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Introduction

18F-2-Fluoro-2-Deoxy-d-Glucose Positron Emission Tomography 
(FDG-PET) exploits the increased glucose uptake rate of tumors 
that was first described by Warburg1 to image neoplastic disease.2 
FDG is transported into cells by the same mechanisms as glu-
cose and is phosphorylated by hexokinase, effectively trapping it 
within the cell as 18F-2-Fluoro-2-Deoxy-d-Glucose-6-Phosphate 
(FDG6P). Due to the absence of a 2'-hydroxyl group, low levels 
of glucose-6-phosphatase in the tumor cell and the high rate of 
glucose transport by neoplastic tissue, FDG6P accumulates in 
the neoplasm at a higher rate than in normal tissues.2 Clinical 
studies have examined ways to optimize the utility of FDG-PET 
for imaging malignant disease by defining the most favorable sys-
temic metabolic conditions to maximize sensitivity. For example, 
it is well documented that hyperglycemia decreases FDG uptake 
by neoplastic tissue due to dilution of the labeled analog by the 
elevated levels of unlabeled glucose. Although it is not common 
practice to increase the amount of administered tracer to avoid 
the loss of sensitivity associated with hyperglycemia in diabetics, 
patients often are asked to fast prior to a PET scan in order to 
minimize dilution of the radiolabeled agent by hyperglycemia.3 
It has been proposed that insulin treatment of diabetics could 
increase imaging sensitivity by increasing the ratio of labeled 
to unlabeled glucose, and this has been demonstrated experi-
mentally.4 Although these technical issues influence FDG-PET 

Insulin regulates glucose uptake by normal tissues. Although there is evidence that certain cancers are growth-
stimulated by insulin, the possibility that insulin influences tumor glucose uptake as assessed by 18F-2-Fluoro-2-Deoxy-
d-Glucose positron emission tomography (FDG-pet) has not been studied in detail. We present a model of diet-induced 
hyperinsulinemia associated with increased insulin receptor activation in neoplastic tissue and with increased tumor 
FDG-pet image intensity. Metformin abolished the diet-induced increases in serum insulin level, tumor insulin receptor 
activation and tumor FDG uptake associated with the high energy diet but had no effect on these measurements in mice 
on a control diet. these findings provide the first functional imaging correlate of the well-known adverse effect of caloric 
excess on cancer outcome. they demonstrate that, for a subset of neoplasms, diet and insulin are variables that affect 
tumor FDG uptake and have implications for design of clinical trials of metformin as an antineoplastic agent.
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image intensity by affecting the relative concentrations of FDG 
to glucose, it is of interest that there is no evidence that varia-
tion in circulating glucose concentration is in itself an important 
determinant of glucose uptake by tumors. This is likely due to 
the fact that tumors have sufficient glucose uptake capacity to 
meet their requirements at all physiologically relevant glucose 
concentrations.5

Despite unprecedented interest in cancer metabolism,6 much 
clinical and experimental research involving FDG-PET has used 
the method simply for imaging and as an end-point for assess-
ing the efficacy of various experimental therapeutic agents rather 
than as a tool to specifically measure glucose uptake in the con-
text of host and tumor metabolism. While insulin-responsive 
tumor models have been described in references 7–9, and popula-
tion studies (for example, refs. 10 and 11) are consistent with the 
hypothesis that certain tumors are insulin-sensitive, there have 
been no studies of the effects of hyperinsulinemia on FDG-PET 
imaging.

Metformin is one of the most frequently prescribed drugs 
used to treat type II diabetes, and there is evidence from popula-
tion (reviewed in refs. 12–14) and laboratory (reviewed in refs. 7 
and 15–19) studies that it has antineoplastic activity (reviewed 
in ref. 20). Metformin and other biguanides exert their antidia-
betic effects in large part by decreasing hepatic gluconeogenesis, 
resulting in reduced circulating glucose concentrations,21 with 
a secondary reduction in circulating insulin levels. It is possible 
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metformin treatment conditions, n = 3, p = 0.0056). On expo-
sure to metformin, AMPKThr172 phosphorylation was elevated in 
MC38 cells (Fig. 2C), which is consistent with prior reports.23 
As AMPK signaling leads to alterations in cellular metabolism to 
increase ATP levels by increasing ATP generation and decreasing 
ATP consumption,26 the finding that metformin increases glu-
cose uptake while decreasing proliferation is plausible.

