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Abstract
Purpose: 2-[18F]Fluoropropionic acid (RS-[18F]FPA) has shown potential value as a short-chain
fatty acid positron emission tomography (PET) tracer for the detection of liver cancer. However,
RS-[18F]FPA is a mixture of 2-R-[18F]fluoropropionic acid (R-[18F]FPA) and 2-S-
[18F]fluoropropionic acid (S-[18F]FPA). The aim of this study is to validate the feasibility of R-
[18F]FPA in preclinical PET imaging of liver cancer and to compare the use of R-[18F]FPA with
that of RS-[18F]FPA and S-[18F]FPA.
Procedures: A comparative study of R-[18F]FPA, RS-[18F]FPA, S-[18F]FPA, and [18F]FDG micro-
PET imaging was performed in HepG2 and SK-Hep-1 tumor-bearing mice. A comparison of R-
[18F]FPA uptake with that of S-[18F]FPA by HepG2 and SK-Hep-1 cells was made at different
time points. Additionally, in vivo blocking experiments in HepG2 and SK-Hep-1 tumor models
were conducted with orlistat and 3-nitropropionic acid (3-NP). In vitro blocking experiments with
orlistat or 3-NP were performed with HepG2 and SK-Hep-1 cells.
Results: The radioactivity uptake values of R-[18F]FPA were comparable to those of RS-
[18F]FPA but were higher than those of S-[18F]FPA and 2-deoxy-2-[18F]fluoro-D-glucose
([18F]FDG) in HepG2 tumors. The radioactivity uptake values of R-[18F]FPA in large HepG2
tumors were lower than those of [18F]FDG (P G 0.05), while R-[18F]FPA PET was significantly
superior to [18F]FDG PET in detecting small tumors (both SK-Hep-1 and HepG2 tumors). The
in vivo PET imaging experiments showed that R-[18F]FPA uptake in HepG2 tumor-bearing mice
was blocked by 19.3 % and 31.8 % after treatment with orlistat and 3-NP, respectively. The
radioactivity uptake values of R-[18F]FPA in SK-Hep-1 tumor-bearing mice was blocked by
39.5 % with orlistat.
Conclusion: R-[18F]FPA seems to be more potential than S-[18F]FPA as an optically pure PET
probe, with effective compensation for the deficiencies of [18F]FDG, particularly in PET imaging
of small liver cancer. The uptake mechanism of [18F]FPA in liver cancer may be related to fatty
acid synthesis and the tricarboxylic acid cycle. However, compared with the racemic RS-
[18F]FPA, the possible advantages of R-enantiomer R-[18F]FPA still needs further research.
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Introduction
Primary liver cancer is the third leading causes of cancer-
related deaths worldwide and is expected to become the third
leading cause of cancer death in USA by 2030 [1]. The most
common primary liver cancer in adult and children was
hepatocellular carcinoma and hepatoblastoma, respectively
[2, 3]. However, the sensitivities for detecting liver cancer
using abdominal ultrasound (US), computed tomography
(CT), and magnetic resonance imaging (MRI) are very low,
particularly for lesions smaller than 2 cm [4, 5]. The
detection of liver cancer at an early stage has become a
great challenge for conventional imaging methods. Positron
emission tomography (PET) using 2-deoxy-2-[18F]fluoro-D-
glucose ([18F]FDG) is an excellent technique for diagnosing
and staging various cancers. However, many studies have
indicated that [18F]FDG PET imaging of liver cancer is
relatively insensitive, particularly for well-differentiated
hepatocellular carcinoma or small hepatocellular carcinoma
lesions [6, 7]. Due to these limitations, there is a high
demand for seeking other PET tracers to complement
[18F]FDG PET imaging.

Lipid-related metabolic pathways are frequently upregu-
lated in multiple types of cancer because abnormal fatty acid
metabolism plays a crucial role in the proliferation and
metastasis of tumor cells [8–11]. Several lipid-based PET
rad io t r ace r s , such as [ 1 1C]ace ta te ( [ 1 1C]AC) ,
[18F]fluoroacetate ([18F]FAC), [11C]choline, and
[18F]fluorocholine, have been developed to make up for
the deficiencies of [18F]FDG in liver cancer and have a high
sensitivity that is complementary to [18F]FDG PET imaging
[12–23]. However, for some liver cancers with high
radioactive accumulation of [18F]FDG, those lipid-related
tracers was not obviously superior to [18F]FDG in PET/CT
[15–17, 23]. In addition, the short half-life of 11C (t1/2 =
20.4 min) limits the widespread application of [11C]AC and
[11C]choline [15, 16, 18, 19].

