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A B S T R A C T

Introduction: [18F]fluoro-L-α-methyltyrosine ([18F]FAMT) has been reported as a positron-emission tomography 
(PET) probe that has high specificity for L-type amino acid transporter 1 (LAT1), which is overexpressed in 
various malignant tumors. However, [18F]FAMT showed rapid washout from the tumor and high retention in the 
kidney. This study aimed to develop and evaluate a novel LAT1-targeting PET probe, [18F]FAMT-OMe, and 
compare its performance with [18F]FAMT in glioma xenograft mice.
Methods: [18F]-FAMT-OMe was synthesized via nucleophilic substitution. The uptake of [18F]FAMT-OMe and 
[18F]FAMT was compared in in vitro studies using C6 glioma and U-87MG cells. PET scans were performed on C6 
glioma- and U-87MG tumor-bearing mice (n = 20 each) following intravenous administration of either [18F] 
FAMT-OMe or [18F]FAMT. After PET/computed tomography (CT) imaging, the organs were weighed and the 
radioactivity present was measured using a gamma counter.
Results: In vitro analyses demonstrated higher uptake of [18F]FAMT-OMe compared with [18F]FAMT in both C6 
and U-87MG cells. PET imaging demonstrated significantly greater tumor retention of [18F]FAMT-OMe than 
[18F]FAMT (SUVmax at 60 min in C6 glioma: 2.13 ± 0.39 vs. 1.09 ± 0.79, P < 0.05). The kidneys and urine 
showed significantly lower uptake and excretion of [18F]FAMT-OMe than [18F]FAMT (kidney uptake: SUVmean 
3.75 ± 0.89 vs. 5.55 ± 2.44, P < 0.05 urine excretion: SUVmean 16.50 ± 7.65 vs. 34.38 ± 8.74, P < 0.05), while 
blood retention of [18F]FAMT-OMe was significantly increased (SUVmean 1.78 ± 0.85 vs. 1.20 ± 0.82, P <
0.05).
Conclusion: [18F]FAMT-OMe showed improved tumor retention on PET compared with [18F]FAMT in the C6 
glioma tumor model, suggesting its potential utility for future applications in LAT1-targeted PET.

1. Introduction

[18F]-fluorodeoxyglucose ([18F]FDG) is the most widely used 
positron-emission tomography (PET) probe for assessing various ma
lignant tumors. However, [18F]FDG has some limitations, such as in
flammatory uptake in benign lesions, which yields some false-positive 

results in malignant tumors [1]. [18F]-3-fluoro-L-α-methyl-tyrosine 
([18F]FAMT) is a radio-labeled amino acid PET probe with high speci
ficity for L-type amino acid transporter 1 (LAT1, SLC7A5) [2]. LAT1 is 
overexpressed in many types of cancer cells—it regulates the transport 
of several neutral amino acids, such as phenylalanine, leucine, isoleu
cine, tryptophan, histidine, and tyrosine, promoting cancer cell growth 
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[2,3]. In contrast, LAT1 expression is minimal in healthy organs, leading 
to a low physiological accumulation of LAT1-targeting PET probes [4]. 
Several studies have shown that the chemical structure of [18F]FAMT 
has a high specificity for LAT1, particularly in the presence of an alpha- 
methyl moiety. Therefore, [18F]FAMT is a promising PET probe for 
tumor-specific diagnostic imaging [2,4,5].

However, [18F]FAMT has been reported to accumulate in the renal 
tubular epithelial cells through the organic anion transporter 1 (OAT1) 
[5]. Probenecid, furosemide, and ethacrynic acid can reduce the high 
renal accumulation of FAMT by suppressing the uptake of the radio
tracer into renal tubular epithelial through OAT1 [6,7]. A previous study 
also reported that the tumor uptake of 3-125I-L-α-methyl-tyrosine ([125I] 
IMT), which has a chemical amino acid structure similar to that of 
FAMT, can be enhanced by administering probenecid, via suppression of 
the interaction of OAT1 and [125I]IMT in mouse kidneys [8]. Recently, a 
study reported that the hydroxyl group (-OH) of [18F]FAMT is respon
sible for its transport by OAT1 in the kidney [5]. Therefore, [18F]FAMT- 
OMe, in which the hydroxyl group is substituted with a methoxy group 
(-O-CH3), is expected to interact less with OAT1 than [18F]FAMT.

