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and treatment with anti-HER antibodies or doxorubicin 
only produced minor modulations in the increase induced 
by metformin alone. Glucose transport was increased in 
BT474 cells and decreased in SKBr3 and MDA-MB-468 
cells after treatment with metformin. The fraction of phos-
phorylated [18F]FDG was increased in metformin-treated 
cells compared with controls, suggesting that hexokinase 
efficiency was increased by metformin.
Conclusion  This is the first study to show that increased 
[18F]FDG incorporation by breast cancer cells induced by 
metformin overwhelms the effect of doxorubicin and anti-
HER treatments on [18F]FDG incorporation. Metformin-
induced increased [18F]FDG incorporation was consistently 
associated with enhanced [18F]FDG phosphorylation.

Keywords  Metformin · Breast cancer · HER2 ·  
[18F]FDG · Doxorubicin

Introduction

The biguanide metformin is used in the treatment of type 
2 diabetes (T2D) as it decreases blood glucose levels by 
inhibiting hepatic gluconeogenesis and stimulating glucose 
uptake by muscle cells (Viollet et  al. 2012). T2D is asso-
ciated with increased cancer risk including that of breast 
cancer possibly due to increased plasma insulin levels 
(Jalving et al. 2013; Pollak 2013). A seminal study (Evans 
et al. 2005) reported that cancer incidence in T2D patients 
prescribed metformin was lower than in those not receiving 
metformin. More recently, metformin use by women with 
T2D was shown to reduce the risk of breast cancer (Bod-
mer et al. 2010) even when patients who administered insu-
lin, a possible causative cancer agent, were removed from 
the analysis.

Abstract 
Purposes  Metformin, currently undergoing clinical trials 
as an adjuvant for the treatment of breast cancer, modulates 
the activity of key intracellular signalling molecules which 
affect 2-[18F]Fluoro-2-deoxy-d-glucose ([18F]FDG) incor-
poration. Here, we investigate the effect of drugs used in 
the treatment of breast cancer combined with metformin on 
[18F]FDG incorporation in HER2- or HER1-overexpressing 
breast cancer cells to determine whether or not metformin 
may obscure changes in [18F]FDG incorporation induced 
by clinically utilised anticancer drugs in the treatment of 
breast cancer.
Methods  Three breast cancer cell lines expressing HER2 
and one HER2 negative but HER1 positive were exposed 
to metformin, doxorubicin and trastuzumab or cetuximab. 
Cytotoxicity was measured by the MTT assay. Expres-
sion of active (phospho-) AMPK, PKB (Akt) and ERK was 
determined by Western blotting. [18F]FDG incorporation 
by cells exposed to drug combinations with metformin was 
determined. Glucose transport was assessed by measuring 
the initial rate of uptake of [3H]O-methyl-d-glucose ([3H]
OMG). Phosphorylation of [18F]FDG was determined in 
intact cells after exposure to [18F]FDG.
Results  Phospho-AMPK was increased by metformin 
in all cell lines whilst phospho-Akt and phospho-ERK 
expressions were decreased in two. Metformin treat-
ment increased [18F]FDG incorporation in all cell lines, 
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Studies also suggest that metformin may be used as a 
cancer treatment. The website clinicaltrials.gov details 29 
clinical trials underway on breast cancer patients treated 
with metformin, either in combination treatment with other 
anticancer drug regimens or prior to surgical resection. An 
example of a completed study reported in the literature has 
found that metformin treatment, when used as an adju-
vant, is associated with increased pathological complete 
response in early breast cancer (Jiralerspong et al. 2009).

Metformin inhibits the mitochondrial respiratory chain 
complex 1 resulting in decreased cellular energy status 
(Batandier et  al. 2006) and activation of AMPK (AMPK-
activated protein kinase) which has been shown to be asso-
ciated with decreased mTOR activation resulting in inhibi-
tion of protein synthesis and proliferation (Dowling et  al. 
2007) as the cell reverts to an energy-saving state. Other 
intracellular signalling kinases may be involved in the anti-
cancer effect of metformin (Vazquez-Martin et  al. 2011; 
Liu et al. 2011; Soares et al. 2013; Wurth et al. 2013; Quei-
roz et  al. 2014; Li et  al. 2014; Buac et  al. 2013) in some 
cases independently of AMPK, e.g., it has been shown 
(Zhu et  al. 2014) that metformin inhibits the PI3K/Akt/
mTOR pathway in HER2- and EGFR-overexpressing cells 
by interfering with, e.g., HER2/insulin-like growth factor 
(IGF)-1R receptor interactions. Metformin has also been 
shown to inhibit Akt in MCF7 (Queiroz et  al. 2014) and 
glioblastoma (Wurth et al. 2013) cells and ERK in MCF7 
(Queiroz et al. 2014). However, other studies have demon-
strated increased activation of Akt in MDA-MB-231 breast 
cancer cells (Buac et  al. 2013) and ERK in immortalised 
keratinocytes (Li et  al. 2014). Taken together, these find-
ings suggest that the effects of metformin on the Akt and 
MAPK pathways are context related.

