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Over the last several years, epidemiologic data have suggested
that the antidiabetes drug metformin (MET), an adenosine
monophosphate–activated protein kinase (AMPK) activator,
improves progression-free survival of patients with multiple
cancers; more than 30 clinical trials are under way to confirm
this finding. We postulated that the role of AMPK as a central
cellular energy sensor would result in opposite effects on
glucose uptake and proliferation, suggesting different roles for
18F-FDG and 39-deoxy-39-18F-fluorothymidine (18F-FLT) in assess-
ing its effectiveness as an antineoplastic agent. Methods: Colon
cancer cell lines HT29 (human) andMC26 (murine) were treated for
24 or 72 h with a range of MET concentrations (0–10 mM). Western
blotting was used to study the activation of AMPK after MET treat-
ment. Glucose uptake and cell proliferation were measured by cell
retention studies with either 18F-FDG or 18F-FLT. EdU (ethynyl
deoxyuridine, a thymidine analog) and annexin-propidium iodide
flow cytometry was performed to determine cell cycle S-phase
and apoptotic changes. In vivo 18F-FDG and 18F-FLT PET images
were acquired before and 24 h after MET treatment of HT29 tu-
mor–bearing mice. Results: After 24 h of MET incubation, phos-
phorylated AMPK levels increased severalfold in both cell lines,
whereas total AMPK levels remained unchanged. In cell retention
studies, 18F-FDG uptake increased but 18F-FLT retention de-
creased significantly in both cell lines. The numbers of HT29 and
MC26 cells in the S phase decreased 36% and 33%, respectively,
after MET therapy. Apoptosis increased 10.5-fold and 5.8-fold in
HT29 and MC26 cells, respectively, after 72 h of incubation with
MET. PET imaging revealed increased 18F-FDG uptake (mean 6
SEM standardized uptake values were 0.71 6 0.03 before and
1.29 6 0.11 after MET therapy) (P , 0.05) and decreased 18F-
FLT uptake (mean 6 SEM standardized uptake values were
1.18 6 0.05 before and 0.89 6 0.01 after MET therapy) (P ,
0.05) in HT29 tumor–bearing mice. Conclusion: MET, through
activation of the AMPK pathway, produces a dose-dependent
increase in tumor glucose uptake while decreasing cell prolifer-
ation in human and murine colon cancer cells. Thus, changes in
18F-FDG uptake after MET treatment may be misleading. 18F-FLT

imaging is a promising alternative that correlates with the tumor
response.
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Metformin (MET) is a biguanide drug that has been
used for decades for the treatment of diabetes type II. Re-
cently, reduced cancer risks in patients using MET for di-
abetes were reported in epidemiologic studies (1,2). Studies
have also confirmed decreased overall and cancer-related
mortality in some cancer patients (3). As a result of in-
creasing interest in the role of metabolic modulators such
as MET in improving progression-free survival in cancer
patients, over 30 clinical trials with MET in combination
chemotherapy regimens for locally advanced or metastatic
cancers are now under way to confirm this finding (4–6).
These trials encompass a variety of cancers, such as pros-
tate, breast, and colorectal cancer, lymphoma, and leuke-
mia. Preclinical studies have already confirmed delayed
tumor onset and tumor growth after MET treatment in
mouse models of cancer (7–10) as well as an increased
tumor response in cancer cell lines when MET was com-
bined with chemotherapy (11). Moreover, reduced prolifer-
ation (9) and colony formation (9,11,12), induction of
apoptosis (9,13), and cell cycle arrest (9,10,12) have
been demonstrated in various cancer cell lines after MET
therapy.

