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Abstract
Purpose: The early diagnosis of primary hepatocellular carcinoma (HCC) has the potential to
lead to significant improvements for the treatment and survival rates of cancer patients. 2-
Deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) is often used as a tracer for positive emission
tomography (PET) and X-ray computed tomography (CT) imaging of cancer cells; however,
[18F]FDG PET/CT cannot currently be used as an early diagnostic technique for HCC. This is
because these cancer cells express high levels of glucose-6-phosphatase (G6Pase) that is
responsible for poor cellular retention of [18F]FDG. Here, we sought to investigate the feasibility
of metformin treatment to promote [18F]FDG uptake in HCC and the mechanism involved.
Procedures: Human SMMC-7721 HCC cells were treated with metformin (up to 10 mM) or
FoxO1 siRNA. The transcriptional and expression levels of FoxO1 and G6Pase were
determined by quantitative RT-PCR and Western blotting, respectively. The feasibility of using
metformin to promote [18F]FDG uptake was investigated by both in vitro cell uptake analysis and
in vivo microPET/CT imaging. Stable doxycycline-inducible cell lines with FoxO1-overexpression
(FoxO1-OE) and FoxO1-knockdown (FoxO1-KD) were constructed to evaluate the impact of
FoxO1 on G6Pase expression in vitro and [18F]FDG uptake in vivo.
Results: Treatment of HCC cells with metformin (Met) leads to a dose-dependent reduction in
the expression levels of FoxO1 at the protein level, but not at the mRNA level. Met-induced
phosphorylation of FoxO1 initiates a reduction in the expression levels of G6Pase mRNA, which
results in an overall increase in the uptake of [18F]FDG into HCC cells and tumors.
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Conclusions: We propose that treatment of HCC cells with Met may be a useful strategy for
improving the efficacy of [18F]FDG as a tracer for PET/CT imaging of HCC tumors in patients.
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Introduction
Hepatocellular carcinoma (HCC) is the second highest cause
of death from cancer worldwide, ranking as the third biggest
cause of cancer mortality in China [1, 2]. The 5-year survival
rates for early-stage HCC patients average around 70 %;
however, the median survival period for advanced HCC
patients is normally less than a year [3]. Hence, early
diagnosis is crucial to improve the treatment of patients with
HCC and increase their survival chances. Currently, the
National Comprehensive Cancer Network (NCCN) guide-
lines recommend the use of four-phase X-ray computed
tomography (CT) and dynamic magnetic resonance imaging
(MRI) for the diagnosis of HCC [4]. However, the low
sensitivity of these techniques (62.0–78.4 %), especially for
the diagnosis of small tumors (≤ 2 cm3), means that these
approaches are not suitable as early diagnostic techniques for
HCC [5].

Positron emission tomography (PET) using 2-deoxy-2-
[18F]fluoro-D-glucose ([18F]FDG) as a tracer in combination
with CT imaging is recognized as being a superior approach
to traditional anatomical imaging for the early diagnosis and
location of malignant tumors [6–8]. However, the accumu-
lation levels of [18F]FDG in HCC cells are often low,
especially in differentiated HCC cells [9], which means that
[18F]FDG PET/CT imaging is not currently recommended as
a diagnostic technique for HCC tumors [10].

[18F]FDG is transported into cells by glucose transporter
1 (GLUT1), where it is then phosphorylated by hexokinase 2
(HK2) to afford charged [18F]FDG-6-phosphate that accu-
mulates within the cell. HCC tumors are known to
overexpress the enzyme glucose 6-phosphatase (G6Pase)
[11, 12], which can hydrolyze [18F]FDG-6-phosphate to
[18F]FDG that may then be transported back out of cancer
cells by glucose transporters and P-glycoproteins [13, 14].
Therefore, selective inhibition of G6Pase activity could
potentially result in higher concentrations of [18F]FDG
accumulating in HCC cells, which would then allow PET/
CT imaging to be used for the diagnosis of HCC tumors.

