
Abstract. Background: Anticancer drug treatment,
particularly with anthracyclines, is frequently associated
with cardiotoxicity, an effect exacerbated by trastuzumab.
Several compounds are in use clinically to attenuate the
cardiac-damaging effects of chemotherapy drugs, including
angiotensin-converting enzyme (ACE) inhibitors, beta-
blockers, the anti-diabetic drug metformin, and
dexrazoxane. However, there is concern that the cardiac-
preserving mechanisms of these drugs may also limit the
anticancer efficacy of the chemotherapeutic agents.
Materials and Methods: Herein two breast cancer cell lines,
SKBr3 and BT474, overexpressing human epithelial receptor
2 (HER2), the target of the humanised antibody
trastuzumab, were treated with a range of concentrations
(20-2000 nM) of doxorubicin with and without trastuzumab
in the presence of clinically relevant doses of the ACE
inhibitor enalapril, the beta-blocker carvedilol, metformin
or dexrazoxane, and cell survival determined using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay. Results: None of the drugs reduced the anticancer
effect of doxorubicin or trastuzumab (nor of the two drugs
combined). Using Chou and Talalay’s combination index,
dexrazoxane and doxorubicin were found to act
synergistically on the SKBr3 cells. 18F-Fluoro-2-deoxy-D-
glucose (18F-FDG) incorporation was reduced by treatment
of SKBr3 cells with doxorubicin and this was shown to be
due to reduced phosphorylation of 18F-FDG in doxorubicin-
treated cells. Treatment of SKBr3 cells with doxorubicin and
dexrazoxane further reduced 18F-FDG incorporation,
indicating that the synergy in the cytotoxicity of these two
drugs was reflected in their combined effect on 18F-FDG
incorporation. Conclusion: Commonly administered
cardioprotective drugs do not interfere with anticancer

activity of doxorubicin or tratsuzumab. Further studies to
establish the effect of cardioprotective drugs on anticancer
drug efficacy would be beneficial.

Breast cancer is the most common neoplasia in European
women, with an incidence in Europe of almost half a
million cases in 2012 (1). Advances in patient treatment
regimens have greatly improved breast cancer survival rates
so that many patients live out their natural life.
Unfortunately, anticancer drugs, especially anthracyclines,
such as doxorubicin, can induce cardiotoxicity, including
reduction in left ventricular ejection fraction and congestive
heart failure (2). The humanized monoclonal antibody to the
human epithelial receptor 2 (HER2), trastuzumab is used as
part of the treatment course along with chemotherapy drugs
to treat patients with HER2-overexpressing breast cancer as
it can greatly improve outcome. However, trastuzumab can
also exacerbate the cardiotoxic effects of chemotherapeutic
drugs (3). 

The anticancer effect of doxorubicin is mediated through
its inhibition of topoisomerase II, preventing re-ligation of
DNA during replication (4). However, doxorubicin can also
induce the generation of reactive oxygen species (ROS), by
iron cycling between Fe2+ to Fe3+ (5), which is believed to
be its main cause of cardiotoxicity. Morphological changes
induced by doxorubicin include heart chamber dilation,
decreased ejection fraction, interstitial fibrosis, microfibril
loss and degeneration of cardiomyocytes (6).

Attempts to counter the cardiotoxicity of anticancer
treatments involving anthracyclines include co-administration
of cardioprotective drugs, of which there are several,
including angiotensin-converting enzyme (ACE) inhibitors
such as enalapril (7), β-blockers such as carvedilol (8),
metformin (9), and dexrazoxane (5).

The cardiac renin–angiotensin system plays a role in the
development of doxorubicin-induced cardiomyopathy that may
be attenuated by the use of ACE inhibitors (7, 10). ACE
inhibitors have a number of beneficial effects, including
reducing systolic ventricular wall stress, increasing cardiac
output and reducing aldosterone-induced cardiac fibrosis (7).
ACE inhibitors also reduce ROS levels (11) and apoptosis (12). 
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Beta-blockers, including carvedilol (8), are
cardioprotective by preventing catecholamine stimulation
(which results in increased blood pressure and heart rate, and
Ca2+ overload in cardiac cells) (13), maintaining the β-
arrestin transactivation of the epidermal growth factor
receptor pathway and preventing remodelling in a failing
heart (14-16). Carvedilol also acts as an anti-oxidant and
attenuates apoptosis (14, 17, 18). 