MET directly and indirectly activates adenosine mono-
phosphate–activated protein kinase (AMPK) through the
inhibition of mitochondrial respiratory complex I (14,15).
The cellular energy sensor AMPK is part of the liver kinase
B1/AMPK/mammalian target of rapamycin (LKB1/AMPK/
mTOR) pathway, controlling cellular metabolism and sur-
vival (16). Once activated, AMPK inhibits mTORC1
through the activation of tuberous sclerosis complex II,
resulting in mTOR inhibition (16). AMPK activation results
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in the inhibition of energy-consuming processes (e.g., DNA
proliferation, protein synthesis, and lipid synthesis) and the
activation of adenosine triphosphate–producing processes
(e.g., glucose uptake from circulation and fatty acid oxida-
tion) (15,17). We hypothesized that these alterations in glu-
cose metabolism and proliferative activities of the cells
would divergently modulate the uptake of metabolic and
proliferative radiotracers, such as 18F-FDG and 39-deoxy-
39-18F-fluorothymidine (18F-FLT), respectively, that are used
to image the functional properties of cancer cells (Fig. 1).
Although MET and other glucose modulators are widely

used in patients with diabetes and play increasingly
important roles in cancer therapy, little is known about
the impact of metabolic modulators of glucose on PET
imaging in cancer. Previous reports are limited to descrip-
tions of reversible increased bowel uptake as a result of
MET treatment (18,19). It has also been reported that glu-
cose modulators such as rosiglitazone, but not MET, may
increase overall glucose uptake and blood flow in adipose
tissue (20). Considering AMPK as the primary target for
MET and its role as the main cellular energy sensor, we
postulated that MET would result in opposite effects on
glucose uptake and cellular proliferation in tumors and
thereby would adversely affect the ability of 18F-FDG
PET to predict the response to therapy. We further hy-
pothesized that proliferation markers such as 18F-FLT
would directly correlate with the antineoplastic effects
of MET and enable optimization of the dosing of MET
in combination with other antineoplastic regimens. We
investigated these effects both in vitro and in vivo after
treatment of HT29 (human) and MC26 (murine) colon
cancer cell lines with various concentrations of MET
for 24 or 72 h.

MATERIALS AND METHODS

Cell Cultures
Human colon cancer cell line HT29 (American Type Culture

Collection) and mouse colon cancer cell line MC26 (American
Type Culture Collection) were grown in RPMI medium containing
L-glutamine (cellgro by Mediatech) and Dulbecco minimum es-
sential medium containing L-glutamine and sodium pyruvate
(cellgro by Mediatech), respectively. The media were supple-
mented with 10% fetal bovine serum (Atlanta Biologicals) and
1% penicillin–streptomycin (cellgro by Mediatech). The cells
were maintained in a humidified incubator at 37�C with 5% CO2.

Western Blotting
HT29 cells (5 · 105) and MC26 cells (1.5 · 105) were plated in

6-well dishes and allowed to attach overnight. The cells were in-
cubated for 24 h with 0–10 mM MET (Sigma-Aldrich) dissolved
in fresh culture medium. After the cells were washed twice in cold
phosphate-buffered saline (PBS), 100 mL of lysis buffer (1 tablet
of protease inhibitor [Roche] and phosphatase inhibitor cocktails 2
and 3 [both 1:100; Sigma-Aldrich] in 10 mL of NP-40 [Boston
Bioproducts]) were added to each well, and the mixtures were
incubated for 15 min at 4�C on a plate rocker to completely lyse
the cells. After scraping, the cell suspension was transferred to
a 1.5-mL Eppendorf tube and centrifuged (15 min; 4�C; 13,000
rpm). The supernatant was collected in a fresh Eppendorf tube and
stored at 280�C for further analysis.

The protein concentrations in the lysates were determined with
a Pierce bicinchoninic acid protein assay kit (Thermo Scientific). The
samples (30 mg of protein) were loaded on 4%–15% TGX precast
gels (Bio-Rad) for electrophoresis after dilution with Laemmli sam-
ple buffer (1:1; Bio-Rad) and denaturation at 97�C for 5 min. After
electrophoresis, the gels were blotted on polyvinylidene difluoride
membranes (Roche), and the membranes were blocked with blocking
buffer (1% blocking-grade nonfat dry milk; Bio-Rad) in Tris-buffered
saline–0.1% polysorbate (Sigma-Aldrich) and incubated with
phospho-AMPKa (1:1,000 dilution), AMPKa antibody (1:1,000
dilution), and b-actin antibody (1:3,000 dilution) (all from Cell
Signaling) overnight at 4�C. Detection was performed with a BM
chemiluminescence Western blotting kit (Roche), and bands were
visualized with a Kodak in vivo FX PRO system (Carestream Health).
For semiquantitative analysis, bands were quantified and normal-
ized to b-actin bands with Carestream spectral imaging software.