Metformin (Met) is used for the treatment of type 2
diabetes, where it is known to exert a range of pharmaco-
logic effects on cellular glucose metabolism in both healthy
and cancer cells [15, 16]. Met is thought to effectively
downregulate G6Pase by reducing its mRNA expression
levels [17]. Forkhead box protein O1 (FoxO1) is a
transcription factor that plays an important role in regulating
glucose metabolism and tumor progression [18, 19]. In its
non-phosphorylated state, FoxO1 increases the rate of
production of hepatic glucose by triggering an increase in

the transcription levels of G6Pase [18]. Studies have shown
that inhibition of FoxO1 activity can reduce the expression
levels of G6Pase in the liver [20], with Met also having been
reported to have a strong inhibitory effect on FoxO1
expression in macrophages [21]. Consequently, it was
decided to investigate whether the treatment of HCC cells
with Met would result in an increase in their overall
[18F]FDG uptake.

Materials and Methods
Cell Lines and Culture Conditions

Human differentiated hepatocellular carcinoma cells
(SMMC-7721, obtained from the Chinese Center for Type
Culture Collection) were cultured in RPMI-1640 media
(Hyclone, Utah, USA) and 10 % FBS (Hyclone) in a
humidified atmosphere containing 5 % CO2 at 37 °C.

In Vitro Pharmacological Interventions

In vitro studies were carried out using HCC cells seeded into
six-well plates at a concentration of 5 × 105 cells per well
which were then treated with Met dissolved in RPMI-1640
at a concentration of 0 (negative control, NC), 1, 5, and
10 mM. Three replicates were carried out for each
concentration of Met. Total RNA and protein levels were
determined after 48 h using Western blotting analysis and
quantitative real-time RT-PCR.

RNAi and Quantitative Real-Time RT-PCR

For in vitro RNAi studies, cells were transfected with either
100 nM siRNA targeted against FoxO1, fwd-5’-
G G UUUGUACUGUUAUUAAA - 3 ′ , r e v - 5 ’ -
UUUAAUAACAGUACAAACC-3′ (Cell Signaling Tech-
nologies, Billerica, MA, USA), or negative control se-
quences using Lipofectamine 2000 (Invitrogen, Lake
Placid, USA), as per manufacturer’s instructions. The
efficiency of these protocols was confirmed using a
preliminary control experiment, as described in Suppl. Fig. 1
in the electronic supplementary material (ESM).

Total RNA was isolated from cells using a total RNA kit
I(Omega Bio-Tek, GA, USA) according to the manufac-
turer’s guidelines. Single-stranded cDNA was synthesized
from total RNA using the PrimeScript™ RT Master Mix
(TaKaRa, Dalian, China). Real time RT-PCR for each target
was performed using SYBR® Premix Ex Taq II (TaKaRa).
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The primer sets used were, for FoxO1, (5’-TTTGGACT
GCTTCTCTCAGTTCCTGC-3′) and (5’-TTTGACAA
TGTGTTGCCCAACCAAAG-3 ′); for G6Pase, (5’-
GTGTCCGTGATCGCAGACC-3′) and (5’-GACGAGGT
TGAGCCAGTCTC-3′); and for β-actin, (5’-TGGCACCC
AGCACAATGAA-3′) and (5′-CTAAGTCATAGTCC
GCCTAGAAGCA-3′). Thermal cycling conditions were
set as follows: pre-heating (30 s at 94 °C) and 40 cycles of
denaturation (10 s at 94 °C), annealing (30 s at 61 °C), and
elongation (20 s at 72 °C). mRNA levels were normalized
using a β-actin mRNA internal control.