Metformin treatment reduces serum insulin in the set-
ting of diet-induced hyperinsulinemia. We observed a signifi-
cant increase in serum insulin levels in mice on the high energy 
diet prior to metformin treatment vs. mice on the control diet 
(Fig. 3) (4.355 ± 0.7956 ng/ml vs. 1.523 ± 0.2365 ng/ml, n = 5, 
p = 0.004). There was a significant decrease in serum insulin 
levels following metformin treatment for mice on the high energy 
diet (pre-treatment vs. post-treatment, 4.355 ± 0.7956 ng/ml vs. 
2.334 ± 0.5131 ng/ml, n = 5, p = 0.05). In contrast, there was no 
effect of metformin on insulin levels in mice on the control diet 
(pre-treatment vs. post-treatment insulin levels, 1.523 ± 0.2365 
ng/ml vs. 1.21 ± 0.1039 ng/ml, n = 5, p = 1).

Influence of diet and metformin on blood glucose levels. 
Blood glucose levels were measured in mice prior to FDG-PET 
scanning, while animals were under anesthesia following an over-
night fast and prior to FDG infusion. Between Day 0 and Day 3, 
metformin had no significant effect on fasting blood glucose lev-
els of mice on the high energy diet (Day 0 vs. Day 3, 8.25 ± 0.86 
vs. 8.73 ± 0.55, n = 6, p = 1). This observation is important as this 
diet-induced obesity model did not show fasting hyperglycemia, 
thereby mitigating any potential confounding of FDG-PET anal-
ysis due to alterations in the ratio of labeled to unlabeled glucose. 
Similarly, metformin did not have any effect on fasting blood glu-
cose levels of mice on the control diets between Day 0 and Day 3 
(Day 0 vs. Day 3, 10.30 ± 0.87 vs. 11.38 ± 0.76, n = 6, p = 1).

There was no significant difference in blood glucose levels 
between mice on the high energy diet and mice on the control 
diet on Day 0 of FDG-PET imaging (Day 0 high energy diet 
vs. Day 0 control diet, 8.25 ± 0.86 vs. 10.30 ± 0.87, n = 6, p = 
0.4118). Similarly, there was no significant difference in blood 
glucose levels between the dietary groups on Day 3 (Day 3 high 
energy diet vs. Day 3 control diet, 8.73 ± 0.55 vs. 11.38 ± 0.76, n 
= 6, p = 0.1812).

Effect of diet and metformin on tumor FDG uptake. Fasted 
mice had glycemia measured prior to FDG infusion while under 
1.5% isoflurane, in order to ensure similar experimental condi-
tions between dietary groups. Glucose levels were not signifi-
cantly different between groups either at baseline or following 
metformin treatment. Tumors from mice on control diets and 
high energy diets were visualized by FDG-PET (Fig. 4A). On the 
left are axial, coronal and sagittal views of MC38 tumors on Day 
0 from the same mouse on the control diet for 12 weeks prior to 
metformin treatment (baseline) and post-metformin treatment. 
On the right are views of a mouse on the high energy diet for 
12 weeks prior to metformin treatment (baseline) and post-met-
formin treatment. Tumor FDG uptake is represented as a color 
scale, with high uptake represented by red and decreasing uptake 
represented by yellow, green and blue. There is a visually appar-
ent increase in tumor FDG uptake with the high energy diet and 

that this reduction is sufficient to attenuate the growth of the 
subset of tumors that are insulin-responsive.22 In mice with 
diet-induced hyperinsulinemia, metformin indeed attenuates 
tumor growth.7,15 There is also evidence for separate direct effects 
of metformin on neoplastic cells.23,24 These effects result from 
decreased mitochondrial ATP production due to the inhibitory 
action of metformin on respiratory complex I,25 resulting in acti-
vation of AMP-activated kinase (AMPK), which downregulates 
energy-consuming processes, such as protein synthesis and pro-
liferation, and upregulates processes that lead to ATP synthesis, 
including glucose uptake.26 Therefore, the effects of metformin 
or other AMPK activators on FDG-PET image intensity are dif-
ficult to predict, as drugs with anti-proliferative activity generally 
decrease FDG uptake, but agents capable of activating AMPK in 
tumors would be expected to increase their FDG uptake.