18F-FLT and 18F-FDG In Vitro Studies
HT29 cells (2 · 105/well) and MC26 cells (0.75 · 105/well)

were plated in 24-well plates and allowed to attach by incubation
overnight. The cells were incubated for 24 h with 0–10 mM MET
(Sigma-Aldrich) dissolved in fresh culture medium. 18F-FDG (370
kBq [10 mCi]/well) or 18F-FLT (1,850 kBq [50 mCi]/well) was
added directly to the culture medium, and the cells were incubated
in a humidified incubator at 37�C with 5% CO2 (60 min for 18F-
FDG and 2 h for 18F-FLT). Next, the cells were placed on ice and
washed 3 times with ice-cold PBS. The cells were trypsinized
(trypsin–ethylenediaminetetraacetic acid; Invitrogen), transferred
to counting tubes, and counted with a g-counter (Wizard2; Perkin–
Elmer). Radiotracer uptake was corrected for decay and cell count,
and the percentage of retained activity/106 cells was reported.

Flow Cytometry, Cell Cycle, and Apoptosis Staining
The cells were plated and incubated as described earlier for

18F-FLT and 18F-FDG in vitro studies. After EdU (ethynyl

FIGURE 1. MET mechanism of action. MET activates AMPK (main

energy sensor in cells), mimicking starvation conditions inside cells.
In response to AMPK activation, all energy-consuming pathways

are downregulated and adenosine triphosphate–producing mecha-

nisms (such as glycolysis) are increased. CoA 5 coenzyme A;
mTOR5mammalian target of rapamycin; TSC5 tuberous sclerosis

complex.
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deoxyuridine) and annexin V–propidium iodide staining, the
cells were kept on ice and protected from light until flow cytom-
etry analysis with an LSRII apparatus (BD Pharmingen). Data
were analyzed with preinstalled BD FACSDiva system software.

For determination of the percentage of S-phase cells in the cell
population after MET treatment, a Click-iT EdU Alexa Fluor 647
kit (Invitrogen) was used. In brief, the cells were incubated with
10 mM EdU per well for 5 h in a humidified incubator at 37�C
with 5% CO2, washed with PBS, trypsinized, and collected by
centrifugation (5 min; 1,200 rpm; room temperature [RT]). Next,
the cells were resuspended (107 cells/mL) in 1% bovine serum al-
bumin–PBS. The cell suspension (100 mL) was transferred to a fluo-
rescence-activated cell sorting tube, washed with 3 mL of 1% bovine
serum albumin–PBS, resuspended, and incubated with 100 mL of
Click-iT fixative for 15 min at RT. Subsequently, the cells were
washed, resuspended in 100 mL of Triton X-100–based permeabili-
zation reagent, incubated for 15 min at RT, and washed again. Next,
0.5 mL of Click-iT reaction cocktail were added, and the cells were
incubated for 30 min at RT (protected from light). The cells were
washed and resuspended in 0.5 mL of 1% bovine serum albumin–
PBS, 5 mL of ribonuclease A and 2 mL of propidium iodide were
added to each tube, and the cells were incubated for 30 min at RT
(protected from light) before flow cytometry analysis.

For determination of the percentage of apoptotic cells in the
cell population after MET treatment, the cells were washed with
PBS, trypsinized, and collected by centrifugation (5 min; 1,200
rpm; 4�C). Next, the cells were washed twice with ice-cold PBS
and stained in accordance with the protocol used in an annexin
V–fluorescein isothiocyanate apoptosis kit (BD Pharmingen). In
brief, after resuspension of the cells (106/mL) in 1· binding buffer,
100 mL of the cell suspension were transferred to a fluorescence-
activated cell sorting tube, 5 mL of annexin V–fluorescein isothio-
cyanate and 5 mL of propidium iodide were added, the contents of
the tubes were mixed and incubated for 15 min at RT, 400 mL of
1· binding buffer were added, and flow cytometry analysis was
performed.