Western Blot Analysis

Protein samples were quantified using a bicinchoninic acid
assay kit (BCA; Boster, Hubei, China) employing 40 μg of
protein from each sample. These samples were loaded onto
10 % sodium dodecyl sulfate-polyacrylamide 1-mm gels
and transferred onto nitrocellulose membranes. Membranes
were blocked for 2 h using 5 % bovine serum albumin
(BSA; Boster) at 4 °C. After overnight incubation at 4 °C
with primary antibodies, each membrane sample was
washed five times with Tris-buffered saline containing
Tween-20 (TBST) for 5 min and then incubated for 1 h at
room temperature (RT) with a secondary antibody. Blots
were visualized using the enhanced chemiluminescence
(ECL) (Cell Signaling Technologies) method. Images were
captured and analyzed using ImageJ software (National
Institutes of Health). Relative expression levels were
quantified by comparing band intensities with β-actin and
normalized to controls. Statistical analysis was performed
on three repeats.

The following primary antibodies were used (Cell
Signaling Technologies): anti-phospho-AMP-activated pro-
tein kinase (AMPK) (Thr172), AMPK, phospho-protein
kinase B (Akt) (Ser473), Akt, anti-eukaryotic translation
initiation factor 4E-binding protein 1 (4EBP1), and phospho-
4EBP1 (Ser65). Primary antibodies obtained from Abcam
(USA) were FoxO1A, phospho-FoxO1A (Ser256), G6Pase,
GLUT1, HK2, and ß-actin. Secondary anti-rabbit IgG
antibody was obtained from BBI Life Sciences (Shanghai,
China).

In Vitro [18F]FDG Uptake Assay

[18F]FDG cell uptake rate was measured according to
previous studies [22]. SMC7721 cells were seeded at 2 ×
104 cells/well in 24-well plates and treated with Met or
FoxO1 siRNA for 48 h, carrying out three replicates for
each experiment. For cell uptake studies, 500 μl (37 kBq)
of [18F]FDG in RPMI-1640 media without FBS was added
to each tube. A tube containing 5 μl (0.37 kBq) of
[18F]FDG was prepared as a 1 % uptake reference. After
incubation at 37 °C for 60 min, three washes were
performed using ice-cold phosphate-buffered saline

(PBS). Cells were digested with 500 μl 0.05 % trypsin,
and contents were collected in a plastic tube. The
radioactivity of the cells and the reference tube was
determined using a γ-counter (Capintec, NJ, USA).
Radiotracer uptake was corrected for decay, cell count,
and percentage of retained activity per 5 × 105 cells.

Generation of Doxycycline-Inducible FoxO1-
Manipulating Stable Cell Lines

Inducible lentivirus expressing FoxO1 siRNA (FoxO1-
KD) and lentivirus overexpressing FoxO1 (FoxO1-OE)
under the control of a doxycycline-dependent Tet On/Tet
Off switch were constructed by Genechem (Shanghai,
China). According to the manufacturer’s experimental
protocol, 2 μg/ml puromycin (Sigma Aldrich, St. Louis,
MO, USA) was applied 72 h after transfection and then
allowed to stand for 48 h before being used as a stably
transfected cell line clone. For in vitro doxycycline (Dox)
(Sigma Aldrich) induction, stably transfected cells were
plated into six-well plates at a concentration of 5 × 105

cells per well and treated with Dox (5 μg/ml), Met
(10 mM), or Met (10 mM) + Dox (5 μg/ml). Total RNA
and protein were extracted, and their values were deter-
mined after 48 h.

In Vivo Tumor Xenograft Studies

BALB/c nude mice were obtained from the Medical
Laboratory Animal Department of the Fourth Military
Medical University. For inoculation, 6 × 106 cells
suspended in 100 μl of PBS were subcutaneously
injected into the right flank of six-week-old male nude
mice weighing 20–25 g. Over 3 weeks of observation,
xenograft tumors reached a volume of around 100 mm3.
Animal models bearing FoxO1-KD tumors were ran-
domly divided into two groups (n = 5 mice per group)
and treated with Met (250 mg/kg/day) intraperitoneally
[16] and Dox 0.2 ml (2 mg/ml) by gavage [23] for
2 days. The nude mice bearing FoxO1-OE tumors (n = 5)
were treated with Met for 2 days and Dox plus Met for
another 2 days. All mice were kept under non-fasting
conditions and were housed at a constant RT of 21 °C to
avoid the influence of any external factors on glucose or
[18F]FDG uptake.