This study investigated the biodistribution and tumor uptake of this 
novel PET probe, [18F]FAMT-OMe, in glioma xenograft mice, as 
compared with that of [18F]FAMT.

2. Materials and methods

2.1. Synthesis of [18F]FAMT and [18F]FAMT-OMe

A novel precursor with pinacolborate introduced at the 3-position of 
the benzene ring for direct radiolabeling with [18F]fluoride was used. 
The synthesis procedures for [18F]FAMT and [18F]FAMT-OMe are 
briefly described in Fig. 1. The synthesis of the precursor and the stan
dard for [18F]FAMT-OMe and [18F]FAMT are also described in Supple
mentary Data (Supplementary Figs. S1–S2). [18F]fluoride was trapped 
on an anion-exchange cartridge (QMA carbonate, 46 mg sorbent) and 
eluted into the reactor (10-mL glass vial) by 0.5 mL of a TEA-HCO3/ 
methanol solution (5.4 mg/mL). The eluate was evaporated, after which 
1 mL of the precursor solution (17 μmol of precursor and 61–63 μmol of 
Cu(OTf)2(Py)4, as a catalyst, in N,N-dimethylacetamide) was added. The 
fluorination conditions were set to 110 ◦C for 20 min, with stirring. To 
the reaction mixture, 2 mL of ethanol was added. The solution was 
passed through a 1-g silica column and then passed through an 

additional 3 mL of ethanol to remove the copper ions. All the solutions 
that passed through the silica column were collected in another reactor. 
After evaporation of the solvent, the fluorinated products were depro
tected with 1 mL of 2 M HCl (12 M HCl was used for the first batch only) 
at 95 ◦C for 10 min for [18F]FAMT-OMe, and with 0.5 mL of 57% HI at 
120 ◦C for 20 min for [18F]FAMT. Approximately 2 mL of the reaction 
solution was prepared by adding water for injection (WFI), and [18F] 
FAMT-OMe and [18F]FAMT were separated using preparative high- 
performance liquid chromatography (HPLC). In the HPLC column, a 
YMC Pack ODS AQ 250 × 10 mm (YMC, Kyoto, Japan) was used for both 
[18F]FAMT-OMe and [18F]FAMT. As eluent, 0.1% acetic acid/ethanol =
90/10 (0.1% acetic acid/methanol = 80/20 was used for the first batch 
only) was used for [18F]FAMT-OMe, while 0.1% acetic acid/ethanol =
95/5 was used for [18F]FAMT. The flow rate was set to 4 mL/min and 
[18F]FAMT-OMe and [18F]FAMT were detected using UV (wavelength 
280 nm) and a radioactivity detector. The HPLC fraction was prepared at 
pH 5–6 with 25% ascorbic acid injection or 7% sodium bicarbonate 
injection and was used directly or diluted with WFI.

2.2. Cell culture

C6 glioma and U-87MG cell lines were obtained from the RIKEN Cell 
Bank (Tsukuba, Japan). The C6 glioma cell line was cultured in RPMI- 
1640 with L-Glutamine and Phenol Red (FUJIFILM Wako Pure Chemi
cal Corporation, Osaka, Japan), while the U-87MG cell line was cultured 
in Dulbecco's modified Eagle medium (D-MEM, High Glucose) with L- 
Glutamine and Phenol Red (FUJIFILM Wako Pure Chemical Corpora
tion, Osaka, Japan), containing 10% heat-inactivated fetal bovine serum 
(Corning Life Science, Woodland, Canada) and 1% pen
icillin–streptomycin (FUJIFILM Wako Pure Chemical). The cells were 
cultured in sterile 100-mm tissue culture dishes (IWAKI AGC Techno 
Glass CO., LTD, Shizuoka, Japan) in a CO2 incubator (AS ONE INCU
BATOR E-50, QTE Technologies, Hanoi, Vietnam) under 5.0% CO2 and 
at 37 ◦C. Cultured cells were counted using a TC20™ Automated Cell 
Counter (Bio-Rad, Osaka, Japan).