We have recently shown that the Akt pathway plays 
an important role in influencing [18F]FDG incorporation 
(Fleming et  al. 2014). However, the relationship between 
Akt (PKB) activation and [18F]FDG incorporation is likely 
to be modulated by drugs that influence several intracel-
lular signalling pathways. Metformin is a safe compound 
(with only minor gut-related side effects) which is admin-
istered to T2D patients over long periods. However, as an 
anticancer drug, metformin is likely to be administered as 
an adjuvant with established chemotherapy agents, which 
in breast cancer include the anthracycline doxorubicin 
and in the case of HER2-overexpressing breast cancer, the 
humanised anti-HER2 antibody, trastuzumab. Both of these 
drugs can induce cardiomyopathy (Slamon et al. 2001), so 
early detection of response to these drugs is imperative. 
The most sensitive, non-invasive technique for monitoring 
chemotherapy response is [18F]FDG–PET (Mghanga et al. 
2013) with response generally accompanied by decreased 
incorporation of [18F]FDG, but metformin can increase 
[18F]FDG (Habibollahi et al. 2013) incorporation possibly 

interfering with the changes in [18F]FDG incorporation 
induced by conventional treatments, effects that have so far 
not been examined.

With so many clinical trials underway, it is important 
to establish how metformin might modify the effect of 
the more aggressive anticancer drugs on [18F]FDG if PET 
is to be utilised in their clinical response assessment. In 
this study, the effect of metformin alone and combined 
with trastuzumab (or cetuximab) on pAMPK, pPKB and 
pERK1/2 expression in four breast cancer cell lines, three 
of which overexpress HER2 (Fleming et al. 2014) and one 
HER1, was characterised. The effect of combined treat-
ment with doxorubicin, trastuzumab (or cetuximab) and 
metformin on [18F]FDG incorporation was then examined. 
Apoptosis is often activated by anticancer treatment and 
can influence glucose metabolism (Aide et  al. 2009). As 
this study used a variety of anticancer treatments, the level 
of activation of caspase 3/7, an early event in apoptosis, 
was determined during treatment.

Materials and methods

Materials and chemicals

[18F]FDG was prepared by the Aberdeen PET centre at the 
University of Aberdeen. All chemicals were obtained from 
Sigma-Aldrich (Poole, UK) unless otherwise stated.

Cell culture

Cells were maintained in Dulbeccos Modified Eagle’s 
medium (Gibco, Life Technologies Ltd., UK) supple-
mented with 10 % foetal bovine serum (Gibco) and peni-
cillin (100µ/ml)/streptomycin (100  µg/ml). Cells were 
grown until confluent in 75-cm2 tissue culture flasks, and 
individual experimental flasks (25 cm2) were seeded from 
trypsinised flasks prior to experiments.

Cytotoxicity

The growth-inhibitory effect of metformin on each cell 
line was determined using the MTT ((3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-Diphenyltetrazonium Bromide) assay 
as described previously (Fleming et  al. 2014). Cells 
were plated into 96-well pates at a seeding density of 
50  ×  103  cells/ml (MDA-MB-453, MDA-MB468 and 
SKBr3) or 75 ×  103  cells/ml (BT474; 0.1  ml per well). 
They were left overnight at 37 °C in a CO2 incubator and 
then treated with a range of doses of metformin (1–20 mM) 
for 72  h. In combination studies, the clinically relevant 
dose of 200 nM [based on plasma levels of patients receiv-
ing doxorubicin (Kontny et  al. 2013)] with and without 
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trastuzumab (5  µg/ml)/cetuximab (5  µg/ml; Cheyne et  al. 
2011) and/or metformin (10 mM) for 72 h was used.