[18F]FDG Micro-PET/CT Imaging

Before pharmacological interventions, 150–200 μCi of
[18F]FDG in 150 μl of saline was intraperitoneally injected
into each tumor-bearing mouse. The PET/CT data acqui-
sition procedure was performed 1 h after [18F]FDG
injection, using a small-animal PET/CT system (Mediso).
Once anesthesia had been induced, the mice were
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anesthetized using a cone-shaped face mask to continu-
ously deliver isoflurane (2 %) at a flow rate of 1.5 l/min.
An electric heating pad was placed under the animal to
help maintain body temperature using a small-animal PET/
CT system. PET/CT data were acquired for 600 s for each
mouse under continuous anesthesia. After imaging, mice
were treated with Met and/or Dox and re-imaged using the
same protocol after 48 h. All PET/CT images were
processed and analyzed using NuclinenanoScan software
(Mediso). For semi-quantitative analysis, three-
dimensional (3D) regions of interest were adjusted manu-
ally to define the borders of the tumor and were carefully
drawn using the PET and CT images of each mouse. 3D
regions of interest with a diameter of 1 cm were delineated
on the liver as non-target (NT) references. Tracer uptake
by the tumor and the liver tissue was quantified as
standardized uptake values (SUVs) using the formula
SUV = tissue activity concentration (Bq/ml)/injected dose
(Bq) × body weight (g). The maximum tumor SUV, the T/
NT ratio of the mean tumor SUV, and the mean NT SUV
were calculated and compared by comparison of data from
different interventions.

Immunohistochemistry Analysis

Each tumor was harvested from mice models and fixed with
10 % formalin. These formalin-fixed, paraffin embedded
tissue blocks were then cut serially into 3-mm-thick sections
that were dewaxed in xylene and rehydrated by exposure to
a graded series of ethanol solutions. After three washes in
PBS, heat-induced antigen was retrieved in 0.01 M citric
acid buffer (pH 6.0) and autoclaved for 5 min at 120 °C.
Non-specific binding sites were blocked through pre-
incubation with normal bovine serum for 30 min. Slices
were washed three times in PBS for 5 min between each
wash. These tissue sections were then incubated with anti-
G6Pase antibodies, anti-GLUT1 antibodies, or anti-HK2
antibodies, followed by treatment with horseradish
peroxidase-conjugated anti-rabbit IgG. In all experiments,
positive cells were visualized using 3,3-diaminobenzidine
tetrahydrochloride (Shanghai Sangon), before being coun-
terstained with hematoxylin.

Statistical Analysis

All values are expressed as mean ± SEM. Statistical analysis
was performed using GraphPad Prism software. Differences
between two groups were determined by Student’s t test. A
one-way ANOVA followed by post hoc Student-Newman-
Keuls test was employed to analyze pairwise comparisons of
every combination of multiple group pairs. In vitro exper-
iments were repeated three times. A probability value of
P G 0.05 was considered significant.

Results
Metformin Reduces the Expression Levels of
FoxO1 at a Post-transcriptional Level

Studies on the treatment of FoxO1 with Met were carried out
in vitro, with treatment of FoxO1 with FoxO1-knockdown
siRNA being used as a control. As shown in Fig. 1b, c
(using untreated controls as reference), the relative expres-
sion levels of FoxO1 were significantly reduced in both the
10 mM Met group (1.000 ± 0.058 vs. 0.561 ± 0.052, P =
0.0048) and the FoxO1-siRNA group (1.000 ± 0.058 vs.
0.495 ± 0.0232, P = 0.0031). However, as shown in Fig. 1a,
the relative transcription levels of FoxO1 were not signifi-
cantly altered in every group that was treated with Met (F =
0.5684, P = 0.6512), suggesting that Met reduces FoxO1
expression levels via a post-transcriptional regulatory
mechanism.