2.3. In vitro cellular uptake analysis

C6 glioma and U-87MG cells were seeded in 24-well cell culture 
plates at a density of 1 × 105 cells/mL. Two days later, the cells were 
washed with phosphate-buffered saline (PBS) and the culture medium 

Fig. 1. Schematic of the synthesis of [18F]FAMT-OMe and [18F]FAMT.
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was replaced with Hanks' balanced salt solution buffer. After the addi
tion of [18F]FAMT or [18F]FAMT-OMe, cells were collected at 0.5, 1, 5, 
and 10 min. Cells were washed with PBS (− ) three times and then lysed 
with 0.1 N NaOH solution. The cell lysates were analyzed using a BeWell 
QS-02 well-type gamma counter (Molecular Imaging Laboratory, Inc., 
Osaka, Japan). Protein amounts were measured and the uptake amounts 
were corrected based on the number of cells.

For LAT1 blocking study, HEK293, LAT1/HEK293 (were established 
and provided by Dr. Kanai [9]), C6 glioma, and U-87MG cells were 
seeded in 24-well cell culture plates at a density of 1 × 105 cells/mL. 
After the addition of 20 mM 2-aminobicyclo[2.2.1]heptane-2-carboxylic 
acid (BCH) (Sigma-Aldrich, St. Louis, MO, USA) or 10 μM O-[(5-amino- 
2-phenyl-7-benzoxazolyl)methyl]-3,5-dichloro-L-tyrosine (Nanvur
anlat) (Cayman Chemical, Ann Arbor, MI, USA), uptake was measured at 
0.5, 5, and 10 min.

2.4. Preparation of animals

This study was performed in compliance with the guidelines of the 
Institute of Experimental Animal Sciences. The protocol was approved 
by the Animal Care and Use Committee of Osaka University Graduate 
School of Medicine. Seven-week-old male BALB/c nude mice (n = 40, 
body weight 25.3 ± 2.8 g) were purchased from Japan SLC, Inc. (Shi
zuoka, Japan). The mice were housed under a 12-h light/12-h dark 
cycle, with free access to food and water. After 1 week of acclimatiza
tion, tumor cells, suspended in a 1:1 mixture of culture medium and 
Matrigel (Corning Life Science, Tewksbury, MA, USA), were subcuta
neously implanted (approximately 1 × 107 cells) into nude mice (C6 
glioma model: n = 20 mice; U-87MG model: n = 20 mice). Antibiotics 
(10 mg/kg, Baytril® 5% w/v, Bayer HealthCare, Tokyo, Japan) were 
also administered after the tumor cell inoculation. The mice were 
monitored and their body weights and tumor sizes were measured 
periodically.

2.5. PET static and dynamic acquisitions

Three weeks after tumor transplantation, PET images were acquired 
under isoflurane inhalation anesthesia. [18F]FAMT-OMe (11.62 ± 1.57 
MBq) or [18F]FAMT (12.76 ± 5.24 MBq) were intravenously injected 
into the C6 glioma xenograft mice (n = 6 and n = 5, respectively) and U- 
87MG xenograft mice (n = 6 and n = 6, respectively) (Table 1). A 10-min 
static PET/CT acquisition was performed using a micro PET/CT scanner 
(SIEMENS Inveon, Munich, Germany) 60 min after PET probe injection 
(n = 23). A 60-min PET/CT dynamic acquisition was also performed 
immediately following the PET probe injection in selected subjects (n =
10) (Table 1). PET images were reconstructed using the ordered subsets 
expectation-maximization 3-dimensional iterative/maximum a posteri
ori method (OSEM3D/SP-MAP) with a matrix size of 128 × 128. The 

OSEM3D/SP-MAP parameters were set to two OSEM iterations, 18 MAP 
iterations, and a target resolution of 1.5 mm. CT images were recon
structed using the Feldkamp algorithm with four iterations, Shepp- 
Logan filter, and beam-hardening correction.

For in vivo blocking study, [18F]FAMT-OMe (12.73 ± 1.17 MBq), 
followed by 20 mM BCH (n = 3) or 10 μM Nanvuranlat (n = 3), was 
intravenously injected into the C6 glioma xenograft mice. A 60-min 
PET/CT dynamic acquisition was also performed immediately 
following the LAT1 inhibitor and PET probe injection.

