Mol Imaging Biol (2019) 21:917-925 World

MOLECULAR DOI: 10.1007/511307-019-01316-7 @ e 'm

IMAGING © World Molecular Imaging Society, 2019 ; S°f'e‘);fe ¢
Published Online: 4 Feb imaging life

AND BIOLOGY [ENSi i eS| Sl

European Sodiety for Molecular Imaging

RESEARCH ARTICLE

Glucose-6-phosphatase Expression—Mediated
['®F]FDG Efflux in Murine Inflammation
and Cancer Models

Mi Jeong Kim,"?® Chul-Hee Lee,"* Youngeun Lee,'® Hyewon Youn,
Keon Wook Kang,'*** JoonHo Kwon,™” Abass Alavi,® Sean Carlin,®
Gi Jeong Cheon,’?®° June-Key Chung®'#349°

1,2,3,6

"Department of Nuclear Medicine, Seoul National University College of Medicine, Seoul, South Korea

Laboratory of Molecular Imaging and Therapy, Cancer Research Institute, Seoul National University College of Medicine, Seoul, South
Korea

3Tumor Microenvironment Global Core Research Center, Seoul National University, Seoul, South Korea

*Biomedical Sciences, Seoul National University College of Medicine, Seoul, South Korea

>Tumor Biology Program, Seoul National University College of Medicine, Seoul, South Korea

SCancer Imaging Center, Seoul National University Cancer Hospital, Seoul, South Korea

"Institute of Radiation Medicine, Seoul National University College of Medicine, Seoul, South Korea

8Division of Nuclear Medicine, Department of Radiology, Hospital of the University of Pennsylvania, Philadelphia, PA, USA
°Department of Nuclear Medicine, National Cancer Center, Goyang, Republic of Korea

Abstract

Purpose: 2-Deoxy-2-['®Flfluoro-D-glucose (['®F]FDG) accumulation in inflammatory lesions can
confound the diagnosis of cancer. In this study, we investigated ['®F]FDG accumulation and
efflux in relation to the genes and proteins involved in glucose metabolism in murine
inflammation and cancer models.

Procedures: ['®F]FDG accumulation and ['®F]FDG efflux were measured in cancer cells
(breast cancer, glioma, thyroid cancer, and hepatoma cells) and RAW 264.7 cells
(macrophages) activated with lipopolysaccharide (LPS). The levels of mRNA expression
were measured by real-time quantitative PCR (qPCR). The expression of glucose
metabolism—related proteins was detected by western blotting. Dynamic ['®F]JFDG positron
emission tomography-computed tomography (PET/CT) images were acquired for 2 h in
tumor-bearing BALB/c nude mice and inflammatory mice induced by turpentine oil.
Results: ['®F]JFDG accumulation in MDA-MB-231 (breast cancer) increased with time, but that
of HepG2 (hepatoma) reached a constant level after 120 min. ['®F]JFDG efflux in HepG2 was
faster than that in MDA-MB-231. HepG2 strongly expressed glucose-6-phosphatase
(G6Pase) compared with MDA-MB-231. ['8F]FDG accumulation increased with time, and
['8F]FDG efflux accelerated after the activation of RAW 264.7 cells. The expression levels of
G6Pase, glucose transporter1 and glucose transporter3 (GLUT1 and GLUT3), and hexoki-
nase Il (HK II) increased after the activation of RAW 264.7 cells. ['®F]FDG efflux in activated
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macrophages was faster than that in MDA-MB-231 cancer cells. MDA-MB-231 strongly
expressed HK Il protein compared with the activated RAW 264.7. In murine models, ['®F]FDG
accumulation in MDA-MB-231 cancer and inflammatory lesions increased with time, but that
in HepG2 tumor increased until 20-30 min (SUVmeans + SD (tumor/muscle), 3.0 +1.3) and

then decreased (2.1 +0.9 at 110-120 min).

Conclusions: There was no difference in the pattern of ['®F]FDG accumulation with time in MDA-
MB-231 tumors and inflammatory lesions. We found that ['®F]FDG efflux accelerated in
activated macrophages reflecting increased G6Pase expression after activation and lower
expression of HK Il protein than that in MDA-MB-231 cancer cells.