MC38 colon cancer cells are known to form aggressive 
tumors in vivo. This finding is especially true in animals on a 
high energy diet,16,27 and there is strong prior evidence to impli-
cate diet-induced hyperinsulinemia as a major mediator of the 
adverse effect of obesity on neoplasia, since a high energy diet is 
associated with increased circulating insulin levels and increased 
insulin receptor (IR) activation in tumors.9 Our present results 
provide an example of a tumor for which FDG uptake varies with 
diet and metformin administration in a manner that suggests 
that FDG-PET imaging is influenced by insulin. These results 
have important implications for interpreting FDG-PET images 
and, also, for understanding the influences of host metabolism 
and metformin on tumor behavior.

Results

Insulin receptor expression and effects of metformin or insu-
lin on MC38 cell proliferation. We confirmed expression of 
the insulin receptor-β subunit (IR-β) by MC38 cells (Fig. 1B). 
Furthermore, these cells were significantly responsive to in vitro 
growth stimulation by physiologically relevant concentrations of 
insulin (Fig. 1C) (control vs. insulin treatment conditions, n = 4, 
p = 0.0059).

We observed significant inhibition of MC38 cell proliferation 
in vitro with increasing doses of metformin (Fig. 1D) (control vs. 
metformin treatment conditions, n = 4, p = 0.0056). Under these 
in vitro conditions, metformin cannot be acting as an insulin-
lowering agent, so we hypothesized that this growth inhibition 
was related to that previously described in reference 23, a direct 
action of metformin as an AMPK-dependent growth inhibitor.

Insulin and metformin stimulate glucose uptake in vitro. 
The in vitro effect of insulin or metformin on glucose uptake by 
MC38 cells was determined using a colorimetric assay. Treatment 
with physiologically relevant concentrations of insulin signifi-
cantly increased glucose uptake in MC38 cells (Fig. 2A) (control 
vs. insulin treatment conditions, n = 3, p = 0.0127). This provides 
evidence that MC38 is a tumor cell line where glucose uptake 
is insulin-stimulated rather than constitutive. As expected, this 
finding was correlated with increased IRTyr972 and AktSer473 phos-
phorylation (Fig. 2C). We also observed significant stimulation 
of glucose uptake by metformin in vitro (Fig. 2B) (control vs. 
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Effects of diet and metformin treatment on signaling path-
ways. As shown in Figure 5, IRTyr972 phosphorylation in MC38 
tissue was greater in tumors from mice on the high energy diet 
as compared with mice on the control diet, indicating an effect 
of host metabolic status on signal transduction within neoplastic 
cells. IRTyr972 phosphorylation was reduced in tumors from high 
energy diet mice that were treated with metformin, reaching lev-
els similar to IRTyr972 receptor phosphorylation in MC38 tumors 
from mice on the control diet. Metformin had no effect on insu-
lin receptor activation of tumors of animals on the control diet. 
AktSer473 phosphorylation was consistent with the IRTyr972 data. 

a decrease in tumor FDG uptake in mice on the high energy diet 
following metformin treatment.

FDG tumor uptake was quantified as a standardized uptake 
value (SUV) using three-dimensional regions of interest (ROIs) 
in tumors. Baseline SUV was higher in mice on the high energy 
diet compared with mice on the control diet (Fig. 4B) (2.84 ± 
0.59 vs. 1.86 ± 0.58, respectively, n = 6, p = 0.0292). Following 
metformin treatment, SUV dropped in the high energy diet 
group (from 2.84 ± 0.59 to 1.87 ± 0.51, n = 6, p = 0.0309) and 
remained largely unchanged in the control diet group (from 1.86 
± 0.58 to 1.83 ± 0.37, n = 6, p = 0.9676).