2.6. PET imaging analysis

PET images were analyzed using PMOD 4.0 software (PMOD Tech
nologies LLC, Fällanden, Switzerland). Volumes of interest (VOIs) were 
drawn around the organs of interest using sphere tool as the analytic 
object for standardized uptake value (SUV) measurements. Isocontour
ing was performed by setting a threshold of 50% of SUVmax in the VOI 
for measuring the average, minimum, and maximum SUV values in the 
enclosed VOI. The SUVmean and SUVmax of tumors and healthy organs 
were compared between [18F]FAMT-OMe and [18F]FAMT PET.

2.7. Measurement by gamma counter

All mice were sacrificed and dissected for organ collection after PET/ 
CT. The mice were euthanized by overdose isoflurane anesthesia after 
PET acquisition. Additional mice evaluated solely for biodistribution 
were also included (n = 17). Blood and urine samples were collected 
immediately after euthanasia, using a 29-gauge needle syringe. The 
tumor, brain, submandibular glands, heart, lungs, liver, pancreas, 
spleen, kidneys, testes, epididymis, and spine (Cervical spine (C1) – 
Lumbar spine (L6)) were collected, and the weight of each organ was 
measured using a GR-60 Semi-Micro Balance (A&D, Tokyo, Japan) and a 
BeWell QS-02 gamma counter (Molecular Imaging Laboratories).

2.8. Statistical analysis

Comparisons between two groups were performed using a two-tailed 
t-test in SPSS (version 25.0, IBM Corp., Armonk, NY, USA), with a sig
nificance level set at P < 0.05. The quantitative results of this study were 
represented as mean ± SD.

3. Results

The synthesis results of the precursor and reference standard for 
[18F]FAMT-OMe and [18F]FAMT are shown in the Supplementary Data. 
Using the starting activity of 18F as 37 to 66 GBq, [18F]FAMT-OMe and 
[18F]FAMT were obtained with radioactivity of 3324 ± 879 MBq and 
2173 ± 720 MBq at 94 ± 5 min and 102 ± 2 min, their radiochemical 
yields were 11 ± 3% and 11 ± 4%, respectively at the end of synthesis. 
The radiochemical purity exceeded 99%, and the molar activity were 
835 ± 193 GBq/μmol and 518 ± 61 GBq/μmol respectively. The enan
tiomeric purities of [18F]FAMT-OMe and [18F]FAMT were over 90% for 
the 18F-L-form. The HPLC chromatograms of [18F]FAMT-OMe and [18F] 
FAMT are shown in the Supplementary Data (Supplementary 
Figs. S3–S6).

The in vitro uptake experiment using C6 glioma and U-87MG cells is 
shown in Fig. 2a. [18F]FAMT-OMe uptake was significantly higher than 
that of [18F]FAMT at almost time points in both C6 glioma and U-87MG 
tumor cells. The in vitro uptake in blocking experiment using HEK293 
and LAT1/HEK293 cells is shown in Fig. 2b and c. After treatment with 
BCH or Nanvuranlat, [18F]FAMT-OMe uptake was significantly inhibi
ted in LAT1/HEK293, C6 glioma and U-87MG cells compared with the 
control group at all time points (P < 0.05).

Representative PET/CT images at 60-min post-injection are shown in 
Fig. 3. [18F]FAMT-OMe PET showed higher uptake than that of [18F] 
FAMT PET in both C6 glioma and U-87MG xenograft mice based on 

Table 1 
Number of mice in each group for positron-emission tomography PET imaging 
analysis and biodistribution.

C6 glioma (n = 20) U-87MG (n = 20)

[18]F-FAMT- 
OMe (n = 10)

[18]F- 
FAMT (n =
10)

[18]F-FAMT- 
OMe (n = 11)

[18]F- 
FAMT (n =
9)