18F-FDG and 18F-FLT In Vivo Studies with PET
All animal experiments were approved by the Institutional

Animal Care Committee (Massachusetts General Hospital). HT29
cells were grown in cell culture medium until they were about
90% confluent. The cells were trypsinized, washed 3 times with
PBS, collected by centrifugation (5 min; 1,200 rpm; RT), diluted
to 50 · 106/mL in PBS, and kept on ice until injection.

Female nude mice (6–8 wk old, 2 groups of 5 each) were obtained
from Charles River Laboratories International Inc. The tumors were
established by subcutaneous injection of 20 mL (106 cells) of cell
suspension. Imaging was performed 2–3 wk after injection and after
the development of tumors of sufficient size (500 mm3). Mouse
anesthesia was maintained at a steady state with oxygen–1.5% iso-
flurane at 2 L/min. Calibrated doses of 18.5 MBq (500 mCi) of 18F-
FDG (first group) and 55.5 MBq (1,500 mCi) of 18F-FLT (second
group) were injected into mice via a catheter placed in the tail vein.
At 1 h after injection in the 18F-FDG group and 2 h after injection in
the 18F-FLT group, the mice were anesthetized again and imaged on
an eXplore VISTA dual-ring small-animal PET scanner (GE Health-
care) for 15 min (2 bed positions). After imaging, the mice were
treated for 24 h with MET (in PBS) at 500 mg/kg via intraperitoneal
injection and imaged again with the same protocol after 24 h. This
dose was selected for the in vivo experiments because previous
studies demonstrated its biologic effects (21).

For assessment of potential changes in 18F-FDG uptake in un-
treated animals over the same treatment period, an additional group
of mice, which received no MET treatment, was imaged at time
0 and 24 h. Images were reconstructed with a 2-dimensional
ordered-subset expectation maximization algorithm (4 iterations
with scatter and random corrections) and GE system software.
Three-dimensional regions of interest were manually defined on
the tumors, and then mean standardized uptake values (SUVs) were
calculated.

Statistical Analysis
Statistical analysis was performed with Prism software (version

5.00; GraphPad). Multiple-group analysis was performed with
one-way ANOVA. The Tukey honestly significant difference post
hoc test was applied for further analysis when statistical signif-
icance was observed on ANOVA. A paired t test was used for
mean group comparison. Data are presented as mean 6 SEM.
P values of 0.05 or less were considered significant.

RESULTS

AMPK Activation

For confirmation of MET-mediated AMPK activation
through AMPKa phosphorylation in colon cancer cell
lines, Western blotting was performed with HT29 and
MC26 cell lines after 24 h of treatment with 0–10 mM
MET. As shown in Figure 2A, in both cell lines total AMPK
levels remained essentially unchanged after treatment with
various concentrations of MET. However, after gating of
total AMPK levels to 100%, phosphorylated AMPK levels
increased severalfold in a dose-dependent manner in both
HT29 and MC26 cells (Fig. 2B).

FIGURE 2. MET-mediated activation of AMPK. (A) Results of
Western blotting for expression of AMPK, phosphorylated AMPK

(pAMPK), and b-actin internal control in HT29 and MC26 cells after

24 h of MET treatment. (B) Semiquantitative analysis after gating of
AMPK expression–to–actin expression ratio to 100% shows sever-

alfold increases in phosphorylation and dose-dependent activation

of AMPK in both cell lines.
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Metabolic Changes

To evaluate changes in glucose uptake in tumor cells, we
performed in vitro 18F-FDG retention studies after incuba-
tion of cells with MET for 24 h. Dose-dependent increases
in 18F-FDG uptake were observed in both cell lines (Fig. 3).
In HT29 cells, compared with the percentage of initial ac-
tivity retention (0.13% 6 0.00%) in the control condition
(no MET added), 18F-FDG retention increased to 0.14% 6
0.00% (P . 0.05), 0.20% 6 0.01% (P , 0.001), and
0.49% 6 0.02% (P , 0.001) when the cells were treated
for 24 h with 0.1, 1, and 10 mM MET, respectively. Similar
results were observed for MC26 cells: 18F-FDG uptake in-
creased from 0.045% 6 0.005% (control) to 0.051% 6
0.001% with 0.1 mM MET (P . 0.05), 0.057% 6 0.002%
with 1 mM MET (P , 0.01), and 0.099% 6 0.003% with
10 mM MET (P , 0.001).