Fatty acid synthase (FASN) is a key enzyme in fatty acid
synthesis that is overexpressed in multiple human cancers but
exists at low levels inmost normal human tissues [8–10]. Previous
studies have demonstrated that the mechanism of [11C]acetate
uptake in cancer involves FASN [10, 14, 22, 24]. Besides, FASN
inhibition has been reported to be effective in reducing [11C]AC
uptake in association with fatty acid synthesis [11, 24]. Propionic
acid, like acetate, as a short-chain fatty acid, can be converted into
succinyl coenzyme A through a multistep metabolic process
in vivo, and then enters the tricarboxylic acid cycle pathway or
acetyl coenzyme A pathway to participate in fatty acid synthesis
[11, 14, 19, 21, 25–28]. Previous studies demonstrated that 2-
[18F]fluoropropionic acid (RS-[18F]FPA), as an analog of

[11C]AC, could be used for PET imaging of prostate cancer
[25]. Thus, a hypothesis was suggested that RS-[18F]FPA, as an
analog of [11C]AC, could be involved in fatty acid synthesis.

Our previous studies showed that R-[18F]FPA was
superior to S-[18F]FPA and had similar potential to RS-
[18F]FPA in PET imaging of prostate cancer [29], and RS-
[18F]FPA could be used for PET imaging of liver cancer
[30]. However, RS-[18F]FPA is a mixture of 2-R-
[18F]fluoropropionic acid (R-[18F]FPA) and 2-S-
[18F]fluoropropionic acid (S-[18F]FPA). The biological
effectiveness of RS-[18F]FPA and its two chiral isomers
may be different in PET imaging of liver cancer. As far as
we know, biological evaluations of two chiral isomers of
RS-[18F]FPA, R-[18F]FPA and S-[18F]FPA, for PET imag-
ing of liver cancer has not been reported. In this work, it is
necessary to compare the preclinical PET imaging feasibility
of RS-[18F]FPA with that of its enantiomers R-[18F]FPA and
S-[18F]FPA in liver cancer as compared with [18F]FDG.
Additionally, it is not clear whether the uptake mechanism
of [18F]FPA is related to FASN and the TCA cycle;
therefore, the mechanism of [18F]FPA uptake in liver cancer
was also explored in this study.

Materials and Methods

Chemicals and Equipment

All chemical reagents and solvents were purchased from
commercial sources. Kryptofix 2.2.2 (K2.2.2), acetonitrile
(MeCN), tert-butyl alcohol (t-BuOH), (R)- and (S)-ethyl-2-
(((trifluoromethyl)sulfonyl)oxy)propanoate), and methyl-2-
bromopro-pionate were obtained from Sigma-Aldrich
(Shanghai) Trading Co. Ltd. The Sep-Pak light QMA, Sep-
Pak plus Alumina-N and Oasis HLB cartridges were
obtained from Waters (Milford, USA), and Grace SCX
cartridges were purchased from Alltech (Deerfield, USA).
Radioactivity was measured by a gamma counter (γ-counter)
(SN-6105, Shanghai Nuclear Rihuan Photoelectric Instru-
ment LLC, China).

Radiosynthesis of R-[18F]FPA, S-[18F]FPA, and
RS-[18F]FPA

R-[18F]FPA or S-[18F]FPA was synthesized from the chiral
p r e c u r s o r ( S ) - o r ( R ) - e t h y l 2 -
(((trifluoromethyl)sulfonyl)oxy)propanoate), respectively,
via a two-step reaction, consisting of [18F]fluorination and
on-column hydrolysis reaction described in detail by our
earlier paper [29, 31]. RS-[18F]FPA was synthesized from
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the precursor ethyl-2-bromopropionate [31]. The
radiosynthesis of RS-[18F]FPA, R-[18F]FPA, and S-
[18F]FPA was performed in a commercial FDG synthesizer
(Beijing Sunvic Medical Technology Co, Ltd) with a
modification as described previously [29, 31]. The total
decay-corrected radiochemical yields of RS-[18F]FPA, R-
[18F]FPA, and S-[18F]FPA were over 40 %, with a specific
activity of around 40 GBq/μmol. The radiochemical purities
of RS-[18F]FPA, R-[18F]FPA, and S-[18F]FPA were over
95 %, and their enantiomeric purities were above 95 % [29].