The anti-diabetic drug metformin protects the heart (9) by
activation of AMP-activated kinase (AMPK), which reduces
the level of ROS in cardiac cells and cardiomyocyte
apoptosis. Pre-treatment of cardiomyocytes with metformin
prevented the drop in the level of anti-oxidant enzymes
induced by doxorubicin and reduced doxorubicin-associated
apoptosis (19). 

Dexrazoxane protects the heart from doxorubicin by
chelation of mitochondrial Fe (5), thereby preventing
Fe–doxorubicin complex-induced ROS formation.
Dexrazoxane also interferes with the formation of
doxorubicin–topoisomerase II complexes, reducing
doxorubicin-induced DNA damage (20). 

In view of the importance of the induction of DNA
damage and apoptosis in the anticancer action of
doxorubicin, its attenuation in cancer cells could result in
reduced cancer cell killing efficacy of doxorubicin. To
examine such possible effects, HER2-overexpressing
tumour cells were exposed to doxorubicin with/without
trastuzumab in the absence or presence of clinically
relevant concentrations of administered cardioprotective
drugs. Positron-emission tomography (PET) with 18F-
fluoro-2-deoxy-D-glucose (18F-FDG) is a very sensitive
technique for measuring the effects of chemotherapeutic
drugs on tumors. The incorporation of 18F-FDG was
examined in cells responding to doxorubicin in the
presence of dexrazoxane. 

Materials and Methods

Materials. SKBr3 and BT474 breast cancer cells were obtained
from the LGC-Standards, Porton Down UK). Tissue culture medium
was obtained from Invitrogen (Paisley, Scotland UK), Foetal bovine
serum (FBS), streptomycin/penicillin and trypsin were produced by
Gibco and obtained from Fisher-Scientific (Paisley UK). 18F-FDG
was obtained from the John Mallard PET Centre (Aberdeen UK).
Unless otherwise stated all chemicals were obtained from Sigma-
Aldrich (Poole, Dorset, UK). Tissue culture plastics were Greiner
or Corning and obtained from Fisher-Scientific (UK). Radioactive
measurements were made in a well counter with an Oakfield
Instruments Ltd. (Oxford, UK) interface.

Tissue culture. SKBr3 and BT474 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS and penicillin/streptomycin (5,000 unit/100 ml) in 75 cm2
tissue culture flasks until confluent. Cells were passaged when
confluent (1:10). 

Cytotoxicity assay. The cytotoxic effect of doxorubicin and
trastuzumab in the presence of clinically relevant doses of
cardioprotective drugs on cancer cells was determined using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. After trypsin treatment, suspensions of SKBr3 (50,000
cells/ml) and BT474 (75,000 cells/ml) cells were prepared and
seeded into nine columns of 96-well plates (flat-bottomed) at 100
μl per well. Water (100 μl) was placed in the outer-most wells to
prevent evaporation of media, column 11 was kept free for
background measurements. The plates were placed into a CO2
incubator with a humidified atmosphere of CO2:air (5%:95%). The
following day, 100 μl of medium was added to the first column of
cells and 200 μl to the empty column (background wells). The
cardioprotective drugs, metformin, carvedilol, enalapril or
dexrazoxane were added to the lower three rows of wells with cells
to give clinically relevant final concentrations of 5 μM (21), 25
ng/ml (22), 250 ng/ml (23) and 5 μg/ml (24), respectively. An
equivalent volume of medium was added to the three upper rows of
cells. Doxorubicin was then added (either with or without 5 μg/ml
trastuzumab) to all the cells in ascending order of concentration to
produce final concentrations of between 20 and 2,000 nM. The
plates were returned to the incubator for 72 h. The medium was then
removed from the plates by inversion and blotting on a paper towel.
To each well, medium containing 0.5 mg/ml MTT was added and
the plates were returned to the incubator. When the cells had taken
up and metabolised sufficient MTT to appear dark (typically 1-2 h),
the medium was removed and 100 μl dimethylsulfoxide added and
the plates were read on a multiwall platereader (Multiskan Ascent
plate reader; Thermo Lab Systems, Loughborough, UK) with the
wavelength set at 540 nm. Ascent software (Thermo Lab Systems)
was used to process the raw data. 

Combination index. Drug combination effects were determined
using the combination index (CI) of Chou and Talalay (25): CI=
Xa/Xb+Ya/Yb. Suitable drug concentrations (Xa, Ya) are used such
that their combined effect reduces cell viability to about 30-60%
that of the control. Xb and Yb are the concentrations of each drug
which when used alone produce the same level of growth inhibition
as the combination. A CI value of <0.9 is considered indicative of
synergism.