Key words: 2-Deoxy-2-['®Flfluoro-D-glucose (['®F]FDG), Positron emission tomography (PET),
Inflammation, Cancer, Glucose-6-phosphatase (G6Pase)

Introduction

2-Deoxy-2-['®F]fluoro-p-glucose (['*F]JFDG) positron
emission tomography (PET) has been widely applied for
the diagnosis of various cancers due to the high demand
for glycolysis in tumors [1, 2]. ['*F]FDG, as a glucose
analogue, is transported by glucose transporters (GLUTS)
into cells, where it can then be phosphorylated by
hexokinase (HK) [3]. The ['®F]JFDG-6-phosphate
(['®F]FDG-6P) accumulates within the cell as a terminal
metabolite without exiting from the cell, but it does not
continue down the glycolytic pathway. However,
['®F]FDG-6P can be dephosphorylated by glucose-6-
phosphatase (G6Pase) to ['*F]JFDG, which can then efflux
from the cell. Therefore, ['*F]JFDG uptake and efflux in
cancer cells are related to the expression and activity of
glucose metabolism—related proteins. High ['®F]FDG
accumulation has been reported in many human tumors
overexpressing glucose transporter]l (GLUTI1) and hexo-
kinase II (HK II) [4-6]. A study showed that low
['"®F]FDG accumulation in hepatocellular carcinoma
(HCC) was related to high G6Pase expression [7].

['®FJFDG is also accumulated in inflammatory cells
[8-11]. In fact, ['*F]JFDG accumulation in inflammatory
lesions confounds the diagnosis of cancer. Some re-
searchers suggested ['*FJFDG imaging method of dual
time-point to differentiate inflammation and cancer,
according to differences in ['*FJFDG retention [12, 13].
However, other investigators have reported overlaps in the
retention [14—16]. To solve the discrepancy, a few studies
compared glucose-related gene expressions between can-
cer and inflammation. However, there were limited data
resulting no consensus on this issue. In this study, we
assessed the ['*F]JFDG accumulation and efflux patterns in
murine cancer and inflammation mouse models. To
elucidate the mechanisms of ['*FJFDG accumulation, we
analyzed the expression of glucose metabolism—related
genes and proteins.

Materials and Methods

Cell Cultures and Activation of Macrophages

A human breast cancer cell line (MDA-MB-231), a human
hepatoma cell line (HepG2), and a murine macrophage cell
line (RAW 264.7) were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA). MDA-
MB231 and RAW 264.7 cells were cultured in Dulbecco’s
modified Eagle medium (DMEM; Welgene, Gyeongsan-si,
Republic of Korea), and HepG2 cells were cultured in
Eagle’s minimum essential medium (EMEM; ATCC). The
culture media contained heat-inactivated 10 % fetal bovine
serum (Thermo Fisher Scientific, Waltham, MA) and 1x
antibiotic-antimycotic solution (Thermo Fisher Scientific) or
penicillin streptomycin (Thermo Fisher Scientific) at 37 °C
in a 5 % CO, humidified atmosphere. For the activation of
RAW 264.7 cells, 2x10° RAW 264.7 cells in six-well
plates were stimulated with 100 ng/ml lipopolysaccharide
(LPS; Sigma-Aldrich, St. Louis, MO) for 24 h or for
different times.

["SFIFDG Accumulation Assay

2x10° cells/well were plated in six-well plates and pre-
incubated with glucose-free RPMI medium (Thermo Fisher
Scientific) for 4 h. The cells were incubated with 185 kBq of
["®F]FDG in Hank’s balanced salt solution (HBSS; Thermo
Fisher Scientific) buffer for 10, 30, 60, 120, 240, and
360 min at 37 °C. The cells were washed twice in ice-cold
HBSS buffer and then dissolved in 1 % sodium dodecyl
sulfate (SDS) buffer. The radioactivity of the lysates was
measured using a y-counter (Canberra-Packard, Meriden,
CT). Experiments were performed in triplicate. All samples
were normalized by protein concentration (mg) using a BCA
protein assay kit (Thermo Fisher Scientific).
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["SF]FDG Efflux Assay

2x10° cells/well were plated in six-well plates and pre-
incubated with glucose-free RPMI medium for 4 h. The cells
were rinsed in 1 ml of HBSS buffer and incubated with
185 kBq of ["®F]FDG in HBSS buffer for 1 h at 37 °C. The
cells were washed twice in cold HBSS and incubated in
fresh media for various times (10, 20, 30 (or 50), 90 (or 80),
and 120 (or 110) min). The media were harvested. Finally,
the cells were washed twice in cold HBSS buffer and then
dissolved in 1 ml of 1 % SDS buffer. The radioactivity of the
supernatants and the cell lysates was measured using a -
counter. Experiments were performed in triplicate. The data
showed radioactivity remaining in the cells, calculated as the
radioactivity of each supernatant and cell lysate at the final
time point. T;,, of the ['SFIFDG efflux was calculated for
the time required until a reduction to half from the ['*F]JFDG
accumulated for 1 h.