Western blotting

MDA-MB-453, BT474, MDA-MB-468 and SKBr3 cells 
were seeded at 0.5 × 106 cells/60 mm plate and grown for 
3  days. Cells were exposed to metformin (10  mM), in the 
presence or absence of trastuzumab/cetuximab (5  µg/ml), 
for 24 h. Western blots were performed as described previ-
ously (Fleming et  al. 2014; Smith et  al. 2013). Antibodies 
were sourced from cell signalling (pAMPK, AKT, phospho-
Ser473 AKT, p44/42 ERK1/2, phospho-Thr202/Tyr204 
p44/42 ERK1/2), Insight Biotechnology (AMPK) and Sigma 
(actin). W. blotting was carried out at least three times using 
independent samples, and representative blots are shown.

Caspase 3 and 7 activation

Cells were plated into dark-walled 96-well plates (Sigma-
Aldrich, UK) at a density of 150 ×  103  cells/ml (0.1  ml 
per well) and treated with drugs as for the MTT assay. 
After 24 or 48 h, cells were lysed by addition of 25 µl of 
lysis buffer consisting of 4-(2-hydroxyethyl)-1-pipera-
zineethanesulphonic acid (HEPES; 10 mM), phenylmethyl-
sulphonyl fluoride (PMSF; 1  mM), 3-[(3-cholamidopro-
pyl) dimethylammonio]-1-propanesulphonate (CHAPS; 
5 mM), ethylene-diamine-tetra-acetic acid (EDTA; 2 mM) 
and β-mercaptoethanol (5 mM). After 30 min on ice, 125 µl 
of assay buffer was added consisting of HEPES (20 mM), 
EDTA (2 mM), and the cleavage substrate of caspase 3 and 
7, Ac-DEVD-AMC (20 mM) and the cells left at 37 °C for 
4 h. Fluorescence was determined in a fluorescence micro-
plate reader FLx800TBI (BioTek) with excitation/emission 
wavelengths of 360/460 nm.

[18F]FDG incorporation

[18F]FDG incorporation by cells was measured after dif-
ferent treatments. 25-cm2 tissue culture flasks were seeded 
with MDA-MB-453, MDA-MB-468, BT474 or SKBr3 cells 
(106 cells per flask) in 5 ml of medium and allowed to incu-
bate for 24 h at 37 °C. Media was then removed and the cells 
treated by addition of media containing metformin (usually 
10 mM), trastuzumab (5 ug/ml)/cetuximab (10 ug/ml), dox-
orubicin (usually 200 nM) or combinations of these drugs 
for 4 h, 24 h or 72 h. The media was then replaced with 1 ml 
of medium containing [18F]FDG was administered to each 
flask. Incubation was continued for 20 min after which the 
medium was removed from the flasks and the cells washed 
5× with warm PBS (5 ml) over a 5-min period to facilitate 
washout of non-metabolised tracer (to simulate the con-
ditions of PET scans). The cells were then detached by 

addition of 0.5 ml of trypsin (0.05 %)/EDTA (0.2 %) and 
neutralised with 0.5 ml of medium. The cell suspension was 
recovered into microfuge tubes and incorporated [18F]FDG 
measured using a well counter with a Nuclear Instruments 
(Oakland, UK) interface until >1,000 counts accumulated. 
The cells were then pelleted by centrifugation at 200g for 
5  min, washed once with PBS and the pellet resuspended 
in 100 μl of NaOH (1 M) and left overnight at 37 °C. After 
neutralisation with 100 μl of HCl (1 M), a protein assay was 
carried out on the dissolved tissue using a BCA kit (Sigma-
Aldrich, UK). The [18F]FDG incorporation was then nor-
malised by dividing by the protein value.

[3H]‑o‑methylglucose (OMG) uptake assay

O-methylglucose is transported by glucose transporters but 
not metabolised. Its initial rate of uptake is a measure of 
glucose transport. Here, uptake is measured over a period 
of 5 s at which time we have previously shown its uptake is 
still increasing with time in the cell lines used in this study 
(Fleming et al. 2014; Cheyne et al. 2011), so uptake at 5 s 
is a measure of glucose transport rate. Flasks (25 cm2) were 
seeded with cells and treated in quadruplicate as described 
for [18F]FDG incorporation experiments. Media was 
removed from cells, and the assay started by adding 1 ml of 
DMEM containing [3H]-OMG (37KBq/ml) at 37 °C. After 
exposure of the cells to [3H]-OMG for 5s, 5 ml of ice-cold 
PBS containing (200 µM) phloretin was immediately added 
to the flasks and decanted. Three further rapid washes were 
carried out, prior to cell detachment by trypsinisation and 
transfer to scintillation vials containing 5 ml of Ultima Gold 
scintillation fluid (Perkin-Elmer, UK). Cellular [3H] uptake 
was determined on a Packard (UK) Tri-Carb 2100TR scin-
tillation counter. Radioactive counts were normalised to 
protein content determined on the cell suspension.