PET acquisition (Total) n = 6 (Total) n =
5

(Total) n = 6 (Total) n =
6

Dynamic PET n = 3 n = 2 n = 3 n = 2
Static PET n = 3 n = 3 n = 3 n = 4

Biodistribution (Total) n =
10

(Total) n =
10

(Total) n =
11

(Total) n =
9

With PET 
acquisition

n = 6 n = 5 n = 6 n = 6

Without PET 
acquisition

n = 4 n = 5 n = 5 n = 3
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visual evaluation. The SUVmax and SUVmean of [18F]FAMT-OMe in C6 
glioma (n = 6) were significantly higher than those of [18F]FAMT (n = 5) 
(SUVmax: 2.13 ± 0.39 vs. 1.09 ± 0.79, SUVmean: 1.48 ± 0.26 vs.0.78 
± 0.57, respectively) (P < 0.05) (Fig. 4a, b). In U-87MG tumor, SUVmax 
and SUVmean of [18F]FAMT-OMe (n = 6) showed higher uptake than 
[18F]FAMT (n = 6), although the difference did not reach statistical 
significance (SUVmax: 1.26 ± 0.26 vs.1.04 ± 0.33, respectively) (P =
0.23) (SUVmean: 0.86 ± 0.10 vs.0.72 ± 0.22, respectively) (P = 0.19). 
As shown in Fig. 4c, the SUVmean of [18F]FAMT-OMe in the kidney and 
urine was significantly lower than that of [18F]FAMT (3.75 ± 0.89 vs. 
5.55 ± 2.44 and 16.50 ± 7.65 vs. 34.38 ± 8.74, respectively) (P < 0.05). 
The SUVmean of the brain, submandibular glands, lungs, heart, liver, 
pancreas, spleen, spine, testes, and epididymis of [18F]FAMT-OMe was 
significantly higher than that of [18F]FAMT (P < 0.05).

The biodistribution determined by using a gamma counter is shown 
in Fig. 5. For C6 glioma tumors, the %ID/g of [18F]FAMT-OMe (n = 10) 
was significantly higher than that of [18F]FAMT (n = 10) (4.49 ± 3.07 
vs. 1.83 ± 1.44, respectively) (P < 0.05) (Fig. 5a). The %ID/g of [18F] 
FAMT-OMe in the kidney was significantly lower than that of [18F] 
FAMT (10.85 ± 3.45 and 15.00 ± 5.01, respectively) (P < 0.01). The % 
ID/g of [18F]FAMT-OMe was also significantly higher than that of [18F] 

FAMT in the blood and spine (blood: 1.78 ± 0.85 and 1.20 ± 0.82, 
spine: 1.52 ± 0.52 and 1.04 ± 0.41, respectively) (P < 0.05) (Fig. 5b).

For C6 glioma tumors, the dynamic PET curve showed a higher 
SUVmean for [18F]FAMT-OMe than that for [18F]FAMT until 60 min 
after administration (Fig. 6a). The dynamic PET curve of [18F]FAMT- 
OMe remained stable as compared to that of [18F]FAMT, with washout 
kinetics in the U-87MG tumor xenograft model (Fig. 6b). Dynamic PET 
revealed that the renal uptake and urine excretion of [18F]FAMT-OMe 
was lower than that of [18F]FAMT (Fig. 6c and h). In contrast, a higher 
uptake of [18F]FAMT-OMe was observed in the brain, submandibular 
glands, lungs, heart, liver, pancreas, spleen, testes, epididymis, spine, 
and blood compared with [18F]FAMT (Fig. 6d–g and Supplementary 
Fig. S7).

Representative PET/CT images of [18F]FAMT-OMe in C6 glioma 
xenograft mice pretreated with BCH or Nanvuranlat and control group 
are shown in Fig. 7a. The dynamic curves were clearly lower in the BCH- 
(n = 3) and Nanvuranlat-pretreated groups (n = 3) compared to those in 
control group (n = 3) in Fig. 7b. Comparisons of SUVmean and %ID/g in 
static PET images at 60 min post-injection are shown in Fig. 7c and d. 
Although these differences did not reach statistical significance, there 
was a trend toward decreased accumulation in the BCH- and 
Nanvuranlat-pretreated groups compared with the control group, sug
gesting that LAT1 inhibition reduces tracer accumulation.

4. Discussion

In this study, we confirmed the high retention of [18F]FAMT-OMe in 
glioma tumors compared with [18F]FAMT, along with reduced renal 
uptake and urinary excretion. Although [18F]FAMT has been reported as 
a LAT1-specific substrate, its rapid washout remains a limitation for 
static PET imaging. By contrast, [18F]FAMT-OMe demonstrated signifi
cantly higher tumor uptake on PET compared with [18F]FAMT, indi
cating its potential as a promising LAT1-targeted PET probe.