In vitro Cell Uptake and Inhibition

Human hepatoblastoma cell line HepG2 and human hepato-
cellular carcinoma cell line SK-Hep-1 were obtained from
the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). The cells were cultured in DMEM
containing 10 % fetal calf serum at 37 °C in a humidified
atmosphere of 5 % CO2. Twenty-four hours before the cell
uptake experiments, the HepG2 or SK-Hep-1 cells (1–2 ×
107) were seeded in 24-well plates. The cells were grown to
~ 70–80 % confluence in growth medium for the uptake
experiments. Approximately 0.185 MBq (5 μCi) of R-
[18F]FPA or S-[18F]FPA in 1.0 ml of fresh media was added
to each well. A total of 5, 30, 60, or 90 min later, the culture
medium containing the radioactive substance was removed.
To stop the uptake of tracers, ice-cold phosphate-buffered
saline (PBS) was used to rinse away any residual radioac-
tivity three times. The cells were lysed by using 500 μL of
0.5 N NaOH for 30 min at room temperature. Samples were
counted with a γ-counter and then measured for protein
content by using a standard copper acid assay (BCA, Pierce
Biotechnology) using bovine serum albumin as the protein
standard.

To compare the abilities of different concentrations of
orlistat to inhibit fatty acid synthesis or of 3-nitropropionic
acid (3-NP) to inhibit the TCA cycle [9, 24, 32], the original
medium was replaced with fresh growth medium containing
orlistat (0, 25, 50, 100, 200, or 400 μM) or 3-NP (0, 25, 50,
100, 200, or 400 μM). Orlistat and 3-NP were dissolved in
dimethyl sulfoxide (DMSO) (G 1 %), and the control groups
received DMSO (0.1 %) only. Then, 200 μL of RS-
[18F]FPA, S-[18F]FPA, or R-[18F]FPA (5 μCi) was added
to each well. After 30 min, the incubation was terminated,
and then the radioactive liquid was removed. The methods
of cell lysis and radioactivity counting were the same as
those mentioned above. These experiments were repeated
three times on different days.

Animal Models

Mice were purchased from the Laboratory Animal Center of
Sun Yat-sen University (Guangzhou, China) and housed 5–6
animals per cage under standard laboratory conditions.
Human hepatoblastoma HepG2 cells (1 × 107) and

hepatocellular carcinoma SK-Hep-1 cells (1 × 107) were
injected subcutaneously into BALB/c nude mice (4 weeks
old, weighing 25–30 g, male). PET-CT imaging was
performed when the tumors grew to approximately 5–
10 mm in diameter. The experiments were approved by the
Institutional Animal Care and Utilization Committee
(IACUU) of the First Affiliated Hospital, Sun Yat-Sen
University (approval no. 2016058).

Small-Animal PET Imaging

The nude mice with human liver cancer were fasted for at
least 6 h before micro-PET scanning. The tumor-bearing
mice were injected intravenously with 3.7–5.5 MBq (100–
150 μCi in 0.1 ml of saline) of RS-[18F]FPA, S-[18F]FPA,
R-[18F]FPA, or [18F]FDG sequentially over 4 days. The
mice were anesthetized with 2 % pentobarbital (5 ml/kg)
before the PET scanning and remained anesthetized during
scanning [31]. Static small-animal PET-CT images (10-min
low-dose CT scan and 10-min static PET scan) were
acquired 30, 60, 90, and 120 min after injection. Image
reconstruction and quantification were performed as de-
scribed previously [29, 30].

Ex vivo Biodistribution of R-[18F]FPA

HepG2 tumor-bearing BALB/c nude mice were divided into
four groups (n = 3 per group), and each mouse was injected
through the tail vein with 0.74 MBq (20 μCi) of R-[18F]FPA
in 0.2 ml of saline. Mice were euthanized by cervical
dislocation 30, 60, 90, and 120 min after injection. Blood
samples from the orbital sinus and the organs of interest
(brain, heart, lungs, liver, kidneys, pancreas, spleen, stom-
ach, intestines, muscle, bone, and tumor) were harvested,
blotted dry, and weighed quickly, and [18F] radioactivity
was measured with a γ-counter [29]. All measurements were
background-subtracted and decay-corrected to the time of
injection and then averaged together. The data are expressed
as percentage injected dose per gram of tissue (% ID/g).