[18F] FDG phosphorylation

To determine the rate of phosphorylation of [18F]FDG in 
intact cells, cells incubated with and without metformin 
for 4  h were exposed to [18F]FDG in 1  ml medium for 
10  s or 1  min and then washed 6× rapidly with ice-cold 
PBS. One millilitre of PBS was added, and the cells incu-
bated for 2  min at 37  °C to facilitate efflux of non-phos-
phorylated [18F]FDG. PBS was then removed and placed 
in a microfuge tube for radioactive counting. Cells were 
trypsinised and placed in another microfuge tube for radi-
oactive counting. To check that the procedure gave a true 
measure of % phosphorylated [18F]FDG, MDA-MB-453 
cells were incubated with [18F]FDG for 1  min, washed 
6× with ice-cold PBS and the cells immediately treated 
with 0.5 ml of NaOH (1 M) and left for 3 h at 37 °C. The 
NaOH-digested cells were then neutralised with 0.5 ml HCl 
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(1 M) and divided into two 0.5 ml samples. To one sam-
ple was added 0.2 ml of 0.3 M Ba(OH)2 and 0.2 ml of 5 % 
w/v ZnSO4 to precipitate phosphate (so [18F]FDG-phos-
phate) and the precipitate pelleted down by centrifuging at 
12,000g for 5  min. [18F] activity was measured in 100  µl 
of the supernatant and compared with activity in 100 µl of 
the non-treated sample. The phosphorylated [18F]FDG is 
the difference between the total (non-treated sample) and 
the supernatant (Kletzien and Perdue 1974). This proce-
dure gave the same value of % [18F]FDG-phosphate in cells 
incubated with [18F]FDG for 1 min as the efflux method.

Lysate and mitochondrial preparation and hexokinase 
activity

Cells treated with metformin (10  mM) were lysed, and the 
lysate fractionated into cytoplasmic and mitochondrial frac-
tions using a mitochondrial isolation kit following the man-
ufacturer’s instructions (Sigma-Aldrich, Poole, UK). Total 
hexokinase was determined on the cell lysate after a slow cen-
trifugation (600g) to remove cell debris. Hexokinase activity 
was determined as previously described (Cheyne et al. 2011).

Results

Figure  1a shows the effect of increasing concentrations 
of metformin on the growth of each cell line. A dose of 
10  mM metformin decreased growth of MDA-MB-453 
and MDA-MB-468 cells to about 40 % of control, but the 
growth of BT474 and SKBr3 cells was only decreased to 
about 60 % of control.

Figure  1b shows the effect of metformin and trastu-
zumab/cetuximab on the growth of four breast cancer cells 
overexpressing HER2 (BT474, SKBr3 and MDA453) or 
HER1 (MDA468). Trastuzumab decreased cell growth by 
about 30  % in each of the HER2-overexpressing tumour 
cells whilst cetuximab decreased MDA-MB-468 cell growth 
by 14  %. The growth-inhibitory effect on BT474 cells of 
combined metformin and trastuzumab was significantly 
(metformin + trastuzumab vs trastuzumab t = 4.4, p < 0.01; 
metformin + trastuzumab vs metformin t = 22, p < 0.001) 
greater than either treatment alone. Inclusion of met-
formin with trastuzumab on SKBr3 (t = 7.74, p < 0.001) or 
MDA453 (t = 7.59, p < 0.001) cells or of metformin with 
cetuximab on MDA468 (t = 15.2, p < 0.001) cells increased 
the growth-inhibitory effect. However, conversely, the effect 
of metformin on the growth of these three cell lines was not 
enhanced by inclusion of trastuzumab or cetuximab.