18F-FDG incorporation. SKBr3 cells were seeded (1×106 cell/flask)
into 25 cm2 tissue culture flasks. After 24 h incubation at 37˚C, the
medium was replaced with fresh containing no drugs (control
flasks), dexrazoxane (5 μg/ml), doxorubicin (100 nM) or
doxorubicin (100 nM) and dexrazoxane (5 μg/ml). The flasks were
returned to the incubator for 72 h. The medium was then replaced
with fresh-containing 18F-FDG (37 kBq/ml) and the flasks
incubated for 20 min at 37˚C (uptake of 18F-FDG is linear for at
least 30 min in SKBr3 cells (26). The cells were then washed
rapidly five times with ice-cold phosphate-buffered saline (PBS).
One millilitre of PBS was then added and the cells incubated for 5
min to release non-trapped (non-phosphorylated) 18F-FDG (we have
previously shown the remaining 18F-FDG to be phosphorylated
(27)). The PBS was removed and the radioactivity counted. The
cells were detached with trypsin and radioactivity in the cells
counted. The cells were then dissolved in NaOH (1 M) and after
neutralisation with HCl, the protein content was determined using
the bicinchoninic assay. The protein measurement was used to
normalise the 18F-FDG uptake data. The percentage phosphorylated
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18F-FDG was determined by dividing the radioactivity in the cells
by the total activity taken up by the cells (cell radioactivity + non-
trapped 18F-FDG) and is a measure of the phosphorylation rate. The
procedure was also carried out using a 1-min incubation with 18F-
FDG to confirm differences in phosphorylation rates between
treated and control cells.

Data are the mean [±standard deviation (SD)] from 3-5 separate
experiments.

Statistical analysis. Statistically significant differences between
means was determined using Student’s t-test and the p-values are
reported with the level of significance.

Results

Doxorubicin has a range of modes of action and it could be
reasoned that the contribution of each to the cytotoxic effect
could differ with doxorubicin concentration. Therefore a
range of concentrations commensurate with levels in plasma
of patients receiving doxorubicin was used. 

Figures 1 and 2 show the effect of increasing doxorubicin
concentration (with and without trastuzumab) on the growth
of SKBr3 and BT474 cells, respectively, in the presence of
clinically relevant doses of metformin, carvedilol or
enalapril. SKBr3 cells were more sensitive than BT474 cells
to doxorubicin treatment (Figures 1 and 2) and the growth-
inhibitory effect was increased when combined with
trastuzumab at all but the lowest concentration of
doxorubicin. Trastuzumab also inhibited the growth of
BT474 cells, but when combined with the lower
concentrations (50-200 nM) of doxorubicin (Figure 1B and
2B), the growth-inhibitory effect was not as great as that
with trastuzumab alone; however, at higher doxorubicin
concentrations (>200 nM), growth inhibition was greater
than at either alone. Incubation with metformin, carvedilol
or enalapril did not interfere with the growth-inhibitory effect
of doxorubicin neither alone nor in combination with
trastuzumab. 

The modulatory effect of dexrazoxane on the growth-
inhibitory effect of doxorubicin with/without trastuzumab
was carried out in a separate series of experiments (Figure
3) using a further batch of each cell line. Again, the inclusion
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Figure 1. Mean (±standard deviation) survival (as a percentage that of
untreated SKBr3 cells treated for 72 h with doxorubicin alone (A) or with
trastuzumab (B) control (black) or co-incubated with 5 μg/ml metformin
(white), 25 ng/ml carvedilol (check) or 250 ng/ml enalapril (speckle).

Figure 2. Mean (±standard deviation) survival (as a percentage that of
the untreated BT474 cells treated for 72 h with doxorubicin alone (A) or
with trastuzumab (B) control (black) or co-incubated 5 μg/ml metformin
(white), 25 ng/ml carvedilol (check) or 250 ng/ml enalapril (speckle). 



of trastuzumab enhanced the growth-inhibitory effect of
doxorubicin, but in the case of the BT474 cells, the effect of
trastuzumab alone was greater than that with the lower doses
of doxorubicin, suggesting that doxorubicin antagonizes the
action of trastuzumab. 

The inclusion of dexrazoxane at a concentration of 5 μg/ml
appeared to increase the growth-inhibitory effect of
doxorubicin and to a lesser extent that of doxorubicin and
trastuzumab combined especially in SKBr3 cells. However,
this trend did not achieve statistical significance, therefore a
more accurate analysis was applied to examine the possibility
of synergy between doxorubicin and dexrazoxane on SKBr3
cells – the CI test, for which a dexrazoxane growth-inhibitory
curve was required (Figure 4). The mean (±SD) CI of four
separate experiments was 0.645 (±0.084), indicating synergism
between the two drugs in growth inhibition of SKBr3 cells.