In this study, both tracers of [18F]FAMT-OMe and [18F]FAMT were 
successfully obtained in a radiochemical yield of approximately 10% 
with enantiomeric purity greater than 90% using novel precursors 
bearing mono-Boc and tert-butyl protecting groups. However, 
Hamacher et.al and Tredwell et al. have previously reported that the 
introduction of trityl or di-Boc group, rather than mono-Boc, can provide 
higher enantiomeric purity and improved 18F-labeling efficiency. In the 
present work, we selected the mono-Boc strategy because of its synthetic 
simplicity. Nevertheless, as this agent moves closer to potential clinical 
application, we plan to further optimize the protecting groups to achieve 
higher yields and improved product quality. In addition, we intend to 
establish appropriate quality specifications to ensure suitability for 
intravenous administration in humans, including evaluation of residual 
copper ions in the final formulation, which was not assessed in the 
current study [10,11].

OAT1 is responsible for transporting hydrophobic substrates with 
partial negative charges from the blood into renal proximal tubule cells, 
facilitating drug excretion [5]. In this study, we evaluated the bio
distribution and tumor uptake of [18F]FAMT-OMe, in which the hy
droxyl functional group (-OH) was substituted with a methoxy 
functional group (-O-CH3) at the 4th carbon position of [18F]FAMT, to 
reduce the interaction of the PET probe with OAT1 in the kidney.

To confirm the high specificity of [18F]FAMT-OMe for LAT1, 
attributed to the presence of its alpha-methyl moiety, we conducted both 
in vitro and in vivo experiments using LAT1 inhibitors, which block the 
transport of essential amino acids into cancer cells [12]. In this study, 
BCH and Nanvuranlat were employed as LAT1 inhibitors to suppress 
LAT1-mediated uptake prior to radiopharmaceutical administration. 
BCH acts as a system L inhibitor, affecting both LAT1 and LAT2 trans
porters, resulting in low selectivity toward LAT1 [13–16]. In contrast, 
several studies have reported that Nanvuranlat is a promising LAT1 
inhibitor with higher selectivity for LAT1. Oda et al. demonstrated that 
Nanvuranlat inhibits LAT1-expressing cells with minimal effects on 

Fig. 2. (a) In vitro cellular uptake analysis of [18F]FAMT-OMe and [18F]FAMT 
using C6 glioma and U-87MG cells (*P < 0.05, **P < 0.01). (b) In vitro blocking 
study of [18F]FAMT-OMe using HEK293 and LAT1/HEK293 cells with BCH or 
Nanvuranlat. (c) In vitro blocking study of [18F]FAMT-OMe using C6 glioma 
and U-87MG cells with BCH or Nanvuranlat. Symbols (#, †, ●, ‡) indicate 
significant differences at 0.5, 1, 5, and 10 min, respectively, compared with 
each control group (P < 0.05).
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LAT2-expressing cells. This selective inhibition may reduce off-target 
effects in LAT1-specific radiopharmaceutical applications [13]. The 
high selectivity of Nanvuranlat is particularly advantageous for studies 
involving LAT1-specific radiopharmaceuticals, such as FAMT and IMT, 
which also contain an alpha-methyl moiety [17–21].

For in vitro analyses using HEK293 and LAT1/HEK293 cells, uptake 
of [18F]FAMT-OMe was significantly lower in LAT1/HEK293 cells 
treated with BCH or Nanvuranlat at 0.5, 1, 5, and 10 min post- 
incubation compared with the control group, indicating a substantial 

contribution of LAT1 to radiotracer uptake (Fig. 2b). Uptake was also 
significantly suppressed by BCH and Nanvuranlat in C6 glioma and U- 
87MG cells, indicating that uptake in these tumors was predominantly 
LAT1-mediated (Fig. 2c). In in vivo PET experiments, the dynamic up
take curve of [18F]FAMT-OMe in C6 glioma tumors revealed higher 
uptake in the control group than in the BCH- and Nanvuranlat-treated 
groups, persisting up to 60 min post-injection (Fig. 7b). Static PET 
analysis further demonstrated higher SUVmean values of [18F]FAMT- 
OMe in the control group compared with the LAT1-inhibitor-treated 

Fig. 3. Representative positron-emission tomography/computed tomography (PET/CT) images of [18F]FAMT-OMe and [18F]FAMT PET at 60-min post-injection in 
C6 glioma and U-87MG xenograft mice: (a) Coronal view and (b) maximum intensity projection of PET/CT fusion images (arrows indicate tumors).
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groups in both the C6 glioma tumor and the urine (Fig. 7c). These 
findings indicate that LAT1 inhibition by BCH or Nanvuranlat reduces 
[18F]FAMT-OMe uptake in C6 glioma tumors, supporting the conclusion 
that [18F]FAMT-OMe is predominantly transported via LAT1 expressed 
on tumor cells.