Western Blot

Cells were lysed in radio-immunoprecipitation assay
(RIPA) buffer (Sigma-Aldrich) containing a protease
inhibitor cocktail (Roche Diagnostics, Basel, Switzerland).
Protein concentrations were measured using a BCA protein
assay kit (Thermo Fisher Scientific). Protein samples were
separated using a NuPAGE Bis-Tris Gel (Thermo Fisher
Scientific) and were transferred to PVDF membranes
(Millipore, Billerica, MA). The PVDF membranes were
blocked in 5 % skim milk (w/v) for 1 h at room
temperature (RT). Membranes were incubated overnight
at 4 °C with primary antibodies against GLUT1 (1:1000
dilution; Abcam, Cambridge, MA), glucose transporter3
(GLUT?3) (1:400 dilution; Abcam), HK IT (1:1000 dilution;
Cell Signaling Technology, Danvers, MA), G6Pase
(1:1000 dilution; Abcam), or B-actin (1:5000 dilution;
Sigma-Aldrich). Membranes were incubated with a sec-
ondary anti-rabbit or anti-mouse horseradish peroxidase—
conjugated antibodies (Cell Signaling Technology, Dan-
vers, MA). Immunoreactive bands were visualized using
ECL reagents (Roche) and detected using the LAS-3000
system (FUJIFILM, Stockholm, Sweden). Target proteins
were normalized to B-actin. Relative ratios of HK II or
G6Pase expression levels in the activated RAW 264.7 cells
were calculated compared with those in the inactivated
RAW 264.7 cells after normalization against [-actin
expression levels. Relative ratios of HK II and G6Pase
expression levels in the MDA-MB-231 cells were calcu-
lated compared with those in the activated RAW 264.7
cells.

Immunohistochemistry

Tumor and inflammation tissues were embedded in paraffin,
and were cut in 4-um-thick sections. After xylene treatment,

the tissue sections were rehydrated. The sections were
heated using a microwave in 10 mM sodium citrate buffer
for 8 min, and blocked with goat serum (1:30 dilution;
Vector Laboratories Ltd., Burlingame, CA). The sections
were incubated with macrophage-specific antibodies against
F4/80 (1:50 dilution; Cat. No. ab6640, Abcam, Cambridge,
UK) overnight at 4 °C. After washing, the tissue sections
were incubated with biotinylated secondary anti-rat antibod-
ies for 1 h, and again incubated with the Elite ABC kit
reagent (Vector Laboratories Ltd., Burlingame, CA). The
sections were incubated with a 3,3’- diaminobenzidine
peroxidase substrate solution (Vector Laboratories Ltd.,
Burlingame, CA) followed by Mayer’s hematoxylin
counterstaining (Sigma-Aldrich, St. Louis, MO). As nega-
tive controls, the sections were incubated with isotype
control rat IgG instead of the primary antibodies. We
examined the tissue sections under a light microscope after
Permount mounting.

Mouse Models of Tumor and Inflammation

BALB/c nude mice (male, 6 weeks old) were used in
accordance with the Institutional Animal Care and Use
Committee (IACUC) of Seoul National University Hospital
guidelines. Five million MDA-MB-231 cells (N=4) or ten
million HepG2 cells (N=4) in 50 pl of Matrigel (BD
Biosciences, Bedford, MA) were implanted subcutaneously
into the left front thigh. When the tumor diameters reached
6.1~11.4 mm, the mice were used for the experiments. In a
different group of mice, inflammation (N =4) was induced in
the right front thigh by an intramuscular (IM) injection of
50 pl of turpentine oil 3 days prior to PET imaging [14, 17],
and 50 pl of PBS was injected in the left front thigh as a
control.