Changes in the uptake of 18F-FDG, determined clinically
using PET, is a sensitive indicator of cancer cell drug
response. 18F-FDG incorporation was found to decrease in
cells treated for 72 h with 100 nM doxorubicin (t=8.8,

p<0.001) and the presence of dexrazoxane further reduced
(t=2.5, p<0.05) the incorporation of FDG in doxorubicin-
treated cells (Figure 5A). Out of the 18F-FDG that entered
cells, the percentage that was phosphorylated was
significantly (t=2.97, p<0.05) lower in doxorubicin-treated
cells than in control cells (Figure 5B). To confirm the slower
rate of phosphorylation in doxorubicin-treated cells, a 1-min
incubation with 18F-FDG (Figure 5C) was used where the
difference (t=3.76, p<0.01) in the phosphorylated 18F-FDG
became even more apparent. 

Discussion

Cardiomyopathy is a major side-effect of doxorubicin-based
anticancer therapies, especially when this drug is combined
with trastuzumab. However, several classes of
cardioprotective drugs are helping prevent the development
of cardiac problems including congestive heart failure. The
findings of the present study suggest that administered
cardioprotective drugs do not interfere with the cytotoxic
effect of doxorubicin and trastuzumab and, in the case of
dexrazoxane, may in fact enhance their anticancer efficacy. 

Some cardioprotective drugs are activated by hepatic
metabolism which is true for enalapril and dexrazoxane.
Dexrazoxane is converted to ADR925 which is a chelator
that can bind Fe, preventing redox cycling. However, like
anthracyclines, dexrazoxane itself can inhibit the action of
topoisomerase II (28), although by a different mechanism,
which could account for the synergy in the growth-inhibitory
effect of doxorubicin and dexrazoxane in SKBr3 cells.
SKBr3 cells were shown to be more sensitive to doxorubicin
than were BT474 cells, reflecting the overexpression of
topoisomerase II in this cell type (29). 

Inclusion of trastuzumab increases the response and
survival of patients with breast cancer receiving
anthracyclines (30). The mechanism of action of
trastuzumab, induced by binding to HER2 on the tumour cell
surface, includes inhibition of cell signaling, particularly the
protein kinase B (AKT) pathway (31), down-regulation of
HER2 expression and IgG receptor mobilisation of immune
cells, including antibody-directed cellular cytotoxicity (32).
Herein lower concentrations (up to 200 nM) of doxorubicin
reduced the growth-inhibitory effect of trastuzumab on
BT474 cells but this effect was less apparent in SKBr3 cells.
Treatment of breast cancer cells with doxorubicin has been
shown to modulate (sometimes increasing) the activation of
AKT and this effect has been shown to vary from one cell
line to another (33). The doxorubicin-attenuating effect on
the growth inhibition induced by trastuzumab in BT474 cells
may reflect opposing effects in the action of the two drugs
on the AKT pathway. However, in vivo this may not be a
problem due to the immune-mediated mechanisms by which
trastuzumab also inhibits tumour growth. 
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Figure 3. Mean (±standard deviation) survival (as a percentage that of
the control) of SKBr3 (A, B) and BT474 (C, D) cells treated with
doxorubicin alone (A, C) or with trastuzumab (B, D) control (black) or
co-incubated 5 μg/ml dexrazoxane (white). 



18F-FDG-PET is a very sensitive method for monitoring
response of cancer to chemotherapy including anthracycline-
based regimens (34) that reduced 18F-FDG incorporation.
Changes in the incorporation of tracers by tumours in vivo
can reflect therapy-induced changes in blood flow rather than
differences in incorporation at the tumour cell level. Herein
reduced 18F-FDG incorporation in breast cancer cells treated
with doxorubicin occurred at the tumour cell level. Dynamic
18F-FDG-PET studies can establish rate-constants for each
component of 18F-FDG incorporation (35) in vivo and
phosphorylation of 18F-FDG has been showed to be rate
limiting in breast cancer. Correspondingly, we show that the
decrease in 18F-FDG was associated with a slower rate of
18F-FDG phosphorylation in doxorubicin-treated cells,
supporting in vivo evidence that this step is rate-limiting in
18F-FDG incorporation in breast cancer cells.

In summary, administered cardioprotective drugs were
found not to reduce the cytotoxic effect of doxorubicin or
trastuzumab. Decreased 18F-FDG uptake induced by
treatment with doxorubicin reflects a reduced rate of 18F-
FDG phosphorylation 
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