The uptake of [18F]FAMT-OMe was higher than that of [18F]FAMT in 
both C6 glioma and U-87MG cells in vitro (Fig. 2a). Although differences 
in uptake between C6 glioma and U-87MG cells were not pronounced, 
C6 glioma cells exhibited slightly higher radiotracer uptake by 10 min of 
equilibrium compared with U-87MG cells. This observation may be 
attributed to higher LAT1 expression in C6 glioma cells, as indicated by 
in vitro blocking studies (Fig. 2c) and immunofluorescence staining 

reported in a previous study (Supplementary Fig. S8) [22].
In the PET analysis, the dynamic curves of tumor uptake showed that 

[18F]FAMT-OMe uptake in C6 glioma tumors was higher than that of 
[18F]FAMT throughout the 60 min post-injection. In contrast, the dy
namic curves showed lower renal uptake and urinary excretion of [18F] 
FAMT-OMe than that of [18F]FAMT. [18F]FAMT-OMe exhibited notably 
improved tumor retention in C6 glioma tumors, accompanied by 
reduced kidney uptake and urinary excretion relative to [18F]FAMT. The 
PET results indicated that substituting the hydroxyl functional group 
with a methoxy functional group effectively inhibited the interaction of 
OAT1 with the PET probe in the kidneys. This also enhanced the 
retention in C6 glioma tumors, possibly due to the increased blood 

Fig. 4. Comparison of (a) SUVmax and (b) SUVmean between [18F]FAMT-OMe and [18F]FAMT PET in C6 glioma and U-87MG tumor (*P < 0.05) (c) comparison of 
SUVmean between [18F]FAMT-OMe and [18F]FAMT-OMe. The SUVmean of kidney and urine showed lower uptake on [18F]FAMT-OMe PET than on [18F]FAMT PET 
(*P < 0.05).
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retention and a greater propensity for tumor uptake compared with 
[18F]FAMT. However, in U-87MG tumors, the uptake of [18F]FAMT- 
OMe and [18F]FAMT did not differ significantly. The underlying 
mechanisms responsible for the differences in uptake between [18F] 
FAMT-OMe in C6 glioma and U-87MG cells remain unclear. Zheng et al. 
reported that intra- and intertumoral heterogeneity of LAT1 expression 
directly impairs selective uptake of LAT1-specific radiotracers like [18F] 
FBPA, leading to uneven boron delivery and treatment resistance in low 
LAT1 expression areas [23]. Although a previous study also reported 
that inhibition of cellular uptake by BCH, an inhibitor of LAT1, was 
greater in C6 glioma cells than in U-87MG cells. Additional studies to 
assess the different expression of LAT1 between C6 glioma and U-87MG, 
for example, immunohistochemistry (IHC) study or Western Blot 
experiment, is required to clarify LAT1 expression level in both cell 
lines.

These results suggest that modifying [18F]FAMT by adding a 
methoxy functional group at the 4th carbon position can successfully 
decrease its uptake in the kidneys while enhancing its uptake in tumors 
and increasing blood retention. This was consistent with studies in 
which probenecid was used to inhibit OAT1 interactions, resulting in 
reduced accumulation of [18F]FAMT in the kidneys [6]. As shown in 
Supplementary Data Fig. S9, although the tumor-to-blood ratios (T/B 
ratios) and tumor-to-muscle ratios (T/M ratios) of [18F]FAMT-OMe in 
C6 glioma are not significantly different compared with those of [18F] 
FAMT (T/B ratios: P = 0.61, T/M ratios: P = 0.70), T/B ratios and T/M 
ratios of [18F]FAMT are significantly higher in U-87MG tumor (T/B 
ratios: P < 0.01, T/M ratios: P < 0.05). These results indicate that [18F] 
FAMT-OMe not only enhances tumor retention but also prolongs blood 
retention. However, the increase in blood pool activity of [18F]FAMT- 
OMe compared with [18F]FAMT is minimal and remained within 

background levels, which were sufficiently low to allow detection of 
abnormal tumor uptake.