Proliferation and Apoptosis Changes

The effect of MET on cellular proliferation was de-
termined with in vitro 18F-FLT retention studies and EdU
flow cytometry analysis. As shown in Figure 4, 18F-FLT
uptake decreased in HT29 and MC26 cells with increasing
MET concentrations. After 24 h, HT29 cells treated with
10 mM MET showed a lower level of 18F-FLT uptake
(2.63% 6 0.06% of initial added activity) (P , 0.0001)
than cells in the control condition (4.46% 6 0.07%). Fur-
thermore, the level of 18F-FLT uptake was also lower when
cells were exposed to 1 and 0.1 mM MET: 4.19% 6 0.14%
(P , 0.001) and 3.02% 6 0.11% (P , 0.001), respectively.
These findings were further confirmed by EdU staining

and flow cytometry, with which DNA proliferation was
evaluated as a change in the percentage of S-phase cells. As
shown in Figure 5, a marked decrease in the percentage of
S-phase cells was found when HT29 cells were incubated
with 10 mM MET—from 100.00% 6 1.09% (control) to
63.58% 6 1.86% (P , 0.001). No significant change in
the percentage of S-phase cells was detected when HT29
cells were incubated with 1 mM MET (97.03% 6 3.82%)
(P . 0.05).

Similar results were obtained for MC26 cells. 18F-FLT
retention decreased from 1.01% 6 0.03% (control) to
0.92% 6 0.02% (P , 0.01), 0.82% 6 0.04% (P , 0.001),
and 0.40% 6 0.02% (P , 0.0001) of initial activity when
MC26 cells were incubated with 0.1, 1, and 10 mM MET,
respectively (Fig. 4). In line with the 18F-FLT changes,
a decrease in the relative percentage of S-phase cells was
found when MC26 cells were incubated with 10 mM MET
for 24 h—from 100.00% 6 1.41% (control) to 66.10% 6
0.96% (P , 0.001) (Fig. 5). No significant change in the
relative percentage of S-phase cells was detected when
MC26 cells were incubated with 1 mM MET (98.95% 6
1.40%) (P . 0.05).

We noted similar decreases in the percentages of S-phase
cells for both cell lines incubated with 1–10 mM MET,
whereas 18F-FLT uptake decreased in MC26 cells but not
in HT29 cells incubated with 1–10 mM MET. These results

FIGURE 3. Alteration of 18F-FDG uptake after MET treatment.

MET treatment caused increased 18F-FDG retention in both HT29

and MC26 cell lines. Results were corrected for decay and cell
count and are presented as mean 6 SEM (n 5 10) percentage of

initial activity absorbed/106 cells.

FIGURE 4. Effect of MET on 18F-FLT retention. MET treatment
decreased 18F-FLT retention in both HT29 and MC26 cell lines.

Results were corrected for decay and cell count and are presented

as mean 6 SEM (n 5 10) percentage of initial activity absorbed/106

cells.

FIGURE 5. Effect of MET on proliferation. (A) Decreased relative
percentages of cells in S phase of cell cycle (normalized to control

at 100%) were observed in both cell lines (HT29 and MC26) after

treatment with MET. Data are presented as mean6 SEM (n5 3). (B)

Representative flow cytometry results from control and treatment
groups of MC26 cells (10 mM MET for 24 h), with S-phase cells

gated in P2 window.