Western blotting established that AMPK and pAMPK 
are present in normal growth conditions in all four cell lines 
(Fig. 2). Metformin increased pAMPK levels in all four cell 
lines, with the greatest increases observed in MDA453 and 

BT474 cells. Whilst pAMPK expression is not affected by 
cetuximab/trastuzumab in any cell line, combination treat-
ment caused a clear enhancement of the metformin effect 
in BT474 cells, and a modest increase in MDA468 cells. 
As expected (Normanno et al. 2002), PKB (Akt) phospho-
rylation is sensitive to trastuzumab and cetuximab treat-
ment, but metformin only decreases Akt phosphorylation in 
MDA468 cells and in BT474, MDA-MB-453 and SKBr3 
the combination of metformin and trastuzumab appears 
to counter the effect of trastuzumab alone. ERK phospho-
rylation is only affected by cetuximab treatment of MDA-
MB-468 cells or metformin treatment of MDA453 cells.

Figure  3a shows the growth-inhibitory effect of com-
bining metformin and/or trastuzumab (or cetuximab) with 
a clinically relevant dose (Kontny et  al. 2013) of doxoru-
bicin 200  nM (as this dose only inhibited the growth of 
BT474 cells by a few % (results not shown), these cells 
were treated with a dose of 500 nM (within the clinically 
relevant dose range)). Doxorubicin inhibited cell growth 
to 50 % of untreated cells (t = 15.8, p < 0.001). Addition 
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Fig. 1   a Growth-inhibitory effect of metformin on breast cancer cell 
lines BT474 (diamonds), MDA-MB-453 (squares), SKBr3 (triangles) 
and MDA-MB-468 (circles). b Growth of untreated cells (white) and 
treated with trastuzumab (BT474, MDA-MB-453 and SKBr3 cells) or 
cetuximab (MDA-MB-468 cells; black) metformin (10 mM; chequed) 
and or in combination (diagonal lines) on the growth of breast cancer 
cell lines
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of trastuzumab decreased growth to 39 % (compared with 
doxorubicin alone: t = 2.14, ns) of control whilst the com-
bination of metformin with trastuzumab decreased growth 
rate to 27  % of control which was significantly greater 
than doxorubicin alone (t =  4.1, p  <  0.01). Doxorubicin 
(200 nM) treatment of MDA453 cells decreased cell growth 
to 60 % of control (t = 4.58, p < 0.05). Inhibition of growth 
of MDA453 cells was enhanced by addition of trastuzumab 
(t = 8.6, p < 0.001) or metformin (t = 3.59, p < 0.05), but 
the combination did not produce a significantly greater 
inhibition of cell growth compared with either doxorubicin 
and trastuzumab or doxorubicin and metformin.

Figure  3b shows the effect of doxorubicin with and 
without metformin and trastuzumab or cetuximab on cas-
pase 3/7 activity. In common with other studies on breast 
cancer cell lines, metformin did not induce activation of 
caspase 3/7 (Zordoky et  al. 2014). Doxorubicin increases 
caspase 3/7 activity in SKBr3 cells and to a lesser extent 
in MDA468 cells. Interestingly, these cell lines are more 
sensitive to doxorubicin than are BT474 or MDA-MB-453 
cells in which caspase 3/7 activity is not increased by doxo-
rubicin. Neither metformin nor trastuzumab or cetuximab 
increases caspase 3/7 expression, suggesting that they do 
not induce apoptosis in these cell lines. Similar results were 
seen after 48-h drug treatment (results not shown).

[18F]FDG incorporation was determined in cells treated 
for 4 h as this is when direct effects from intracellular sig-
nalling pathway modulation are likely to be observed prior 
to other changes related to cell death or decreased prolif-
eration. Trastuzumab also affects intracellular signalling 
pathways (Fleming et  al. 2014), so was included in com-
bination with metformin at this time point. Twenty-four 