Figure 1. experimental design, insulin receptor (IR) expression and effects of insulin or metformin on MC38 cell proliferation. (A) Six week-old mice 
were fed either a high energy diet or a control diet for 10 weeks. they were then injected with 5 x 105 MC38 cells. two weeks after tumor implant, mice 
underwent baseline FDG-pet scans. they then received metformin (50 mg/kg/day for three days) and underwent a follow-up FDG-pet scan.  
(B) MC38 cells were plated in culture medium containing 10% FBS, and cell lysates were analyzed by western blot for insulin receptor (IR) subunit β (95 
kDa). MC38 cells were seeded onto 96-well plates in the presence of DMeM media with 10% FBS and, after 24 h, treated with different concentrations 
of insulin (C; p = 0.0059) or metformin (D; p = 0.0056) with 0.1% FBS. Cell growth in each well was measured by Mtt dye reduction after 72 h.
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muscle and fat, where glucose uptake is regulated by insulin. 
Older29 and more recent8,9 evidence suggests that the growth of 
some cancers may be insulin-stimulated. However, the possibility 
that tumor glucose uptake and FDG-PET imaging results may 
vary with insulin level for a subset of tumors has not been exam-
ined in vivo.

Metformin, which lowers both glucose and insulin levels in 
the setting of type II diabetes, has recently been shown to have 
antineoplastic activity in some experimental models,7,15-19,23 and 
pharmacoepidemiological research (reviewed in refs. 14 and 20) 
provides evidence for decreased cancer burden in patients using 
metformin. In view of increasing interest in the roles of insulin 

Figure 2. effects of insulin and metformin on glucose uptake, insulin receptor activation and AMpK activation in vitro. Cells were plated in 6-well 
plates in the presence of DMeM media with 10% FBS. twenty-four hours later, culture medium with different concentrations of (A) insulin (p = 0.0127) 
or (B) metformin (p = 0.0056) with 0.1% FBS was added. Culture medium was collected from each well and was analyzed by a glucose consumption 
assay. (C) Cells were plated in petri dishes in the presence of DMeM media with 10% FBS. twenty-four hours later, culture medium containing 2% FBS 
was added with insulin (1 μM), metformin (5 mM) or both. Fort-eight hours later, cells were lysed and analyzed by western blot. Antibodies specific 
for phospho-IRtyr972, phospho-AKtSer473, phospho-AMpKthr172 and β-actin were used as described in the Material and Methods section. Data shown are 
representative of at least two independent experiments.

AMPKThr172 phosphorylation in tumors was not influenced by 
metformin, regardless of diet. This data contrasts with AMPK 
activation in MC38 cells by metformin in vitro, suggesting that 
metformin accumulation in liver tissue was sufficient to inhibit 
gluconeogenesis and secondarily lower insulin levels, but levels 
in tumor tissue were inadequate to activate AMPK, as noted in a 
prior model system.28

Discussion

Neoplastic tissue is often regarded as having a high level of glu-
cose uptake that is constitutive in contrast to tissues, such as liver, 
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There are important gaps in knowledge regarding whole 
organism and cellular pharmacokinetics of biguanides, such as 
metformin. The OCT1 and OCT2 transporters are known to 
import metformin into cells,38 but, to date, have been studied 
mainly in the context of drug distribution of metformin relevant 
to diabetes treatment;39 it is possible that tumors with high levels 
of expression of these transporters may achieve metformin lev-
els sufficient to cause AMPK activation, leading to a secondary 
decrease in proliferation and increase in glucose transport and 
hence FDG uptake. 

Our observations provide an example of an insulin-responsive 
tumor, where diet-induced increases in insulin level are associated 
with increased FDG uptake on PET images, and where attenua-
tion of diet-induced hyperinsulinemia by metformin is associated 
with decreased FDG uptake, raising the possibility that a subset 
of human cancers may exhibit similar behavior. However, our 
findings do not imply that such behavior is universal. Tumors 
with constitutive activation of PI3-kinase, for example, would 
not be expected to be insulin-sensitive with respect to growth or 
FDG uptake signal intensity.

In the context of increasing interest in clinical trials of met-
formin in cancer treatment, our model suggests that, if this agent 
has antineoplastic activity related to its effect on insulin levels, 
such activity would be confined to hyperinsulinemic subjects 
with insulin sensitive neoplasms.

Materials and Methods

Cell lines and cultures. The mouse colon adenocarcinoma 
MC38 cells (kindly donated by Pnina Brodt’s lab, McGill 

and metformin in neoplasia,22 we sought to examine their influ-
ence on tumor glucose uptake measured by FDG-PET in an 
experimental system. In order to model the clinical situation, we 
used a diet-induced hyperinsulinemic model rather than a trans-
genic or insulin-clamp model.