Small-Animal PET Assessment of FASN and TCA
Inhibition

Twenty-four hours after PET imaging with R-[18F]FPA, the
same mice (n = 3) received intraperitoneal injections of
orlistat at 240 mg/kg or 3-NP at 35 mg/kg dissolved in
DMSO (G 2 % DMSO). Sixty minutes after injection of the
orlistat or 3-nitropropionic acid, the mice were again injected
intravenously with 3.7–5.5 MBq (100–150 μCi, 0.1 ml of
saline) of R-[18F]FPA, and the mice then underwent PET
scanning again following the same protocol [9, 24, 32].
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Statistical Analysis

All data are expressed as the mean ± standard deviation
(SD). The statistical analysis was performed with SPSS
software version 20.0 (SPSS Inc.) for Windows (Microsoft).
Comparisons between conditions were performed by using
unpaired, two-tailed Student’s t tests. P G 0.05 was consid-
ered statistically significant.

Results
Cell Uptake and Competitive Inhibition
Experiments

Cellular uptake experiments showed that R-[18F]FPA and S-
[18F]FPA uptake gradually increased in the HepG2 cells
from 5 to 90 min (Fig. 1a). There were no significant
differences between the uptake of R-[18F]FPA and S-
[18F]FPA in HepG2 cells over 90 min (P 9 0.05). To confirm
the hypothesis that RS-[18F]FPA, S-[18F]FPA, and R-
[18F]FPA uptake is related to FASN expression in tumors,
an in vitro blocking study with orlistat was performed with
HepG2 cells. Compared with uptake in the control group,
the accumulation of RS-[18F]FPA, S-[18F]FPA, and R-
[18F]FPA was inhibited by 46.5 %, 39.0 %, and 43.2 %,
respectively, after the addition of 400 μM orlistat (P G 0.05)
(Fig. 1b). To evaluate the contribution of the TCA cycle to
the cellular uptake of RS-[18F]FPA, S-[18F]FPA, and R-
[18F]FPA, 3-NP was used to treat HepG2 cells. Radioactivity
uptake was inhibited by 35.3 %, 37.4 %, and 36.3 %,
respectively, after the addition of 400 μM 3-NP (P G 0.05)
(Fig. 1b). Further in vitro blocking studies with various
concentrations of orlistat and 3-NP were performed on
HepG2 cells to assess RS-[18F]FPA uptake. At 30 min,
treatment with 25, 50, 100, 200, and 400 μM orlistat
inhibited RS-[18F]FPA uptake into cells by 18.5 %, 26.1 %,
31.5 %, 36.5 %, and 46.5 % (P G 0.05), respectively (as
shown in Fig. 1c). At 30 min, the 3-NP-treated cells (at the
same concentrations as above) showed RS-[18F]FPA uptake
inhibition of 18.4 %, 19.4 %, 35.9 %, 35 %, and 35.3 %
(P G 0.05), respectively (Fig. 1d). Similar cell uptake and
competitive inhibition experimental results were observed in
SK-Hep-1 cell lines (Suppl. Fig. 1, see Electronic Supple-
mentary Material (ESM)).

Small-Animal PET Study

Small-animal PET imaging with RS-[18F]FPA, S-[18F]FPA,
R-[18F]FPA, and [18F]FDG was performed on HepG2
tumor-bearing mice (n = 5) (Fig. 2a). The average tumor
uptake values for RS-[18F]FPA, S-[18F]FPA, R-[18F]FPA,
and [18F]FDG at 90 min postinjection were 6.63 ± 0.10,
5.60 ± 0.13, 6.68 ± 0.25, and 3.65 ± 0.65 % ID/g, respec-
tively, the average uptake values of these tracers in muscle
were 2.82 ± 0.80, 2.60 ± 0.50, 2.79 ± 0.17, and 1.83 ± 0.38 %

ID/g, respectively, and the average uptake values in liver
were 4.88 ± 0.97, 4.91 ± 0.65, 4.78 ± 0.23, and 3.17 ± 0.12 %
ID/g, respectively. The uptake of R-[18F]FPA and RS-
[18F]FPA in tumors was not significantly different (P
9 0.05), but there was a marked difference between that of
R-[18F]FPA and S-[18F]FPA in tumor uptake (P G 0.05). RS-
[18F]FPA, S-[18F]FPA, and R-[18F]FPA had higher tumor-
to-muscle (T/M) and tumor-to-liver (T/L) uptake ratios than
18F-FDG at 90 min postinjection, and the T/M and T/L
uptake ratios of R-[18F]FPA were significantly higher than
those of S-[18F]FPA (P G 0.05) (Fig. 2b).