METFORMIN MODULATION OF TUMOR METABOLISM • Habibollahi et al. 255



may reflect differences in the mechanisms of 18F-FLT re-
tention and EdU DNA incorporation.
Flow cytometry after staining for annexin–propidium

iodide was performed to study the effect of MET on the rate
of apoptosis in the colon cancer cell lines. No change in the
apoptotic cell fraction was found 24 h after MET treatment
(data not shown). The 72-h MET treatment resulted in
a marked increase in the apoptotic cell fraction in both
HT29 and MC26 cells (Table 1). After gating of the total
cell population (live, apoptotic, and necrotic cells) to 100%,
the percentage of apoptotic HT29 cells changed from
5.6% 6 0.362% when no MET was present to 5.47% 6
0.07% (P . 0.05), 9.97% 6 0.52% (P , 0.01), and
59.03% 6 0.85% (P , 0.001) in the presence of 0.1, 1,
and 10 mM MET, respectively (Table 1). A significant in-
crease in the percentage of apoptotic MC26 cells was ob-
served when the cells were treated with 10 mM MET
(10.93% 6 3.6% vs. 1.87% 6 0.09% [control]) (P ,
0.05) but not lower concentrations of MET.

18F-FDG and 18F-FLT In Vivo Experiments

To confirm the in vitro results and extend the findings for
translation to in vivo imaging, we performed experiments
before and after MET treatment in nude mice bearing
HT29 tumors. As shown in Figure 6, 18F-FDG uptake in the
tumors increased significantly after 24 h of MET treatment,
whereas 18F-FLT uptake decreased. After 24 h of MET
treatment, measured mean tumor SUVs increased from

0.71 6 0.03 to 1.29 6 0.11 (P , 0.05) in the 18F-FDG
scans and decreased from 1.18 6 0.05 to 0.89 6 0.01 in the
18F-FLT scans (P , 0.05). No significant changes in 18F-
FDG uptake were seen in the untreated control group
tumors over the same time period, with SUVs of 1.24 6
0.05 at time 0 and 1.15 6 0.05 at 24 h (P 5 0.28).

DISCUSSION

MET, an antidiabetes drug, has been used for decades for
the treatment of type II diabetes and acts by decreasing
glucose output from the liver and increasing glucose uptake
in the peripheral tissues (22). There has been marked recent
interest in oncologic applications of MET since the discov-
ery of an epidemiologic correlation between a decreased
incidence of cancer and the treatment of type II diabetes
with MET, as highlighted in a recent metaanalysis (23). On
the basis of the current available evidence, there is growing
interest in using MET in combination with established ther-
apeutic regimens; numerous oncology trials are currently
recruiting patients to study the effects of MET on cancer
incidence and progression (3–6). Moreover, MET serves as
a prototypic agent in the expanding area of metabolic tar-
geting for antineoplastic therapy (24).

MET is an activator of AMPK, which acts as the main
cellular energy sensor. The effect on AMPK activity can be
indirect, through the inhibition of adenosine triphosphate
production in mitochondria, or direct, through increasing
AMPK phosphorylation (14,15). The activation of AMPK

TABLE 1
MET-Induced Apoptosis in HT29 and MC26 Cells After Incubation for 72 Hours

Mean 6 SE no. of cells at MET concentration (mM) of:

Cells Condition 0 0.1 1 10

HT29 Apoptosis 5.6 6 0.36 5.47 6 0.07 9.97 6 0.52* 59.03 6 0.85*

Necrosis 1.63 6 0.07 1.97 6 0.57 4.23 6 0.30* 8.27 6 0.15*
MC26 Apoptosis 1.87 6 0.09 1.83 6 0.19 2.02 6 0.15 10.93 6 3.60†

Necrosis 0.87 6 0.12 0.73 6 0.03 0.43 6 0.03† 0.67 6 0.07

*P # 0.005.
†P # 0.05.

For significance, MET incubation condition was compared with control condition (no MET added [0 mM]) (n 5 3).

FIGURE 6. Increases in tumor 18F-FDG

uptake and decreases in 18F-FLT uptake af-
ter MET therapy. PET images were acquired

before (0 h) and after (24 h) MET therapy (500

mg/kg) in HT29 tumor–bearing animals. (A

and B) Representative 18F-FDG (A) and18F-
FLT (B) PET scans before and after treat-