We recognized that there were several plausible hypotheses: 
(1) with respect to insulin, increased insulin might increase the 
FDG-PET signal for an insulin sensitive tumor and (2) with 
respect to metformin, this agent might either decrease the FDG-
PET signal by reducing circulating insulin levels or increase FDG 
tumor uptake secondary to activation of AMPK.

Our results reveal that in the MC38 colon cancer model, the 
FDG-PET signal is, indeed, increased with a high energy diet 
that leads to hyperinsulinemia and increased insulin receptor 
activation in neoplastic tissue. This observation suggests that, at 
least for a subset of human cancers, host metabolic state influ-
ences tumor glucose uptake. While our results do not conclu-
sively demonstrate that hyperinsulinemia is the mediator of the 
effect of host diet on the FDG-PET signal, circumstantial evi-
dence is consistent with this possibility. In any case, our data 
provide the first functional imaging correlate of the well-known 
adverse effect of caloric excess or hyperinsulinemia on cancer 
outcome.10,11,30

Metformin exposure had no effect on insulin levels or tumor 
FDG uptake in normoinsulinemic mice but decreased insulin 
levels and FDG uptake in hyperinsulinemic mice. This suggests 
that the decline in insulin levels induced by this compound is 
more important than any metformin-related AMPK activa-
tion in neoplastic tissue in this model. Importantly, while we 
previously showed activity of metformin regardless of degree 
of hyperinsulinemia for LKB1-/- neoplasms,15 the MC38 cells 
employed in the present work were LKB1 wild-type.15 Although 
metformin increased glucose uptake in vitro, as expected with 
activation of AMPK, this phenomenon was not observed  
in vivo.

We speculate that prior clinical reports of increased FDG 
uptake in the gastrointestinal tract31,32 associated with oral met-
formin administration is due to AMPK activation in tissue of the 
gut wall, which are directly exposed to high luminal metformin 
concentrations. Furthermore, recent studies that describe the 
ability of orally administered metformin to activate AMPK in 
a colorectal carcinogenesis model provide encouraging evidence 
that this drug has chemopreventative activity for this type of can-
cer.33 In contrast, in our in vivo model, direct AMPK activation 
did not occur in mouse tumor tissue, a finding consistent with 
some (reviewed in ref. 28), but not all, prior reports. It is impor-
tant to mention that the ability of metformin to decrease serum 
insulin levels may contribute to its chemopreventative activity in 
a lung carcinogenesis model.28 

Interestingly, life span-extending mutations or caloric restric-
tion in model organisms reduces hyperglycemia and hyper-
insulinemia, which are similar to the effects of metformin in 
type II diabetic patients.34-36 Other studies have pointed to the 
apoptosis-promoting effects of metformin in aggressive triple-
negative breast cancer models37 in the absence of hyperglycemia 
or hyperinsulinemia.

Figure 3. Acute metformin treatment reduces serum insulin. Non-fast-
ing plasma insulin levels were determined in mice following 12 weeks 
on the respective diets (Day 0; *p = 0.004). Mice were then injected 
intraperitoneally with 50 mg/kg/day of metformin for three consecutive 
days, and non-fasting plasma insulin levels were determined again  
(Day 3; **p = 0.05).
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medium containing various doses 
of insulin (Feldan, Montreal, QC 
Canada) for a period of 72 h. 
Proliferation assay was measured 
with an MTT assay as described in  
reference 40.

Glucose consumption. Media 
samples were collected, and glucose 
consumption was measured using 
a colorimetric assay as described 
previously in references 40 and 41. 
Briefly, on the day of the assay, 10 
μl of medium samples were mixed 
with 435 μl of H

2
O, 500 μl of the 

buffer/chromophore reagent [0.8 
M sodium Phosphate buffer, pH 
6.0, 10 mM 4-aminoantipyrine 
(Sigma) and 10 mM N-ethyl-N-
sulfopropyl-m-toluidine (Sigma)], 5 
μl of 540 U/ml horseradish peroxi-
dase (Sigma) and 50 μl of 310 U/ml 
glucose oxidase (Sigma). A standard 
curve was made using d-glucose 
(Sigma) at concentrations vary-
ing between 0.05 and 25 mM. As a 
negative control, glucose oxidase was 
omitted and replaced by H