Fig. 2   Representative Western 
blot demonstrating changes 
in protein expression of total 
and phospho-AMPK, Akt and 
ERK1/2 in lysates of control 
cells (lane 1), or cells treated 
with metformin (lane 2; 
10 mM), trastuzumab (5 µg/
ml)/cetuximab (10 µg/ml) 
(lane3) or both metformin 
and/or trastuzumab (5 µg/ml)/
cetuximab (10 µg/ml) (lane 4). 
Result is representative of three 
independent experiments
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Fig. 3   a Growth-inhibitory effect of 200 µM doxorubicin (for BT474 
cells 500 µM) doxorubicin alone (white) or with trastuzumab/cetuxi-
mab (black), metformin (chequed) or with both metformin and tras-
tuzumab/cetuximab (diagonals). b Caspase 3/7 activation in control 
(diamond) by 200 µM doxorubicin (for BT474 cells 500 µM) alone 
(white) or with trastuzumab/cetuximab (black), metformin (chequed) 
or with both metformin and trastuzumab/cetuximab (diagonals) treat-
ments
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and 72-h treatments included doxorubicin, and the results 
shown in Fig.  4 (and statistical significance of changes 
shown in Table 1). [18F]FDG incorporation was decreased 
by MDA-MB-468 cells treated with cetuximab and BT474 
and MDA-MB-453 cells treated with trastuzumab as pre-
viously reported (Fleming et al. 2014) corresponding with 

decreased expression of pAkt. Metformin increased [18F]
FDG incorporation at all times in each cell line except 
MDA-MB-468 cells at 24 h.

The treatment of cells for 4 h with trastuzumab/cetuxi-
mab and metformin significantly decreased [18F]FDG 
incorporation compared with metformin alone in BT474, 
MDA-MB-453 cells and MDA-MB-468 cells, an effect still 
apparent in the latter two cell lines at 24 h. The effect of 
doxorubicin on [18F]FDG incorporation was most apparent 
at 72 h decreasing [18F]FDG uptake in BT474 and MDA-
MB-468 cells and increasing it by MDA-MB-453 cells. 
However, in all four cell lines, the combination of doxoru-
bicin with metformin for 72 h further increased [18F]FDG 
incorporation when compared to metformin alone.

[18F]FDG incorporation was also measured after 11-day 
treatment with lower doses of metformin in BT474 cells 
(Fig. 5). Incorporation was found to be increased even after 
treatment with the 5  µM metformin after 11  days, sug-
gesting that chronic exposure to low-dose metformin can 
also induce increased [18F]FDG incorporation and remain 
increased for long periods.

To explore how metformin treatment increases [18F]
FDG incorporation, glucose transport and hexokinase 
activity were measured in each cell line after treatment with 
metformin. Glucose transport was determined by measur-
ing the initial rate of uptake of the non-metabolised glucose 
analogue, [3H]OMG, by control and metformin-treated 
cells. Treatment with metformin increased glucose trans-
port by BT474 cells, but decreased it in MDA-MB-468 and 
SKBr3 cells (Fig. 6a). Total hexokinase activity was found 
to be unchanged in lysates from each cell line that had 
been treated with metformin (results not shown). In two 
cell lines, the distribution of hexokinase activity in cyto-
plasm and mitochondria was determined and found to be 
unchanged by treatment of cells with metformin [BT cells: 
control 22 % (±2) and metformin treated 24 % (±5) and 
in MDA-MB-453 cells: control 31 % (±4) and metformin 
treated 31 % (±10)]. Metformin effects may only be appar-
ent in intact cells (El-Mir et al. 2000), so to measure phos-
phorylation rate in intact cells, the level of phosphorylated 
[18F]FDG in control and metformin-treated cells incubated 
with [18F]FDG for short times was determined (Fig. 6b, c) 
and found to be significantly higher in metformin-treated 
cells than in control cells, suggesting that [18F]FDG phos-
phorylation is occurring more rapidly in metformin-treated 
cells.

Discussion

In common with other studies (Thompson 2014), AMPK 
activation was found to be enhanced in each cell line after 
treatment with metformin whilst the level of activated Akt 
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Fig. 4   [18F]FDG incorporation by control cells or by cells treated for 
a 4  h with trastuzumab/cetuximab, metformin, trastuzumab/cetuxi-
mab and metformin b 24 h with trastuzumab/cetuximab, metformin, 
trastuzumab/cetuximab and metformin, doxorubicin, doxorubicin 
and metformin c 72 h with trastuzumab/cetuximab, metformin, tras-
tuzumab/cetuximab and metformin, doxorubicin, doxorubicin and 
metformin. (control: dark blue; red: trastuzumab or cetuximab; green: 
metformin; purple: metformin  +  trastuzumab or cetuximab; light 
blue: doxorubicin; orange: doxorubicin + metformin)
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and ERK were each only changed in one cell line. The 
mechanism of increased AMPK activation has been sug-
gested to be due to inhibition of mitochondrial respiration 
inducing a cellular energy crisis and the resulting decrease 
in ATP levels activating AMPK (Guigas et al. 2014). Phos-
phorylation of Akt on Thr308 is increased by overexpres-
sion of HER, and metformin has been shown (Zhu et  al. 
2014) to decrease Akt activity by interfering with HER/
IGF receptor interaction amongst other mechanisms (Ning 
and Clemmons 2010). Here, metformin decreased pAkt-
Thr308 expression in MDA-MB-468 cells which overex-
presses HER1, and this effect was increased by combining 
metformin with cetuximab. We have previously shown that 
decreased Akt activation can result in decreased [18F]FDG 