ment. (C) SUVs before and after treatment

(mean6 SEM; n5 3; imaged with both trac-

ers). *Statistically significant difference (P ,
0.05). White arrows indicate HT29 tumors.
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downregulates many of the energy-consuming activities of
cells, including protein, lipid, and nucleic acid synthesis, as
well as proliferation; it upregulates pathways for energy
production, such as glycolysis and fatty acid oxidation
(15,17). As part of its function as a cellular energy sensor
and regulator, AMPK—when phosphorylated—also indu-
ces Glut transporter externalization (25,26). We hypothe-
sized that these AMPK-mediated changes in intracellular
metabolic activity and in the Glut receptor level on the cell
surface would directly increase tumor 18F-FDG uptake. We
further hypothesized that the same changes in the main
energy sensor of cells would decrease 18F-FLT uptake be-
cause of decreased nucleic acid synthesis and decreased
proliferation. The data from the present study confirm our
hypotheses and clearly demonstrate that MET—in a dose-
dependent manner—suppresses the growth of cancer cell
lines and decreases 18F-FLT uptake both in vitro and in vivo
but divergently increases 18F-FDG uptake in both cell re-
tention studies and PET studies. Our reported findings are
in agreement with MET-induced AMPK activation through
phosphorylation, which was confirmed by Western blotting,
and its known effects on cellular metabolism.
To our knowledge, this is the first study reporting the

consequences of MET treatment for radiotracer uptake mo-
dulation in tumors. To isolate the effects of MET, we se-
lected monotherapy with various concentrations for the
experiments to avoid any possible confounding effects from
other chemotherapeutic drugs. However, in current oncology
clinical trials, MET is being used in combination chemother-
apy regimens (27,28). It is vital to understand how MET
modulates the PET signal after therapy initiation; despite
synergy, the MET-induced changes are opposite to the
effects of other chemotherapies on tumor 18F-FDG uptake.
MET increases cellular 18F-FDG uptake but, as the cells die
from the effects of MET and other chemotherapies, 18F-FDG
uptake should eventually decrease. The resulting biphasic
response on follow-up 18F-FDG PET scans could confound
the evaluation of therapeutic efficacy. Because of the initial
increase in 18F-FDG uptake, a patient might incorrectly be
considered a nonresponder. Even on later scans, when the
tumor bulk has partially decreased, a patient’s response could
be interpreted as inadequate because of the relative increase
in 18F-FDG uptake due to chronic AMPK activation in re-
sponse to MET (29).
The confounding effects of MET on 18F-FDG PET in-

terpretation highlight the need to find a solution for similar
situations when glucose modulators are being used inciden-
tally or in combination treatments for cancer patients. Be-
cause both MET and many other chemotherapeutic drugs
decrease tumor cell proliferation and increase cancer cell
death and apoptosis, proliferation markers are an appropri-
ate choice for imaging of the response of tumors in such
situations. In the present study, we tested 18F-FLT as
a marker of proliferation to evaluate the effects of MET,
given the well-established correlation between 18F-FLT
PET imaging and cell proliferation (30,31). Our results

showed a strong correlation of 18F-FLT uptake both in vitro
and in vivo during PET scanning with cancer cell prolifera-
tion and apoptosis. These findings indicate that 18F-FLT PET
is appropriate for assessment of the chemotherapeutic re-
sponse when glucose modulators are being used in combina-
tion chemotherapy regimens to avoid potential confounding
effects on 18F-FDG PET imaging. The use of 18F-FLT instead
of 18F-FDG in such situations would also result in a mono-
tonic response instead of the biphasic response of tumor 18F-
FDG uptake. Such concordant changes in 18F-FLT PET will
help speed optimization of the role of MET in combination
regimens both preclinically and during clinical trials (32).

CONCLUSION

Our findings demonstrate that soon after the initiation of
treatment, MET results in increased 18F-FDG uptake, a cor-
responding increase in apoptosis, and decreased prolifera-
tion and 18F-FLT uptake both in vitro and in vivo. 18F-FLT
uptake closely correlates with the tumor response to MET,
whereas 18F-FDG uptake does not. MET results in the di-
vergent modulation of tumor cell growth and metabolism.
Although experimental chemotherapy regimens were not
evaluated in combination with MET, on the basis of the
mechanisms elucidated here, 18F-FLT may be a promising
alternative to 18F-FDG for the early noninvasive evaluation
of standard and experimental chemotherapy regimens that
include glucose modulators such as MET.
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