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Abstract
Background: Cardiotoxicity is the major side effect of doxorubicin. As mechanisms that are 
involved in cardiotoxicity are ambiguous, new methods for attenuating cardiotoxicity are 
needed. Recent studies have shown that bisphosphonates can decrease oxidative stress. 
Therefore, the objective of this study was to evaluate the effect of pamidronate on preventing 
acute doxorubicin-induced cardiotoxicity. Methods: Sixty-four male Wistar rats were allocated 
into four groups: the control group (C), the pamidronate group (P), the doxorubicin group 
(D) and the doxorubicin/pamidronate group (DP). The rats in the P and DP groups received 
pamidronate injections (3 mg/kg, IP). After 24 hours, the rats in the D and DP groups received 
doxorubicin injections (20 mg/kg, IP). Forty-eight hours after doxorubicin injection, the rats 
were killed. Echocardiography, isolated heart study and biochemical analysis were performed. 
Results: Doxorubicin-induced acute cardiotoxicity showed increased matrix metalloproteinases 
(MMP)-2 activation, oxidative damage and induced alterations in myocardial energetic 
metabolism. Pamidronate did not inhibit MMP-2 activation but attenuated oxidative stress 
and improved myocardial energetic metabolism. Regarding cardiac function, the DP group 
exhibited a decrease in the left ventricular ejection fraction in the echocardiography and a 
decrease in +dP/dt in the isolated heart study compared with other groups. The same DP 
group presented serum hypocalcaemia. Conclusions: Despite its ability to reduce oxidative 
stress and improve energy metabolism in the heart, pamidronate worsened systolic function 
in rats treated with doxorubicin, and therefore we cannot recommend its use in conjunction 
with anthracycline chemotherapy.
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Introduction

Doxorubicin is a drug that is currently used in cancer chemotherapy with significant 
results, primarily in solid and hematologic tumours. Antineoplastic activity occurs as 
doxorubicin causes damage to cancer cell DNA [1]. Despite its high effectiveness, doxorubicin 
causes serious side effects, such as cardiotoxicity [2].

Although clinical manifestations appeared weeks after treatment, myocardial aggression 
began immediately after doxorubicin injection, with acute left ventricular dysfunction after 
doxorubicin injection [3-5]. Some mechanisms are simultaneously involved in cardiotoxicity 
that is induced by doxorubicin, such as matrix metalloproteinases (MMP)-2 activation [4, 6], 
and an increase in oxidative stress [7, 8]. 

MMPs are members of a protease family that is responsible for extracellular and 
intracellular matrices degradation [9]. These enzymes can be activated in several ways, 
such as mechanical and chemical stimuli [10]. They are involved in regular tissue growth 
and in pathological conditions, such as doxorubicin-induced cardiotoxicity, in which occurs 
an increase in myocardial MMP gene expression [11] and myocardial MMP activity [4, 6], 
primarily MMP-2. 

One of the most important factors for MMP activation is alterations in oxidative status. 
Doxorubicin increases myocardial lipid peroxidation and decreases glutathione peroxidase 
levels early in doxorubicin cardiotoxicity [12, 13]. Myocardium is more susceptible to 
oxidative damage than other tissues as it contains low levels of catalase and glutathione 
peroxidase. These enzymes can be rapidly inactivated in the presence of doxorubicin [14]. 

In addition, changes in myocardial energetic metabolism have a crucial role in cardiac 
remodelling. When myocardium is subjected to aggression, the main energy supply changes 
and myocardium increases glucose metabolism and decreases lipid metabolism to produce 
additional ATP with less oxygen waste [15]. However, ATP production in mitochondria is an 
important source of reactive oxygen species generation [16]. 

Bisphosphonates are drugs that are employed in the treatment of bone diseases, such 
osteoporosis and osteolytic metastasis [17]. These drugs are frequently combined with 
cancer chemotherapy to treat neoplastic complications. Several in vivo and in vitro studies 
showed an improvement in doxorubicin antitumor activity when zoledronic acid was given 
[18, 19]. Few studies have addressed the role of bisphosphonates in preventing side effects 
of doxorubicin treatment. 

The recent use of bisphosphonates was associated with decreased MMP activation 
[20-22]. In addition, bisphosphonates treatment in patients with several types of cancer 
decreased serum lipid hydroperoxide levels and increased serum glutathione peroxidase 
levels [23].