Dynamic ["* FJFDG PET Imaging

Prior to the ['®*F]FDG PET imaging, the mice were fasted
for at least 6 h to minimize the competitive inhibition by
serum glucose. Following intravenous injection of 11.0—
16.6 MBq of ['®F]FDG, dynamic PET images were
acquired for 2 h using an animal PET/CT scan (eXplore
Vista CT; GE Healthcare, Waukesha, USA). A 32-frame
dynamic protocol (4x3s,8x6s,8x%x30s,1%x300s, 11 x
600 s) was used for the emission PET scans [18]. The
AMIDE (Amide’s Medical Imaging Data Examiner)
software was used to view the ['FJFDG PET images.
Volume of interest (VOI) of the PET images was analyzed
to 20 % of the maximal VOI signal using PMOD software
(PMOD Technologies). The mean standardized uptake
value (SUVmean) and standard deviation (SD) were
obtained, and the tumor-to-muscle (7/M) ratios or the
inflammation-to-muscle (/M) ratios were calculated.
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Statistical Analysis

Data are shown as the mean + standard deviation. Statistical
comparisons were analyzed on the groups using Student’s ¢
test and the Mann-Whitney U test with SPSS software
version 23 (IBM Corporation, Chicago, IL). A p value of
less than 0.05, 0.01, or 0.001 was considered statistically
significant.

Results

["F]FDG Accumulation and Expression of
Glucose Metabolism—Related Proteins in Cancer
Cells

["*F]FDG accumulation by wvarious cancer cells (breast
cancer (MCF-7 and MDA-MB-231), glioma (U8§7MG and
U373), and thyroid cancer (TPC-1 and FRO) cells) increased
over time, but that of hepatoma cells (Hep3B and HepG2)
reached a constant level after 120 min (see Suppl. Fig. 1 in
Electronic Supplementary Material (ESM)). To demonstrate
association of ['®F]JFDG accumulation pattern and glucose
metabolism-related mechanism, we chose two cancer cell
lines (MDA-MB-231 and HepG2 cells) with two different
patterns of ['*F]JFDG accumulation. ['*F]FDG accumulation
by MDA-MB-231 cells increased continuously until
360 min, but that of HepG2 cells reached a constant level
after 120 min (Fig. 1a). T}, of ["*F]FDG efflux (116 min) in
MDA-MB-231 cells took 1.8 times longer (64 min) than that
in HepG2 cells (Fig. 1b).

The mRNA expression of GLUT1, HK II, and G6Pase in
HepG2 cells was 13.4-fold, 2.3-fold, and 385.8-fold higher,
respectively, than that in MDA-MB-231 cells (Suppl. Fig. 2
in ESM). We found that the expression of G6Pase protein in
HepG2 cells was much higher than that in MDA-MB-231
cells (Fig. 1c). These results showed that higher ['*F]FDG
accumulation in MDA-MB-231 cells was due to the high
expression of HK II and very low expression of G6Pase, and
fast ["®F]FDG efflux in HepG2 cells was due to the strong
expression of Go6Pase, despite the high expression of
GLUTI and HK IL

["F]JFDG Accumulation and Expression of
Glucose Metabolism—Related Proteins in
Activated Macrophages

To study the condition of inflammation, RAW 264.7 cells
were activated with LPS, and their morphological changes
were observed (suppl. Fig. 3a in ESM). Pro-inflammatory
cytokines such as TNF-a, IL-1B, and IL-6 in the activated
RAW 264.7 cells significantly increased (suppl. Fig. 3b—d in
ESM). We confirmed that RAW 264.7 cells were activated
by treatment with LPS.

["®F]FDG accumulation in the activated RAW 264.7 cells
was higher than that in the inactivated RAW 264.7 cells

(Fig. 2a). ["®F]JFDG accumulation in the activated RAW
264.7 cells increased until 240 min, and then subsequently
decreased at later time points. T), of ['*FJFDG efflux
(69 min) in inactivated RAW 264.7 cells took 1.4 times
longer (50 min) than that in activated RAW 264.7 cells
(Fig. 2b).

mRNA expression of GLUTI1, HK II, and G6Pase
increased after activation of RAW 264.7 cells, although
G6Pase gene expression was low, and there was no
statistically significant difference (Supple. Fig. 4 in ESM).
The expression of GLUT1 and GLUT3, major isomers of
glucose transporters; HK II protein, and G6Pase protein
increased after the activation of RAW 264.7 cells (Fig. 2c).
The ratios of increased HK II protein expression (6.0-fold)
compared with inactivated RAW 264.7 cells were higher
than those of G6Pase (2.1-fold) at 24 h after activation.
These results showed increased ['*FJFDG accumulation,
reflecting the increase in glucose transporters and HK II
expression, and accelerated ['*F]JFDG efflux, reflecting the
increase in G6Pase expression after the activation of RAW
264.7 cells.