To further understand this mechanism, the phosphor-
ylation levels of both FoxO1 and the upstream AMPK-
Akt-4EBP1 pathway that controls FoxO1 post-
transcriptional expression levels were determined. As
shown in Fig. 1d, the expression ratio of phosphorylated
FoxO1 to total FoxO1 was unchanged in the treatment
with 10 mM Met (F = 0.1116, P = 0.9756). However, the
use of 10 mM Met did result in increased levels of
phosphorylated AMPK (1.000 ± 0.0833 vs. 1.424 ±
0.3789, P = 0.0097), while the levels of phosphorylated
Akt and phosphorylated 4EBP1 were decreased (1.000 ±
0.1217 vs. 0.3758 ± 0.0372, P = 0.0083; 1.000 ± 0.0752
vs. 0.364 ± 0.0347, P = 0.0016) (Fig. 2). This indicates
that Met has an overall inhibitory effect on the AMPK-
Akt-4EBP1 pathway.

Metformin Acts on FoxO1 to Control the
Expression Levels of G6Pase

The effect of Met and FoxO1 on the expression of G6Pase
and FoxO1-knockdown (FoxO1-KD) was investigated using
siRNA and FoxO1-overexpressed (FoxO1-OE) using a Dox-
inducible Tet on/Tet off switch system. As shown in Fig. 3a,
the relative transcription levels of G6Pase were significantly
reduced on treatment with Met (0 mM 1.000 ± 0.0893 vs.
1 mM Met 0.5271 ± 0.048, P = 0.0096; 5 mM Met 0.053 ±
0.0055, P = 0.0005; 10 mM Met 0.0448 ± 0.0068, P =
0.0004) and FoxO1-KD (0 mM 1.000 ± 0.0893 vs.0.0287 ±
0.0037, P = 0.0004). Figure 3b, c reveals that the relative
expression level of G6Pase was also downregulated by
treatment with Met (0 mM 1.000 ± 0.0921 vs. 1 mM Met
1.008 ± 0.1101, P = 0.9602; 5 mM Met 0.6655 ± 0.0652,
P = 0.0413; 10 mM Met 0.5621 ± 0.0974, P = 0.0309) and
FoxO1-KD (0 mM 1.000 ± 0.0921 vs. 0.4247 ± 0.0841, P =
0.0099).

FoxO1-OE manipulation using Dox increased the expres-
sion of FoxO1, resulting in increased transcription and
expression of G6Pase (See Fig. 4). Additionally, the
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Fig. 1 Analysis of FoxO1 in SMMC-7721 cells after treatment with Met and transfection with FoxO1-siRNA. a FoxO1 mRNA
levels determined by quantitative RT-PCR. b Expression levels of FoxO1 determined by Western blot. Semi-quantitative
analysis of expression levels of c FoxO1 and d the ratio of p-FoxO1/FoxO1 expression levels. Relative expression levels
determined by normalization of data relative to untreated controls to obtain relative expression levels. *P G 0.05; **P G 0.01;
***P G 0.001.

Fig. 2 Analysis of AMPK, Akt, and 4EBP1 in SMMC-7721 cells after Met treatment. a Expression levels of AMPK, Akt, and
4EBP1 determined by Western blot. b Semi-quantitative analysis of expression levels of AMPK, Akt, and 4EBP1. All data are
normalized with respect to untreated controls to obtain relative expression levels. *P G 0.05; **P G 0.01; ***P G 0.001.
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combined intervention of Met and Dox partially rescued the
positive effect of FoxO1-OE manipulation on FoxO1 (2.656
± 0.0959 vs. 3.548 ± 0.1700, P = 0.0038) and G6Pase ex-
pression (1.323 ± 0.0492 vs. 2.177 ± 0.1348, P = 0.0011).
This demonstrates that both Met and FoxO1 have a
regulatory effect on the transcriptional and expression levels
of G6Pase. Details of the transcriptional verification of the
FoxO1-OE manipulation system are described in Suppl.
Fig. 2 in ESM.