PET images of R-[18F]FPA obtained in HepG2 tumor-
bearing mice (n = 3) at different time points are shown in
Fig. 3. The PET studies show that the uptake of R-[18F]FPA
reached a peak at 90 min postinjection, and the radioactivity
uptake values in the tumors were 6.07 ± 0.05, 7.07 ± 0.05,
7.13 ± 0.05, and 7.08 ± 0.04 % ID/g at 30, 60, 90, and
120 min postinjection, respectively (Fig. 3a, b). In addition
to the tumors, the liver showed high uptake values from 30
to 120 min postinjection, but the uptake by the liver was not
significantly different between the four different time points
(P 9 0.05) (Fig. 3b). Muscle radioactivity was relatively low
and evenly distributed during the 120 min after injection
(Fig. 3b). The uptake of R-[18F]FPA in HepG2 tumors was
significantly higher than that of [18F]FDG at 60 min
postinjection (7.07 ± 0.05 vs. 4.30 ± 0.19, P G 0.05) (Fig. 3c).

PET imaging of tumors of different sizes using R-
[18F]FPA and [18F]FDG was performed on HepG2 and
SK-Hep-1 tumor-bearing mice. The PET studies showed that
the uptake of R-[18F]FPA was lower than that of [18F]FDG
in large HepG2 tumors (diameter of approximately 10 mm)
at 90 min after injection (8.30 ± 0.08 % ID/g vs. 9.30 ±
0.15 % ID/g, P G 0.05) (Fig. 4a). Meanwhile, the T/M uptake
ratio of [18F]FDG in the large HepG2 tumors was signifi-
cantly higher than that of R-[18F]FPA at 90 min postinjec-
tion (6.54 ± 0.52 vs. 2.77 ± 0.22, P G 0.05), and the T/L
uptake ratio of [18F]FDG was significantly higher than that
of R-[18F]FPA (3.10 ± 0.13 vs. 1.60 ± 0.13, P G 0.05), as
shown in Fig. 4b. However, the uptake values for R-
[18F]FPA in small HepG2 tumors (diameter of approxi-
mately 5 mm) were higher than those of [18F]FDG at 90 min
after injection (7.00 ± 0.23 % ID/g vs. 3.20 ± 0.11 % ID/g,
P G 0.05) (Fig. 4d). Moreover, the T/M uptake ratio of R-
[18F]FPA in small HepG2 tumors was higher than that of
[18F]FDG at 90 min postinjection (2.30 ± 0.21 vs. 2.00 ±
0.12, P G 0.05), and the T/L uptake ratio of R-[18F]FPA was
higher than that of [18F]FDG (1.89 ± 0.13 vs. 1.60 ± 0.20,
P G 0.05), as shown in Fig. 4e. The uptake of R-[18F]FPA
was higher than that of [18F]FDG in both relative small SK-
Hep-1 tumors (6.85 ± 0.21 % ID/g vs. 2.89 ± 0.18 % ID/g,
P G 0.05; Fig. 5a) and large SK-Hep-1 tumors (8.85 ± 0.39 %
ID/g vs. 6.23 ± 0.28 % ID/g, P G 0.05; Fig. 5b) at 60 min
after injection. The T/M uptake ratios of R-[18F]FPA was
higher than that of [18F]FDG in both small SK-Hep-1 tumors
(2.45 ± 0.19 vs. 1.93 ± 0.13, P G 0.05) and large SK-Hep-1
tumors (3.88 ± 0.20 vs. 3.46 ± 0.40, P G 0.05) at 60 min post-
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injection, and the T/L uptake ratios of R-[18F]FPA was also
higher than that of [18F]FDG (1.81 ± 0.12 vs. 1.45 ± 0.21,
2.39 ± 0.14 vs. 2.07 ± 0.18, P G 0.05), as shown in Fig. 5c, d.

Biodistribution of R-[18F]FPA in HepG2 Tumor-
Bearing Mice

The biodistribution of R-[18F]FPA in HepG2 tumor-
bearing mice was investigated at 30, 60, 90, and 120 min
after injection (Suppl. Fig. 2 in ESM). The results showed
that the uptake of R-[18F]FPA in tumors gradually
increased over 60 min, and then relatively stable levels of
radioactivity uptake were maintained from 60 to 120 min.

The radioactivity uptake rates of R-[18F]FPA in the tumors
were 3.80 ± 0.55, 4.52 ± 0.35, 4.14 ± 0.65, and 4.28 ±
0.61 % ID/g at 30, 60, 90, and 120 min postinjection,
respectively. The elimination of tracer from the blood was
relatively slow, changing from 2.84 ± 0.12 % ID/g at
30 min to 2.49 ± 0.10 % ID/g at 120 min after injection.
A moderate uptake rate and slow clearance of radioactivity
were found in the organs and tissues of interest (brain,
lungs, heart, liver, stomach, spleen, muscle, and bone)
from 30 to 120 min. Supplementary Fig. 2b in ESM shows
the tumor-to-organ ratio of R-[18F]FPA at 30, 60, 90, and
120 min after injection. The tumor-to-organ ratio is greater
than 1 for all of the organs.