["SFIFDG Accumulation and Expression of
Glucose Metabolism—Related Proteins in
Macrophages and Cancer Cells

To demonstrate similar patterns of ["®F]JFDG accumulation
in MDA-MB-231 cancer cells and activated RAW 264.7
cells, we compared the ['*F]JFDG accumulation in both cell
lines. ['"®*F]FDG accumulation in MDA-MB-231 cells was
higher than that in activated RAW 264.7 cells (Fig. 3a). T,
of ['"®*F]FDG efflux (115 min) in MDA-MB-231 cells took
2.3 times longer (50 min) than that in activated RAW 264.7
cells (Fig. 3b).

The expression levels of HK II (2.0-fold) and G6Pase
(3.6-fold) proteins in MDA-MB-231 cells were higher than
those in the activated RAW 264.7 cells, although G6Pase
expression increased after activation (Fig. 3c). These results
showed the high ['"®F]FDG accumulation and slow
["*FIFDG efflux in MDA-MB-231 cells, reflecting the
strong expression of HK II despite a higher expression of
Go6Pase than that of the activated RAW 264.7 cells.

Dynamic ["*F]JFDG PET Findings in Murine
Cancer and Inflammatory Models

["*FJFDG accumulation in MDA-MB-231 tumor—bearing
mice increased over time (Fig. 4a, b). The SUVmeans + SD
(tumor/muscle) at 20-30, 50-60, 80-90, and 110-120 min
were 1.4+£0.2, 22+1.0, 24+1.2, and 2.5+ 1.3, respec-
tively. However, the SUVmeans + SD (tumor/muscle) in
HepG2 tumor-bearing mice reached a constant level at 20—
30 min (3.0+1.3) and then decreased until 110-120 min
(2.1£0.9). ['"®*F]FDG accumulation in the inflammatory
lesion increased over time compared with PBS-injected
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Fig. 1.

["®F]FDG accumulation and efflux and expression of glucose metabolism-related proteins in MDA-MB-231 and HepG2

cells. a ['"®F]JFDG accumulation and b ['F]JFDG efflux were measured in MDA-MB-231 and HepG2 cells. *p <0.05. All values are

presented as the mean +

SD in triplicate. ¢ The expression of glucose metabolism-related proteins, glucose transporteri

(GLUTH1), hexokinase Il (HK 1l), and glucose-6-phosphatase (G6Pase), was detected by western blotting.

control lesions. The SUVmeans + SD (inflammation/muscle)
in the inflammatory lesion at 20-30, 50-60, 80-90, and
110-120 min were 2.3+£0.5, 2.6 £0.6, 2.7+0.7, and 2.8+
0.7, respectively. Histopathologic analysis confirmed that
F4/80-positive macrophages were infiltrated between the
muscle tissues in the inflammatory lesion (Fig. 4c). No
histological change was observed in PBS-treated control
muscles. These results showed that ['*F]FDG accumulation
in murine inflammatory lesions and MDA-MB-231 tumor
increased as time goes by, and that in HepG2 tumors
reached a constant level and then decreased.

Discussion

We assessed the pattern of ['SFJFDG accumulation in
murine cancer and inflammatory models, and we measured
the expression of glucose metabolism-related genes and

proteins to elucidate the mechanisms of ['*F]JFDG accumu-
lation. ['®F]JFDG accumulation increased over time in
murine cancer and inflammatory mouse models reflecting
the upregulation of GLUTI and HK II expressions. In
addition, ['®F]JFDG efflux accelerated, reflecting the upreg-
ulation of Go6Pase expression after the activation of
macrophages and lower expression of HK II protein than
in MDA-MB-231 cancer cells.