Treatment with Metformin and FoxO1 Inhibition
Results in an Increase in the Intracellular
Concentration of [18F]FDG in HCC Cells

In vitro cell uptake assay and in vivo microPET/CT imaging
studies were carried out to determine whether Met-induced
alteration of G6Pase levels resulted in an increase in the
uptake of [18F]FDG in SMMC-7721 cells. As shown in
Fig. 5, treatment with Met resulted in a dose-dependent

Fig. 3 Analysis of G6Pase in SMMC-7721 cells after Met treatment and FoxO1-siRNA treatment. a G6Pase mRNA levels
determined by quantitative RT-PCR. b Expression levels of G6Pase determined by Western blot. c Semi-quantitative analysis
of expression levels of G6Pase. All data are normalized with respect to untreated controls to obtain relative expression levels.
*P G 0.05; **P G 0.01; ***P G 0.001.

Fig. 4 In vitro analysis of G6Pase in stably transduced Dox-inducible FoxO1 overexpressing (FoxO1-OE) SMMC-7721 cells
after treatment with Met and/or Dox. a G6Pase mRNA levels determined by quantitative RT-PCR. b Western blot of FoxO1 and
G6Pase. Semi-quantitative analysis of expression levels of c FoxO1 and d G6Pase. All data are normalized to the results of the
NC group to obtain relative expression levels. *P G 0.05; **P G 0.01; ***P G 0.001.
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increase in the uptake of [18F]FDG into HCC cells in vitro.
The [18F]FDG uptake ratio in SMMC-7721 cells was found
to be 3.5-fold higher in the 10 mM Met group than in the
untreated control group (1.474 ± 0.0946 vs. 0.421 ± 0.0487,
P = 0.0006). Furthermore, the [18F]FDG uptake ratio in the
FoxO1-siRNA group was also found to be significantly
higher than in the control group (1.244 ± 0.0630 vs. 0.421 ±
0.0487, P = 0.0005).

Met treatment of mice, bearing inducible FoxO1-KD or
FoxO1-OE HCC tumors, also resulted in elevated [18F]FDG
uptake levels (see Fig. 6a, b). Figure 6c, d reveals that the

SUVMax value and T/NT ratios observed during NC imaging
of Met-treated mice were significantly higher in both
FoxO1-KD mice (SUVMax value 1.907 ± 0.139 vs. 0.443 ±
0.022, P = 0.0005; T/NT ratio 3.678 ± 0.131 vs. 1.037 ±
0.0185, P G 0.0001) and FoxO1-OE mice (SUVMax value
1.764 ± 0.057 vs. 0.407 ± 0.018, P G 0.0001; T/NT ratio
3.769 ± 0.098 vs. 1.019 ± 0.018, P G 0.0001). These findings
confirm the in vitro results, demonstrating that the treatment
with Met has a positive effect on the incorporation of
[18F]FDG into HCC cells in vivo.

Dox-induced knockout of FoxO1 in FoxO1-KD mice was
also shown to result in a significant increase in the tumor
uptake of [18F]FDG (SUVMax value 1.013 ± 0.055 vs. 0.443
± 0.022, P = 0.0006; T/NT ratio: 3.065 ± 0.049 vs. 1.037 ±
0.0185, P G 0.0001). However, simultaneous overexpression
of FoxO1 in FoxO1-OE mice did not result in Met having
any positive effects on the uptake of [18F]FDG into tumor
cells (SUVMax value 0.533 ± 0.064 vs. 1.764 ± 0.057, P =
0.0001; T/NT ratio 1.287 ± 0.099 vs. 3.769 ± 0.098, P
G 0.0001). Taken together, these results confirm that FoxO1
plays an important role in regulating the rate of [18F]FDG
accumulation in HCC cells.