Fig. 1 a R-[18F]FPA and S-[18F]FPA uptake in HepG2 cells at different time points. b The results for RS-[18F]FPA, S-[18F]FPA,
and R-[18F]FPA uptake by HepG2 cells inhibited by 400 μM orlistat and 400 μM 3-NP. c The results for RS-[18F]FPA uptake by
HepG2 cells inhibited with different concentrations of orlistat. d The results for RS-[18F]FPA uptake by HepG2 cells inhibited
with different concentrations of 3-NP.
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PET Imaging of Tumor-Bearing Mice with FASN
and TCA Inhibition

HepG2 and SK-Hep-1 tumor-bearing mice were imaged
with R-[18F]FPA before and after treatment with orlistat or
3-NP. The uptake (% ID/g) of R-[18F]FPA into HepG2
tumors decreased by 19.3 % after treatment with orlistat
(8.30 ± 0.18 vs. 6.70 ± 0.12, P G 0.05) (Fig. 6a, b) and by
31.8 % after treatment with 3-NP (8.50 ± 0.21 vs. 5.80 ±
0.12, P G 0.05) (Fig. 6c, d). In normal tissues including the
liver, brain, and muscle, the radioactivity uptake showed no
marked reduction after treatment with orlistat or 3-NP
(P 9 0.05). The uptake of R-[18F]FPA in SK-Hep-1 tumors
was inhibited by 39.5 % with orlistat (8.85 ± 0.39 vs. 5.35 ±
0.26, P G 0.05; Fig. 5b, e).

Discussion
The increased glucose metabolism in tumors is mainly
correlated with overexpression of glucose transporter-1
(GLUT1) [33–35]. However, the sensitivity of [18F]FDG to
detect well-differentiated liver cancer is low and may be
correlated with the low expression of Glut-1 [33–35].
Cytoplasmic GLUT1 is overexpressed in the HepG2 cell
line [36]. FASN is also overexpressed in the HepG2 cell line
[37]. Therefore, we chose HepG2 cells to compare the PET
imaging efficacy of [18F]FDG, RS-[18F]FPA, S-[18F]FPA,
and R-[18F]FPA.

PET imaging studies demonstrated that HepG2 tumors
can be successfully detected by RS-[18F]FPA, S-[18F]FPA,
and R-[18F]FPA, and the accumulation of all these tracers in
HepG2 tumors was higher than that of [18F]FDG. These
experimental results showed that [18F]FPA uptake in HepG2
tumors may be related to FASN expression. Among the
tracers, there were no significant differences between the
uptake of RS-[18F]FPA and R-[18F]FPA into the tumors, but
the uptake of R-[18F]FPA by tumors was clearly higher than
that of S-[18F]FPA, which is in agreement with our previous
research [29]. Additionally, R-[18F]FPA had better T/L and
T/M uptake ratios than S-[18F]FPA and [18F]FDG. All these
results show that R-[18F]FPA is a useful tracer for PET
imaging of tumors.

The PET studies also showed that R-[18F]FPA rapidly
accumulated in HepG2 tumors and that the uptake rate
remained high from 60 to 120 min. The results suggested
that the optimal time point for PET scanning was at least
60 min postinjection. The biodistribution results of R-
[18F]FPA in tumor-bearing mice showed that the accumula-
tion of radioactivity gradually increased until peaking at
60 min, and then slightly decreased from 60 to 120 min
postinjection. The biodistribution data for R-[18F]FPA at
different time points were not in complete agreement with
the PET imaging results, which showed a relatively stable
uptake rate of R-[18F]FPA from 60 to 120 min. The reason
for this phenomenon may be primarily attributed to the fact
that animals were anesthetized during the PET scans, while
the mice in the biodistribution study were active and without
any anesthetic treatment until sacrifice. In addition, the PET
imaging experiment used individuals from the same nude
mouse model, while various mice with different sizes of the
tumor were used in the biodistribution study. The uptake of
R-[18F]FPA in other normal organs was similar to that
observed in previous research [29, 38]. The research results
showed that R-[18F]FPA had a relatively wide imaging time
window and high tumor-to-non-target ratios. Especially, as
an optically pure compound, R-[18F]FPA seemed to show
greater potential as a fatty acid PET tracer for detecting liver
cancer than RS-[18F]FPA in clinical settings.