2
O. The 

reactions were incubated for 45 min 
in the dark, and then the absorbance 
was read at 562 nm. Each condition 
was in duplicate, and the experi-
ment was performed three times. 
We previously found that results of 
this assay were completely consistent 
with results obtained with a tritiated 
glucose uptake assay.40

Animals. All experiments per-
formed were approved by the 
McGill University Animal Care 
and Handling Committee. Six 
week-old C57BL/6J-mice (Jackson 
Laboratory, Ann Arbor, ME) were 
randomized into four groups of mice: 
control diet, control diet + metfor-
min (50 mg/kg/day for three days), 

high energy diet and high energy diet + metformin (50 mg/kg/
day for three days). Food and water were given ad libitum. Diets 
were purchased from OpenSource Diets (New Brunswick, NJ). 
The high energy diet (D12492) consisted of 20% protein, 20% 
carbohydrate, 60% fat and provided 5.24 kcal/g consumed. The 
control diet (D12450B) consisted of 20% protein, 70% carbohy-
drate, 10% fat and provided 3.85 kcal/g consumed. The animals 
were on the respective diets for 12 weeks, as shown in our experi-
mental design (Fig. 1A).

Metabolic assays. Hormone serum levels were measured using 
rodent insulin immunoassay (Millipore, Etobicoke, ON Canada) 

University, Montreal, QC Canada) were maintained in DMEM 
(Wisent, St. Bruno, QC Canada) and supplemented with 10% 
FBS (Wisent) and gentamicin (Sandoz, Boucherville, QC 
Canada).

Cell proliferation assay. The effect of insulin on MC38 cells 
was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide (MTT) (Sigma Chemical, St. Louis, MO). 
Two thousand cells per well were plated in 96-well plates and incu-
bated in medium containing 10% FBS. After 24 h, the complete 
medium was replaced with medium containing 0.1% FBS and 
different concentrations of metformin (Sigma) or with serum-free 

Figure 4. FDG uptake by MC38 tumors is increased by a high energy diet, and this effect is blocked 
by metformin. (A) Representative images of tumors from mice on control diets and high energy diets 
were visualized by FDG-pet. Left shows axial, coronal and sagittal views of MC38 tumors from the same 
mouse on control diet pre-metformin treatment (baseline) and post-metformin treatment (50 mg/kg/
day for three days). Right shows the same views of a mouse on the high energy diet for 12 weeks pre-
metformin treatment (baseline) and post-metformin treatment (50 mg/kg/day for three days), display-
ing a reduction in tumor FDG uptake. K, kidney; t, tumor; B, bladder; SUV, standardized uptake values. 
(B) Quantitative FDG tumor uptake was calculated using a 3D RoI in the tumors by performing sequen-
tial FDG-pet scans on six mice on the control diet and six mice on the high energy diet at baseline and 
again following metformin treatment (*p = 0.0292; **p = 0.0309). RoI, region of interest.
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blood glucose measured before FDG injection and imaging. The 
mice were prepared for imaging while under isoflurane (Abbott 
Laboratories, Montreal, QC Canada) anesthesia delivered 
through a nose cone at a concentration of 1.5% in medical air. A 
bolus injection of 60 to 90 μCi FDG in 50 μl of normal saline 
into the tail vein was performed. Images were acquired using a 
CT1 Concorde R4 microPET scanner (Siemens/CTI Concorde, 
Knoxville, TN). Imaging studies were performed while the ani-
mal was anesthetized and placed in the supine position on the 
bed of the scanner at the center of the field of view. Imaging was 
initiated exactly 45 minutes after FDG injection and lasted for 
20 min. Mice were kept warm with a heating lamp, while physi-
ologic parameters (cardiac rate, respiration and temperature) 
were continuously monitored (Biopac Systems, Goleta, CA). All 
images were reconstructed using the filtered back projection after 
applying normalization and scatter correction. The PET images 
were analyzed using ASIpro software (Concorde MicroSystems, 
Inc.) with 3D regions of interest (ROI) drawn around areas of 
increased tracer accumulation. To quantify the uptake of FDG 

according to the manufacturer’s protocols. Blood was taken from 
non-fasting animals after 12 weeks on the experimental diets.

Syngeneic tumor model. Mice were injected s.c. with 5 x 105 
MC38 cells, following 10 weeks on the experimental diets. 
Tumors were palpable 7 d after injection and were grown for two 
weeks until baseline FDG-PET and post-treatment FDG-PET 
imaging.