This study relies primarily on semiquantitative SUV metrics derived 
from static and dynamic PET imaging. However, full compartmental 
kinetic modeling experiments to quantify pharmacokinetic parameters 
were not performed, representing a key limitation. Future investigations 
incorporating kinetic modeling or transporter saturation studies will be 
essential to fully characterize the pharmacokinetics and LAT1- 
specificity of [18F]FAMT-OMe. Furthermore, in-vivo stability of [18F] 
FAMT-OMe should be performed through metabolite analyses in plasma 
or urine.

[18F]FAMT is highly specific to LAT1 due to its α-methyl group, 
which is particularly selective for LAT1 in malignant tumors [13]. Its 
uptake in non-malignant conditions, such as inflammation or sarcoid
osis, is lower, reducing false-positive findings during cancer staging 
[24]. Since [18F]FAMT-OMe also has an α-methyl group, with sustained 
selective uptake through LAT1 and better retention in tumors than [18F] 
FAMT, it may be superior to [18F]FAMT as a PET probe and holds 
promise for better detection of malignant tumors.

Given the high expression of LAT1 in various malignant tumors and 
its lower expression in healthy organs, [18F]FAMT-OMe holds potential 
as a pan-tumor radiopharmaceutical. Therapeutic amino acid de
rivatives targeting LAT1, such as [211At]AtPA and [211At]AAMT, have 
been developed [25,26]. These agents could potentially be used to treat 
various types of cancers with reduced side effects in normal tissues 
because of the selective LAT1 expression in cancers. However, 
improving tumor retention is essential to enhance the therapeutic effi
cacy of LAT1-targeting radioligands that exhibit washout kinetics. A 
similar approach involves reducing renal uptake and excretion via OAT1 
while increasing blood and tumor retention. Although further research 

Fig. 5. Comparison of %ID/g. between [18F]FAMT-OMe and [18F]FAMT in (a) C6 glioma and U-87MG tumor and (b) normal organs (*P < 0.05, **P < 0.01).
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Fig. 6. Dynamic positron-emission tomography curves for the comparison between [18F]FAMT-OMe and [18F]FAMT in (a) C6 glioma tumor, (b) U-87MG tumor, (c) 
kidney, (d) liver, (e) pancreas, (f) spleen, (g) blood, and (h) urine. Data are expressed as mean ± standard deviation.
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is necessary to investigate the diagnostic and therapeutic efficacies of 
[18F]FAMT-OMe which is expected to serve as a companion diagnostic 
PET probe and as a potential compound for optimizing therapeutic 
radioligands in the future research.

This study had some limitations. First, we evaluated only two types 
of brain tumor models; therefore, future studies should assess other 
types of tumor-bearing models. Second, the selectivity for LAT1 was not 
fully evaluated in this study. More detailed studies are needed to 
determine the Michaelis–Menten constant and to conduct in vitro 
evaluations using LAT1-expressing cells. Third, static PET and dynamic 
PET were performed up to 60 min after injection with small sample size 
of dynamic PET which may not reflect the biodistribution of the radio
tracer after PET acquisition. Delayed PET imaging at 3–4 h post- 
injection, after recovery from anesthesia, would provide a more accu
rate characterization of long-term tumor retention and background 
clearance as well as increasing the sample size. Fourth, the PET studies 
were primarily conducted in semiquantitative SUV metrics. Further 
studies, for example, kinetic modeling study to clarify pharmacokinetic 
information with quantitative parameters of the radiotracer, and 
immunohistochemistry (IHC) study or Western Blot experiment to 
investigate the expression level of LAT1 in each type of tumor should be 
performed. Finally, the clinical utility of [18F]FAMT-OMe PET remains 
to be confirmed. We have already conducted clinical research using the 
LAT1-selective probe [18F]FBPA in lung cancers and mediastinal tumors 
and have obtained a clinical proof-of-concept [4]. Future clinical 
translation of [18F]FAMT-OMe PET is necessary to evaluate its useful
ness in oncology patients, including comparative studies with other 
LAT1-targeting PET probes.

5. Conclusion

This study demonstrated that the novel PET radiotracer [18F]FAMT- 
OMe exhibits improved tumor retention compared with [18F]FAMT in a 
C6 glioma model, along with prolonged blood retention and signifi
cantly reduced renal uptake and urinary excretion, suggesting its po
tential for improved tumor detection.
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