Previous studies have reported that propionate is an
energy-providing substrate for heart and tumor cells and that
the metabolic mechanism for propionate metabolism may
begin with the synthesis of fatty acids [26, 27]. Several

Fig. 2 a PET/CT fusion images of HepG2 tumor-bearing
mice scanned 90 min postinjection with RS-[18F]FPA, S-
[18F]FPA, R-[18F]FPA, and [18F]FDG (n = 5 mice per group, the
red arrows point to the tumors). b The relative tumor-to-
muscle (T/M) and tumor-to-liver (T/L) uptake ratios for RS-
[18F]FPA, S-[18F]FPA, R-[18F]FPA, and [18F]FDG (n = 5 per
group).
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Fig. 3 a R-[18F]FPA PET/CT fusion images of HepG2 tumor-bearing mice scanned at 30, 60, 90, and 120 min postinjection and
[18F]FDG PET/CT fusion images of the same mice at 60 min postinjection (n = 3 mice per group, the red arrows show the
tumors). b The corresponding R-[18F]FPA uptake (% ID/g) of tumors and the organs of interest at 30, 60, 90, and 120 min
postinjection. c The corresponding uptake (% ID/g) of R-[18F]FPA and [18F]FDG in the tumors 60 min postinjection.

Fig. 4 a R-[18F]FPA and [18F]FDG PET/CT fusion images of HepG2 tumor-bearing mice with tumors approximately 10 mm
diameter at 90 min postinjection (n = 3 mice per group, the red arrows show the tumors). b The tumor-to-muscle (T/M) and
tumor-to-liver (T/L) uptake ratios of R-[18F]FPA and [18F]FDG in tumors approximately 10 mm in diameter. c Photo of tumor
tissue. d R-[18F]FPA and [18F]FDG PET/CT fusion images of HepG2 tumor-bearing mice with tumors approximately 5 mm in
diameter (n = 3 mice per group, the red arrows point to the tumors). e The relative T/M and T/L uptake ratios of R-[18F]FPA and
[18F]FDG in tumors approximately 5 mm in diameter. f Photo of tumor tissue.
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studies have shown that [18F]FPA and [18F]FAC may be
metabolized via similar mechanisms [16, 38]. Unlike the
significant defluorination of [18F]FAC, RS-[18F]FPA and its
two enantiomers demonstrated no evidence of defluorination
throughout the whole experiment, suggesting that [18F]FAC
and [18F]FPA are involved in different metabolic pathways.

Inhibition of FASN by orlistat or of succinate dehydro-
genase (SDH) by 3-NP can decrease fatty acid synthesis or
the rate of the TCA cycle, respectively [9, 39]. Under the
same concentrations of orlistat and 3-NP, the degrees of
inhibition of RS-[18F]FPA, R-[18F]FPA and S-[18F]FPA
uptake in HepG2 and SK-Hep-1 cells were similar,
suggesting that RS-[18F]FPA and its two enantiomers are
taken up via similar mechanisms in the HepG2 and SK-Hep-
1 cell lines. The orlistat-treated cells showed clearly
decreased rates of RS-[18F]FPA uptake under different
concentrations of the inhibitor when compared with the
control groups, which indicated that RS-[18F]FPA may be

involved in fatty acid synthesis [9]. In our study, a marked
reduction in RS-[18F]FPA uptake was found after the
treatment of HepG2 and SK-Hep-1 cells with different
concentrations of the inhibitor 3-NP, which indicated that
RS-[18F]FPA may be involved in the TCA cycle. PET
analysis of competitive inhibition also demonstrated that the
in vivo uptake of R-[18F]FPA into HepG2 tumor-bearing
mice was strongly inhibited by orlistat and 3-NP, which
further confirmed that the mechanism of R-[18F]FPA uptake
may also be involved in fatty acid synthesis and the TCA
cycle. However, the in vitro cellular uptake experiment
found that HepG2 and SK-Hep-1 cells continued to take up
R-[18F]FPA, even under high concentrations of the inhibi-
tors. Meanwhile, the in vivo PET imaging showed similar
results; R-[18F]FPA uptake in the tumors decreased after
treatment with orlistat or 3-NP, but high rates of radioactiv-
ity uptake were still present in tumors under high concen-
trations of the inhibitors. Therefore, it is possible that R-