We thought that the different patterns of ['°*F]JFDG
accumulation in various cancer cells should be characterized.
We first examined ['*FJFDG accumulation patterns in
various cancer cell lines, and then chose two cancer cell
lines (MDA-MB-231 and HepG2) to show two different
patterns of ['*F]JFDG accumulation. ['*F]FDG accumulation
in MDA-MB-231 cells and MDA-MB-231 tumor-bearing
mice continuously increased. GLUT! and HK II were
expressed strongly in MDA-MB-231 cells. It has been
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Fig. 2. ['®F]FDG accumulation and efflux and expression of glucose metabolism—related proteins in activated RAW 264.7 cells.
a ['®F]FDG accumulation and b ['®F]FDG efflux in inactivated RAW 264.7 cells and activated RAW 264.7 cells treated with LPS
for 24 h. *p<0.05. All values are presented as the mean + SD in triplicate. ¢ The expression of glucose metabolism-related
proteins, glucose transporter1 (GLUT1), glucose transporter3 (GLUT3), hexokinase Il (HK l1l), and glucose-6-phosphatase
(G6Pase), was detected by western blotting.
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Fig. 3. ['®F]JFDG accumulation and efflux and expression of glucose metabolism—related proteins in activated RAW 264.7 and
MDA-MB-231 cells. a ['"®F]FDG accumulation and b ['®F]JFDG efflux in activated RAW 264.7 with LPS for 24 h and MDA-MB-
231 cells. *p<0.05. Values are presented as the mean + SD in triplicate. ¢ The expression of glucose metabolism—related
proteins, glucose transporter1 (GLUT1), hexokinase Il (HK II), and glucose-6-phosphatase (G6Pase), was detected by western

blotting.

reported that ['®F]JFDG accumulation in cancer cells corre-
lates with the expression of GLUT1 and hexokinase [3, 4].
Izuishi et al. reported that low ['*F]JFDG accumulation in
moderately differentiated HCC reflected low GLUT!1 and
high G6Pase expression, while high ['*F]JFDG accumulation
in poorly differentiated HCC could reflect increased GLUT1
and decreased G6Pase expression [7]. They showed that
["*F]JFDG accumulation in liver metastasis from colorectal
cancer was higher than that in HCC. Their data of lower
GLUT! and HK levels and higher G6Pase levels in HCC
than in hepatic metastases were suggested as rate-limiting
factors for ['®FJFDG accumulation. ['*F]FDG efflux in
hepatic metastases may be relatively slower than that in
HCC because of higher G6Pase levels in HCC. The rate-
limiting factors for ['*F]JFDG accumulation in HCC corre-
spond to both slower ["*FIFDG uptake and faster ["*FIFDG
efflux than hepatic metastases. In our data, ['*F]JFDG
accumulation in HepG2 cells was saturated at an early time
point, and ['*F]JFDG accumulation in HepG2 tumor—bearing
mice reached a constant level at an early time point and then
decreased. We found that these results reflected the strong
expression of G6Pase protein, despite the high expression of
GLUT!1 and HK II. Further study needs to prove it; however,
better or more ['*F]JFDG in hepatoma similar to HepG2 cells
with overexpressed GLUT1 and HK as well as G6Pase
levels may be expected if we image it at 20-30 min after
injection of ["*F]FDG.

In this study, ['*F]JFDG accumulation increased over time
in the activated macrophages and in inflammatory lesions of
the murine inflammatory models. We detected that GLUT1
and HK II expressions increased after activation of macro-
phages. Similar to our results, Satomi et al. reported that
["®F]FDG uptake in THP-1 human origin M1 macrophages
activated with LPS and IFN-y increased, and mRNA

expression of GLUT1 and HK II increased [19]. Similar to
our results, Ren-Shyan Liu et al. reported that %ID/g of
["®F]JFDG accumulation in the inflammation-to-muscle in-
creased over time until 4 h in the biodistribution data of
turpentine oil-induced mouse models [14].

However, FDG accumulation pattern was different
between experiments even in the same turpentine-induced
inflammation model. For example, Ren et al. showed that
['®F]FDG uptake in turpentine-induced murine inflamma-
tory lesions steadily increased over time [15]. On the other
hand, Yamada et al. reported that ['*FJFDG accumulation in
turpentine-induced inflammatory tissue increased gradually
until 60 min post-injection and then decreased [17]. The
different results of ['*F]JFDG accumulation may have
occurred because of various in vivo factors, e.g., blood
supply, lesion architecture, or cellular activation, that
influence ['*F]FDG accumulation. Environmental factors
can affect glucose accumulation parameters. It has been well
known that the pH is lower in hypoxic tumors and in
inflamed tissues. Recently, a significant correlation was
reported between tumor pH and ['*FJFDG uptake, as a high
["®FIFDG uptake corresponds to lower extracellular pH
values [20]. It has been reported that GLUT1 and HK levels
related to ['®F]JFDG uptake increased in hypoxic tumor [21—
23]. Amandine G et al. reported that glucotoxicity induced
G6Pase catalytic unit expression by acting on the interaction
of HIF-1a with the cAMP-response element-binding protein
(CREB) on the G6Pase promoter in HepG2 cells [24].
["*F]FDG efflux regulated by G6Pase may be affected under
intratumoral low pH in hypoxic tumor or inflamed tissues. In
addition, we found accelerated ['*F]FDG efflux after the
activation of macrophages. We confirmed that protein
expression of G6Pase increased after macrophage activation.
We observed a slight decrease of ['*F]JFDG accumulation at
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Fig. 4. Dynamic [18F]FDG PET imaging in cancer and inflammatory mouse models. a Representatlve coronal and transverse