Metformin. Six mice on the control diet and six mice on the 
high energy diet underwent acute metformin treatment follow-
ing day 14 tumor growth baseline PET scans. Mice were treated 
with 50 mg/kg metformin (Sigma Chemical) i.p. daily for three 
days until the post-treatment day 17 tumor growth PET scan. 
This dose is in the same order of magnitude as the dose of met-
formin employed clinically, where 2 g per day is a typical dose.

PET imaging. PET images were acquired immediately prior to 
the initiation of treatment (Day 14 post-tumor implantation) and 
upon completion of the treatment regimen (Day 17 post-tumor 
implantation). The animals were fasted overnight and had their 

Figure 5. effects of diet and acute metformin treatment on tumor signaling in vivo. MC38 tumor tissue from mice on different diets receiving 
metformin (50 mg/kg/day for three days) or no metformin was analyzed by western blot. Antibodies specific for phospho-IRtyr972, phospho-AKtSer473, 
phospho-AMpKthr172 and β-actin were used as described in Material and Methods section. Data shown are representative of at least two independent 
experiments. CD, control diet; HeD, high energy diet; M, metformin.
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Danvers, MA). The position of the proteins was visualized with 
the appropriate horseradish peroxidase-conjugated anti-rabbit or 
anti-mouse immunoglobulin antibodies (ECL, Amersham, Baie 
d’Urfé, QC, Canada).

Experiments were repeated at least twice. Band intensity was 
evaluated by densitometry using Scion Corporation software 
(version Alpha 4.0.3.2, Frederick, MD).

Statistical analysis. All values are expressed as means ± SEM. 
Prior to statistical analysis, data were square-root transformed 
to satisfy the assumptions of analysis. Statistical significance 
was evaluated using GLM Procedure. Two-way (blood glucose, 
insulin ELISA and SUV) and one-way (cell proliferation, glu-
cose consumption) analysis of variance (ANOVA) was used to 
determine whether there was significant difference among all 
treatment groups. Additionally, least squares means post hoc for 
multiple unpairwise comparisons of means (LSMEANS state-
ment with Bonferroni correction) was applied. All statistical 
analyses were performed using Statistical Analysis System soft-
ware, version 9.2 (SAS Institute, Cary, NC), with p values ≤ 0.05 
considered significant.
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in the tumor, standardized uptake values (SUV) were calculated 
as average tissue concentration (MBq/mL) divided by the ratio of 
injected dose (MBq) over animal weight.42,43

Protein extraction and western blot analysis. Cells were 
washed thrice with ice-cold PBS and lysed in lysis buffer [20 mM 
TRIS-HCl (pH 7.5)], 150 mM NaCl, 2.5 mM sodium pyro-
phosphate, 1 mM h-glycerol phosphate, 1 mM Na

3
VO

4
, 1 mM 

EGTA, 1% Triton and Roche Complete protease inhibitor tab-
let (Roche, Laval, QC Canada). Cellular debris was removed 
by centrifugation. Following assay for total protein (Bio-Rad, 
Mississauga, ON Canada), clarified protein lysates from each 
experimental condition were boiled for 5 min and subjected to 
western blot analysis.

MC38 tumor was dissected from the mice at the time of eutha-
nasia, washed in PBS and frozen in liquid nitrogen. The tissue 
samples were homogenized and sonicated in lysis buffer [50 mM 
Hepes, 1% Triton-X 100, 150 mM NaCl, 0.02% sodium azide, 
60 mM β-glycerophosphate, 1 mM DTT, Roche Complete pro-
tease inhibitor cocktail (Roche) and 5 μM pepstatin A (Sigma), 
pH 7.2]. Tissue debris was removed by centrifugation and fol-
lowing assay for total protein (Bio-Rad), clarified protein lysates 
from each experimental condition were pooled, boiled and sub-
jected to western blot analysis.

Proteins (50 μg) were resolved electrophoretically on denatur-
ing SDS-polyacrylamide gels (10%), transferred to nitrocellulose 
membranes, and probed with the following antibodies overnight 
at 4°C: anti-phospho-IRTyr972 (Millipore), anti-phospho-AktSer473, 
anti-phospho-AMPKThr172 and anti-β-actin (Cell Signaling, 
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