.035 1.119±0.127 1.841±0.190
D 0.588±0.023 0.799±0.109 0.954±0.036 1.185±0.237

Intestine L 1.047±0.220 0.821±0.018 0.704±0.041 0.601±0.011
D 0.785±0.064 0.674±0.076 0.391±0.028 0.234±0.037

Pancreas L 5.746±0.866 6.204±1.453 5.288±0.961 4.211±0.823
D 1.421±0.068 1.549±0.403 0.961±0.128 0.577±0.092

Tumour L 1.129±0.089 1.810±0.225 2.259±0.179 2.556±0.054
D 0.594±0.030 0.820±0.009 0.940±0.130 1.008±0.163

Mice (n=5 at each time point) were intravenously injected with 5 MBq of L- or D-18 F-FPT via the tail vein, and sacrificed 5, 15, 30 or
60 min after the injection. Tissue samples were rapidly removed, and the weight and radioactivity were measured. Data were expressed as
the SUV
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methiolbutyrate by D-amino acid oxidase followed by
transamination to its L-isomer [29, 30], resulting in high
uptake in the plasma and normal abdominal organs [24]. In
contrast, the uptake of D-18F-FMT into the protein fraction
was found not to be affected by cycloheximide [24]. In
addition, although pre-treatment with cycloheximide
slightly decreased the incorporation of L-18F-FMT into
the protein fraction, this did not hamper its role as a tumour
imaging agent because the baseline utilisation level was
almost negligible as the precursor amino acid of protein
synthesis [24]. Several previous results have suggested that
amino acid transport is the dominant uptake mechanism,
rather than protein synthesis [14, 16, 31]. Although a
cycloheximide study has not been performed, as for the
utilisation in protein synthesis, L- and D-isomers of 18F-FET
and 18F-FPT are expected to have similar properties to L-
and D-18F-FMT. Thus, the L- and D-18F-FET and 18F-FPT
taken up in the normal cells are rapidly excreted from the
acid-soluble fraction into the urine owing to the lesser
protein utilisation.

In the case of natural amino acids like L-11C-MET,
the substitutions of the alkyl moiety from methyl to ethyl
(L-11C-ethionine; L-11C-ETH) and propyl (L-11C-propionine;
L-11C-PRO) groups resulted in different uptake patterns in
the normal organs, as well as tumour tissue, as reported

previously [21]. Thus, L-11C-ETH provided lower uptake
into normal organs than L-11C-MET owing to its much
lower utilisation in protein synthesis, and L-11C-PRO was
not incorporated into the acid-precipitable fractions,
showing similar properties to other artificial amino acids
[14]. These results demonstrated that the increase in the
alkyl chain length of L-11C-MET shifted its properties from
those of a natural to those of an unnatural artificial amino
acid. Since previous evaluations of tumour uptake of L-18F-
FMT [16], 18F-FET [17, 18] and 18F-FPT [20] were
conducted using different kinds of mice and inoculated
tumours, it has been difficult to judge which labelled
compound is most suitable as a tumour imaging agent. The
present study firstly evaluated the effects of substitution of
the 18F-fluoromethyl moiety of L-18F-FMT by 18F-
fluoroethyl and 18F-fluoropropyl moieties on the distribu-
tion and kinetics in the same kind of experimental animal
(BALB/cA Jcl-nu mice) bearing the same kind of tumour
(HeLa cells). As a result, the substitutions did not induce
such drastic changes in the distribution and kinetic pattern
in normal organs of mice, or in HeLa tumour cells, as were
observed in L-11C-MET series. No significant differences
were detected in the tumour uptake of L-isomers of 18F-
FMT, 18F-FET and 18F-FPT. In contrast, it was only
observed in L-isomers that the longer length of 18F-
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fluoroalkyl chain provided a slight tendency for a gradual
increase in radioactivity levels in the blood and liver,
especially at 5 min post injection. Overall, the shorter 18F-
fluoroalkyl chain length tyrosine provided a better tumour-
to-blood ratio in L-isomer series.

In contrast to the L-isomer series, the tumour uptake of
the D-isomer series of 18F-fluoroalkyl tyrosine was
markedly lowered by the increase in the 18F-fluoroalkyl
chain length, while the longer 18F-fluoroalkyl chain length
provided slightly higher levels in the blood and liver. As a
result, D-18F-FMT demonstrated the highest tumour-to-
blood and tumour-to-liver ratios among the six labelled
tyrosine analogues assayed here. It was observed that
although the uptake of D-18F-FET in tumour was lower than
that of L-18F-FET, D-18F-FET provided sufficient tumour
uptake, as well as an adequate tumour-to-blood ratio, for
tumour imaging. This result, however, seems to be at odds
with previous reports that D-18F-FET showed negligible
accumulation in human colon carcinoma cells in an in vitro
assay [18] or in the mouse brain in vivo [17]. The
discrepancy might be attributable to the difference between
the in vitro and in vivo assay systems and also the
difference in the tissues assayed. In fact, our preliminary in
vitro data indicated a much lower uptake of D-18F-FET than
its L-isomer in the HeLa cells used here for the assessment
of uptake in the in vivo evaluation (unpublished data).

It was of interest that the D-isomers of 18F-FMT, 18F-
FET and 18F-FPT showed a drastic decrease in pancreatic
uptake in comparison with the corresponding L-isomers. It
should be noted that only D-18F-FPT, which showed the

lowest uptake levels among these six compounds at the
later period post injection (ca. 45 min and beyond),
provided a tumour-to-pancreas ratio of markedly more than
1.0. Although additional clinical investigations are neces-
sary, this result suggests that, despite showing the lowest
absolute uptake level in tumour tissue, D-18F-FPT might
have potential for PET imaging of pancreatic tumours
owing to better contrast between tumour and normal tissue.

Taking the previous and present results in conjunction,
it needs to be considered whether synergic effects of the
enantiomeric purity and the alkyl chain length on some
currently unknown transporter system on the cell mem-
brane might explain the differences in tissue uptake in vivo.
When L-isomers were applied, there were no significant
differences in uptake of FMT, FET and FPT as determined
by SUVs, revealing that the transport system provides the
tolerance against the length of alkyl chains including the
lipophilicity of, at least, the artificial amino acid analogues.
In contrast, the uptake values of D-isomers were critically
affected by the alkyl chain length, suggesting that the
structural changes induced synergistically by enantiomeric
purity and the alkyl chain length might be beyond the
tolerance range of the transport system. Against this
background, a more precise analysis of the uptake mech-
anism might be needed.

In conclusion, the present results suggest that D-isomers
of 18F-fluoroalkyl tyrosine analogues are potential tracers
for tumour imaging with PET. All D-isomers assayed here
had improved properties as tumour-detecting agents
compared with the corresponding L-isomers. It should be
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emphasised especially that, among the six labelled L- and
D-isomeric tyrosine analogues, D-18F-FMT provided the
highest tumour-to-blood and tumour-to-liver ratios, and
also that only D-18F-FPT provided a tumour-to-pancreas
ratio of markedly more than 1.0 in mice bearing inoculated
HeLa tumour cells.
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