In the glycolytic pathway, [18F]FDG is transported into
cells by GLUT1 where HK2 then transforms it into
[18F]FDG-6-phosphate. In order to probe the mechanism of
action of Met and FoxO1-KD in increasing intracellular
levels of [18F]FDG in vivo, it was decided to examine the
expression levels of GLUT1, HK2, and G6Pase in tumor

Fig. 5 In vitro analysis of [18F]FDG uptake levels in SMMC-
7721 cells after treatment with Met and FoxO1-siRNA. The
results are corrected for radionuclide decay and presented as
a percentage of initial activity taken up by 5 × 105 cells.
**P G 0.01; **P G 0.001.

Fig. 6 PET of FoxO1-knockdown (FoxO1-KD) or FoxO1-overexpression (FoxO1-OE) SMMC-7721 tumors from BALB/c mice
treated with Met and/or Dox. Representative coronal [18F]FDG microPET/CT images of mouse models bearing a Dox-inducible
FoxO1-KD or b FoxO1-OE SMMC-7721 tumors after treatment with Met and/or Dox. Tumors indicated by dashed circles.
Analysis of c SUVMax and d T/NT (target/non-target) values of tumors in each intervention group. Homolateral liver tissue was
defined using NT reference. *P G 0.05; **P G 0.01; **P G 0.001.
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cells. Western blot analysis of tumor tissues revealed a
significant decrease in G6Pase expression in both Met-
treated and FoxO1-KD mice. This decrease corresponded
with the expression levels of GLUT1 and HK2 remaining
unchanged for all groups studied, with immunohistochemi-
cal analysis also confirming these results (Suppl. Fig. 7 in
ESM).

Furthermore, it was found that the treatment of healthy
liver samples with Met (50 mg/kg/day) resulted in no change
in SUVMax and SUVmean values (see Suppl. Fig. 4 in ESM)
when compared to untreated samples (SUVMax 0.360 ±
0.029 vs. 0.336 ± 0.050, P = 0.7411; SUVmean 0.302 ± 0.019
vs. 0.313 ± 0.042, P = 7983). Therefore, in contrast to HCC
cells, this implies that the treatment of healthy liver cells
with Met results in no change in the rate of their [18F]FDG
uptake.

Discussion
This study has shown that the treatment of HCC cells with
Met results in intracellular accumulation of [18F]FDG, via a
process that is controlled by the AMPK-Akt-4EBP1 path-
way and the FoxO1 transcription factor. It has been found
that the treatment of HCC cells with Met significantly
increases the uptake of [18F]FDG by ~ 3.5-fold in vitro and
~ 5-fold in vivo. This increase in intracellular concentration
of [18F]FDG in HCC cells is triggered by the transcriptional
downregulation of G6Pase that arises from Met-mediated
phosphorylation of the FoxO1 transcription factor that is
downregulated by the action of the AMPK-Akt-4EBP1
pathway.

It has previously been reported that Met can be used to
promote the accumulation of [18F]FDG in normal intestinal
cells [24, 25], while Habibollahi et al. have described that
Met increases [18F]FDG uptake in a colon cancer mouse
model via AMPK-mediated changes [22]. Mashhedi et al.
have demonstrated that Met decreases [18F]FDG uptake in
colon cancer under certain conditions [26], while a negative
effect for Met on [18F]FDG uptake in thyroid cancer cells
was recently reported [27]. In this study, we have shown that
Met has a positive effect on [18F]FDG uptake in HCC cells;
therefore, it is clear that Met may play different roles in
controlling glycometabolism in different tumor cell types.