incorporation, an effect induced by trastuzumab. However, 
in BT474 and MDA-MB-453, metformin when combined 
with trastuzumab maintained pAkt levels, an effect which 
may partially explain the impact of metformin on [18F]FDG 
incorporation. The inhibitory effect of metformin on either 
pERK (MDA-MB-453) or pAkt (MDA-MB-468) which are 
survival pathways may be why these two cell lines are more 
sensitive to metformin than are BT474 or SKBr3 cells.

[18F]FDG uptake was increased in all four cells lines 
after 4-h treatment, but there was no relationship with sen-
sitivity to metformin as BT474 and SKBr3 cells which 
were less sensitive to metformin than were MDA-MB-453 
or MDA-MB468 cells showed similar increases. There was 
a sustained high [18F]FDG incorporation, at all time points, 
associated with metformin treatment of MDA-MB-453 and 
BT474 cells. Interestingly, these two cell lines show higher 
increases in pAMPK expression induced by metformin 
than do MDA-MB-468 and SKBr3 cells. At 24 h and 72 h, 
the higher uptake of [18F]FDG compared with was far less 
pronounced by SKBr3 and MDA-MB-468 cells than MDA-
MB-453 and BT474 cells. The decreases in [18F]FDG 
incorporation by inclusion of anti-HER antibodies, com-
pared with metformin alone, though significant in BT474 
and MDA-MB-453 cells are very small. Inclusion of doxo-
rubicin does not generally decrease [18F]FDG incorpora-
tion compared with metformin treatment alone and in some 
cases especially at 72 h further increased [18F]FDG incor-
poration. This may be related to the effect of metformin on 
giant cells which are formed by treatment with doxorubicin 
(Sliwinska et al. 2009) and which were evident in our cells 
after 72-h doxorubicin treatment.

Table 1   Trends and statistical 
significance of [18F]FDG 
incorporation induced by 
treatment with metformin and/
or trastuzumab/cetuximab and 
doxorubicin

Compared with control Compared with metformin 
only

T/C M D M + T/C M + D

4-h Treatment

 BT474 ↓ p < 0.05 ↑ p < 0.001 – ↓ p < 0.01 –

 MDA-MB-453 ↓ p < 0.001 ↑ p < 0.001 – ↓ p < 0.05 –

 SKBr3 No change ↑ p < 0.001 – No change –

 MDA-MB-468 ↓ p < 0.05 ↑ p < 0.001 – ↓ p < 0.01 –

24-h Treatment

 BT474 ↓ p < 0.001 ↑ p < 0.001 ↓ p < 0.001 No change No change

 MDA-MB-453 ↓ p < 0.01 ↑ p < 0.001 No change ↓ p < 0.001 No change

 SKBr3 No change ↑ p < 0.001 No change No change No change

 MDA-MB-468 ↓ p < 0.001 No change No change ↓ p < 0.01 ↓ p < 0.05

72-h Treatment

 BT474 ↓ p < 0.001 ↑ p < 0.01 ↓ p < 0.05 ↓ p < 0.05 ↑ p < 0.001

 MDA-MB-453 ↓ p < 0.01 ↑ p < 0.001 ↑ p < 0.01 No change ↑ p < 0.001

 SKBr3 No change ↑ p < 0.05 No change No change ↑ p < 0.01

 MDA-MB-468 ↓ p < 0.01 ↑ p < 0.001 ↓ p < 0.001 No change ↑ p < 0.05
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Fig. 5   [18F]FDG incorporation by BT474 cells treated with 5, 
100  µM or 1  mM metformin for 72  h (white) or 10  days (black) 
(**statistically significant change compared with control)
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Habibollahi et  al. (2013) also demonstrated increased 
[18F]FDG incorporation by human and mouse colorectal 
tumour cells after 24 h of incubation with metformin. [18F]
FDG incorporation was carried out in RPMI 1640 medium 
which contains glucose. Marini et al. (2013) treated MDA-
MB-231 cells with metformin for 24 and 48  h and dem-
onstrated decreased [18F]FDG incorporation. However, in 
their experiments, [18F]FDG was incubated with cells in 