['®F]FDG PET images at 20-30, 50-60, 80-90, and 110-120 min in MDA-MB-231, HepG2, and inflammatory mouse models.

Cancer and inflammatory lesions are indicated with white arrows and orange arrows, respectively. H, heart; L, liver; K, kidney. b

Time-activity curves of ['®F]FDG accumulated in MDA-MB-231 and HepG2 tumors, and inflammatory lesions. T/M, tumor-to-

normal muscle; I/M, inflammation-to-normal muscle. ¢ Histopathologic analysis of the inflamed muscle and PBS-treated

muscle using immunohistochemistry with F4/80 macrophage antibodies. F4/80-positive macrophages are indicated with black
arrows. M, muscle fibers. Scale bars represent 50 pm.
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delayed time points in activated macrophages. The increase
of dephosphorylation of ['*FJFDG-6-phosphate by upregu-
lated G6Pase in activated macrophages accelerated the
["*FIFDG efflux and may have contributed to the slight
decrease in ['*F]JFDG accumulation at delayed time points.

Several previous studies reported ["®FJFDG accumulation
in cancer and inflammatory models, but studies comparing
their underlying mechanisms have, to our knowledge, not
been reported yet. In our results, ['*FJFDG accumulation in
MDA-MB-231 cells was significantly higher than that in
activated RAW 264.7 cells. This makes sense because HK 11
expression in MDA-MB-231 cells was higher than that in
activated RAW 264.7 cells. ['*F]JFDG efflux in the activated
macrophages was faster than that in the MDA-MB-231.
Contrary to our expectations, G6Pase expression in MDA-
MB-231 cells was higher than in activated RAW 264.7 cells.
However, we found that HK II protein in MDA-MB-231
cells was strongly expressed. Therefore, the role of HK II
may be even more dominant. Some researchers have
suggested dual time-point imaging to distinguish malignant
lesions from inflammatory lesions to enhance the diagnostic
accuracy of ['*FIFDG PET [12, 13, 25, 26]. Zhuang et al.
showed that SUVs of inflammatory lesions on 90-min
images decreased compared with those on 45-min images,
whereas SUVs of tumors on 90-min images were signifi-
cantly higher than those on 45-min images in rat models
[12]. Hustinx et al. suggested dual time-point imaging as a
clinical study protocol for differentiating malignant lesions
of the patients with head and neck cancer from inflammatory
lesions [25]. However, Kaneko et al. reported that
["*F]FDG-avid benign pulmonary lesions (BPLs) showed
high retention indexes (RIs), and no significant difference
with primary lung cancer (PLC) RlIs was found [16]. There
exist significant differences in various aspects of the dual
time-point PET imaging studies, which may contribute to the
conflicting results reported in the literature. The reasons for
the conflicting results may be due to the differences
according to cancer type, cancer heterogeneity, the state of
cancer progression, and the state of inflammation consisting
of various inflammatory cells. Another reason for the
conflicting results is the variation in the initial and delayed
time points selected for image acquisition between studies
[27-30].

Conclusions

In this study, we evaluated the expression levels of glucose
accumulation parameters including GLUT, HK II, and
G6Pase, and compared with the pattern of ['*F]JFDG
accumulation. There was no difference in the pattern of
['®F]FDG accumulation with time in MDA-MB-231
tumors and inflammatory lesions. ['*F]JFDG accumulation
increased over time in MDA-MB-231 cancer and inflam-
matory mouse models. However, ['*F]FDG efflux was
accelerated in activated macrophages. Concurrently, we
found upregulated G6Pase expression in the activated

macrophages and lower expression of HK II protein than
in MDA-MB-231 cancer cells. These kinds of knowledge
will be useful for understanding pathophysiology and
developing theranostics in both sides of carcinoma and
inflammation.
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