This study has also revealed that Met reduces the post-
transcriptional expression of FoxO1, which is consistent
with previous studies reported on the activity of FoxO1 in
endothelial cells and diabetic animal models [28, 29]. We
have also discovered the inhibitory effect of Met on the
AMPK-Akt-4EBP1 signaling pathway. 4EBP1 is a key
regulator of eIF4E, which is a key rate-limiting component
of the eukaryotic translation mechanism that controls the
post-transcriptional translation of FoxO1. We have shown
that the ratio of phosphorylated FoxO1 to total FoxO1 is not
altered in the treatment with Met. It was reported that both
Akt [30] and Met [21] could increase the levels of p-FoxO1,
while in our study, we found that Met decreased the

expression levels of both Akt and p-FoxO1, with the ratio
of p-FoxO1/FoxO1 remaining unchanged. These results
indicate that the main role of Met is to reduce the overall
levels of p-FoxO1 and FoxO1 through the inhibition of the
AMPK-Akt-4EBP1 pathway.

The rate of [18F]FDG uptake into cells is primarily
determined by the expression levels of GLUT1 and HK2
[31], with previous studies having shown that the expression
levels of GLUT1 in adipocytes and heart muscle cells are
increased in the presence of Met [32, 33]. However, we have
found that the treatment of SMMC7721 cells with metfor-
min does not significantly alter their GLUT1 expression
levels. Furthermore, consistent with previous studies [34],
we have found that metformin does not change HK2
expression levels in SMMC7721 cells, either in vitro (Suppl
Fig. 5, in ESM) or in vivo. Therefore, our results indicate
that metformin and FoxO1-KD increase [18F]FDG uptake in
SMMC-7721 cells primarily by reducing the expression
levels of G6Pase.

There are many tracers that can be used for HCC PET
imaging applications. These include [11C]choline,
[18F]fluoroethylcholine, and [11C]acetate, which have all
been proposed as effective tracers for the early detection of
HCC [35–38]. However, the performance of these tracers for
the diagnosis of poorly differentiated HCC has been shown
to be inferior to PET/CT imaging using [18F]FDG [37]. We
have shown that Met can increase the amount of [18F]FDG
that is incorporated into HCC cells and tumors, while Met
does not increase the uptake of [18F]FDG into normal liver
cells [39]. The effective Met dosage used in our mice studies
was 250 mg/kg/day, which corresponds to a theoretical
required dosage of 20.8 mg/kg/day in humans, which is
below the limiting dosage approved for use in human of
2000 mg/day [40]. Therefore, we propose that our Met
approach to enhance [18F]FDG uptake may represent a safe
and effective improvement for the PET/CT imaging of HCC
cells using [18F]FDG as an imaging agent.

This study has some limitations. Firstly, while both
SMMC-7721 and HepG2 (Suppl. Fig. 6 in ESM) HCC cell
lines were investigated in vitro, HepG2 cell lines are not
tumorigenic in immunosuppressed mice and so our study
only demonstrated that 18F-FDG uptake in SMMC-7721
cells was significantly elevated by metformin treatment
in vivo. Future work should aim to determine whether Met
can be used to increase levels of 18F-FDG in other types
of HCC cell line in vivo, which will require new clinical
18F-FDG PET/CT protocols for the imaging of HCC
tumors to be established. Secondly, a xenograft mouse
flank model has been used in this study; however, it is
known that there are significant differences in gene
expression of key enzymes between human and mice liver
[41]. Consequently, we intend to carry out further studies
using human hepatocytes implanted on the other flank such
as NT which will allow for contrast uptake between well-
differentiated HCC and surrounding liver tissues to be
observed.
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Conclusion
Metformin can significantly increase the uptake of [18F]FDG
in SMMC-7721 HCC cells in vitro and in vivo, by
decreasing G6Pase expression. FoxO1 is a key factor that
mediates the regulation of G6Pase and [18F]FDG uptake by
metformin. Metformin treatment and FoxO1 inhibition may
be potential strategies to improve the performance of
[18F]FDG PET/CT in early detection of HCC.
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