glucose-free PBS rather than medium containing a known 
concentration of glucose, typically 5 mM, so the transport 
and hexokinase activity would be operating outside their 
physiological and optimum operating conditions (Km of 
hexokinases I and II is in the mM range). Under the condi-
tions used in our study, we found that metformin treatment 
of MDA-MB-231 cells for 24 h increased [18F]FDG incor-
poration by about 80 % (control 91,795 ± 5,110 cpm/mg 
protein to 158,113 ± 11281; p < 0.001).

Metformin only increased glucose transport in BT474 
cells and decreased glucose transport in SKBr3 and MDA-
MB-468 cells both of which demonstrate high levels of glu-
cose transport, compared with MDA-MB-453 and BT474 
cells, which are unlikely to be rate limiting (Fleming et al. 
2014). Glucose transport was also found to be even higher 
by MDA-MB-468 cells (3,054  cpm/mg protein) than by 
SKBr3 cells (SKBr3 cells 2,393  cpm/mg protein). Total 
hexokinase activity was not increased in lysates from cells 
treated with metformin nor was the distribution of hexoki-
nase activity between cytosol and mitochondria altered. 
However, glycolytic flux, which will modulate hexoki-
nase activity, is influenced by the concentration of gly-
colytic intermediates, but this effect is lost when cells are 
lysed. Also protein effects from the modulation of mem-
brane properties by metformin (Schafer 1976; Wiernsper-
ger 1999) have been shown to be lost in non-intact cells 
(El-Mir et  al. 2000). Using intact cells exposed to [18F]
FDG, the percentage of phosphorylated [18F]FDG was 
significantly higher in each cell line after treatment with 
metformin. The more efficient phosphorylation of [18F]
FDG in metformin-treated cells may reflect higher rates of 
membrane hexokinase activity due to modifications to the 
mitochondrial membrane environment or an increase in the 
glycolytic flux reducing product inhibition of hexokinase. 
Another possibility is that the rate of diffusion of [18F]
FDG is faster in metformin-treated cells. It is known that 
plasma membrane properties affect the rate of diffusion of 
molecules within the adjacent cytosol (Swaminathan et al. 
1996), and [18F]FDG may reach hexokinase in metformin-
treated cells more rapidly.

In common with most laboratory-based work, this study 
used metformin doses in the low mM range for time peri-
ods of 4 h to several days as these doses produced appre-
ciable growth inhibition within a practical experimental 
timeframe. Serum concentrations of subjects receiving 
metformin are up to tens of µM. However, metformin is 
administered to patients over long time periods and, due to 
its positive charge, accumulates in tissues, probably mito-
chondria, reaching concentrations several orders of magni-
tude greater than in serum, so cells in tissues may conceiva-
bly be exposed to mM concentrations of metformin (Owen 
et al. 2000). Otto et al. (2003) have shown that longer incu-
bations of cells with low concentrations of metformin can 
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Fig. 6   a Glucose transport by breast cancer cell lines untreated 
(white) and treated with metformin (black). b, c Phosphorylated FDG 
in control (white) and metformin-treated cells (black) incubated with 
[18F]FDG medium for 10 s (b) and 1 min (c) then washed rapidly 5× 
with ice-cold PBS containing o-methylglucose to block the glucose 
transporters. They were then incubated with 1 ml of PBS at 37 °C for 
5  min to release non-phosphorylated [18F]FDG from the cells (sta-
tistically significant change compared with control at *p  <  0.05 or 
**p < 0.01 level)
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induce similar cellular effects as higher doses over shorter 
time periods. We show that clinically relevant doses of met-
formin for periods of 11  days can induce increased [18F]
FDG.

Conclusion

[18F]FDG incorporation by breast cancer cell lines overex-
pressing HER1 or HER2 was increased by treatment with 
metformin, and the increase at early time points did not 
correlate with relative sensitivity to metformin. Combina-
tions with anticancer drugs typically used in the treatment 
of breast cancer modulated this increase by significant but 
small amounts. Increased [18F]FDG incorporation after 
metformin treatment most consistently corresponded with 
increased [18F]FDG phosphorylation but not with glucose 
transport.
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