Fig. 5 a R-[18F]FPA and [18F]FDG PET/CT fusion images of SK-Hep-1 tumor-bearing mice with small tumors at 60 min
postinjection (n = 3 mice per group, the red arrows show the tumors). b R-[18F]FPA and [18F]FDG PET/CT fusion images of SK-
Hep-1 tumor-bearing mice with large tumors at 60 min postinjection (n = 3 mice per group, the red arrows show the tumors). R-
[18F]FPA PET images of SK-Hep-1 tumor-bearing mice with and without orlistat treatment at 60 min postinjection (n = 3 mice
per group). c The corresponding uptake (% ID/g) of R-[18F]FPA and [18F]FDG in the small tumors 60 min postinjection. d The
corresponding uptake (% ID/g) of R-[18F]FPA and [18F]FDG in the large tumors 60 min postinjection. e The corresponding
radioactivity uptake (% ID/g) of R-[18F]FPA in tumor, 60 min postinjection after treatment with or without orlistat.
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[18F]FPA uptake into tumors also involves other mecha-
nisms. Additionally, R-[18F]FPA and S-[18F]FPA had
similar uptake rates in HepG2 and SK-Hep-1 cells for the
in vitro cell uptake experiments, while the uptake rates of R-
[18F]FPA and S-[18F]FPA appeared significantly different
for in vivo PET imaging. The different in vivo radioactivity
uptake rates between R-[18F]FPA and S-[18F]FPA may be
due to the presence of different mechanism in the more
complicated in vivo microenvironment in addition to their
similar uptake mechanisms related to FASN and the TCA
cycle [40]. Alternatively, perhaps there existed with differ-
ence in metabolism of the radiotracer (e.g., plasma clear-
ance) and with difference in uptake and/or incorporation in
fatty acid synthesis, of course, which need to be further
studied in our next work. In vivo FASN inhibition studies
demonstrated that R-[18F]FPA involved in the same

metabolic pathway in both SK-Hep-1 and HepG2 tumors
but exhibited a higher sensitivity to inhibition by orlistat in
SK-Hep-1 tumors with higher levels of FASN [41].

A previous study reported that [18F]FDG and [11C]acetate
PET have low sensitivities in detecting small liver cancer
[23]. Our micro-PET studies showed that both R-[18F]FPA
and [18F]FDG resulted in high levels of radioactivity
accumulation in the detection of large tumors (10 mm in
diameter). However, the sensitivity of R-[18F]FPA was
clearly higher than that of [18F]FDG in the detection of
tumor lesions with a size smaller or equal to 5 mm in
diameter, indicating that R-[18F]FPA PET was significantly
superior to [18F]FDG PET in detecting small tumors (both
SK-Hep-1 and HepG2 tumors). Moreover, research has
shown that increased expression of FASN was found in
early steps of mammary carcinogenesis [42]. Therefore, R-

Fig. 6 a R-[18F]FPA PET images of HepG2 tumor-bearing mice with and without of orlistat treatment at 60 min postinjection
(n = 3 mice per group). b The corresponding radioactivity uptake (% ID/g) of R-[18F]FPA into tumor, liver, and muscle tissue
60 min postinjection after treatment with orlistat. c R-[18F]FPA PET images of HepG2 tumor-bearing mice with and without 3-
NP treatment at 60 min postinjection (n = 3 mice per group). d The corresponding radioactivity uptake (% ID/g) of R-[18F]FPA in
tumor, liver, and muscle tissues 60 min postinjection after treatment with or without 3-NP.
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[18F]FPA may be a better potential PET probe for detecting
liver cancer at an early stage, which could be due to the
dominance of fatty acid synthesis over glucose metabolism
in early tumor cell proliferation [8], with low GLUT1
expression and an overexpression of FASN in the early
stages of liver cancer [6, 41, 42].

Conclusion
The potential PET imaging value of R-[18F]FPA in detecting
liver cancer is similar to that of RS-[18F]FPA but superior to
that of S-[18F]FPA. Micro-PET imaging results show that R-
[18F]FPA is more sensitive than [18F]FDG in detecting small
liver cancer in tumor-bearing nude mice and can effectively
compensate for the deficiencies of [18F]FDG. Overall, R-
[18F]FPA, as an optically pure tracer, seems to be a more
suitable metabolic PET tracer than S-[18F]FPA for detecting
liver cancer, particularly in the early stages of tumors. In
addition, the metabolic pathways for [18F]FPA may involve
the TCA cycle and fatty acid synthesis in liver cancer. But
the details of these mechanisms still need to be further
investigated.
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