Therefore, we hypothesized that pamidronate, which is a type of bisphosphonate, can 
attenuate acute doxorubicin-induced cardiotoxicity due to pamidronate role in MMP-2 
activation and oxidative balance.

Materials and Methods

Study design 
This study was approved by Botucatu Medical School-UNESP ethics committee (protocol number 

997/2013) and experiments were performed conform the National Institute of Health guidelines. The 
number of animals was determined by sample size calculations based on previous results of left ventricular 
fractional shortening [4]. We employed 64 male Wistar rats, whose body weight ranged between 250 and 
350 g. The animals were kept in a controlled environment (temperature 25°C ± 2°C, dark-light 12-hour 
period, and water and food ad libitum). Food and water ingestion were measured during the experiment 
(a knowing amount of water and food were offered and in the end of the day, we measured the leftovers).

The rats were allocated in four groups: the control group (C), the doxorubicin group (D), the 
pamidronate group (P) and the doxorubicin/pamidronate group (DP). Prior to the experiment, all animals 
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were submitted to echocardiography. The rats allocated in the P and DP groups received a single dose of 
pamidronate (3 mg/kg, IP) and the C and D groups received sterile saline injections. Twenty-four hours 
after pamidronate injection, the rats allocated in the D and DP groups received a single dose of doxorubicin 
(20 mg/kg, IP), and the C and P groups received sterile saline injections.

Forty-eight hours after doxorubicin injection, we performed a new echocardiography. Immediately 
after echocardiography, the rats were anesthetized with thiopental (80 mg/kg, IP) to perform an isolated 
heart study (eight animals per group). The hearts that were submitted to the isolated heart study were 
not utilized for any other analysis due to retrograde perfusion can be interfered in a posterior biochemical 
analysis. Other animals (eight animals per group) were submitted to anaesthesia with thiopental, and 
submitted to euthanasia by heart excision. Hearts were washed with sterile saline and cardiac tissues were 
frozen at -80°C. Blood was collected by left ventricle puncture, centrifuged and serum was stored at -80°C.

Doxorubicin administered for rats at the doses of 20 mg/kg is a suitable model to study the side effects 
of doxorubicin in cardiac tissue [3, 4, 11, 24]. This dose in rats is equivalent to 250 mg in a 70 kg human [25]. 
The pamidronate infusion dose was based on previous studies with small animals, which demonstrated the 
pharmacological effect of the drug [26, 27], and is equivalent to 35 mg in a 70 kg human [25].

Echocardiography
All animals were submitted to echocardiographic evaluation prior to the study and 48 hours after 

doxorubicin injection. The rats received a light anaesthesia with ketamine (50 mg/kg, IP) and xylazine 
(1 mg/kg, IP). Echocardiography was performed by the same examiner using Vivid S6 (General Electric 
Medical Systems) equipment with a multifrequency transducer in the range of 5 to 11.5 MHz. The examiner 
was blinded to the groups.

Parameters were obtained from the parasternal long and short axes and apical four chambers. The 
analysed structural variables included the left atrial diameter, the left ventricular diastolic posterior wall 
thickness, and the left ventricular diastolic and systolic diameters. Diastolic function was evaluated by the 
transmitral Doppler E wave, the A wave, the E/A waves ratio, and the isovolumetric relaxation time. Systolic 
function was analysed by the ejection fraction and LV fractional shortening [28].

Isolated Heart Study: Langendorff preparation
The rats were anesthetized with thiopental (80 mg/kg, IP) and received unfractionated heparin 

(2000 I.U., IP). After sternotomy, the rats were artificially ventilated, and the ascending aorta was dissected 
and cannulated. Retrograde perfusion was initiated with a modified Krebs-Henseleit solution (NaCl 118.5 
mmol/L; KCl 4.69 mmol/L; CaCl2 2.52 mmol/L; MgSO4 1.16 mmol/L; KH2PO4 1.18 mmol/L; glucose 5.5 
mmol/L; NaHCO3 25.88 mmol/L; and mannitol 8 mmol/L) at 37°C, constantly gassed with a mixture of 
95% O2 and 5% CO2, and perfused pressure 75 mmHg [4]. The heart was removed and transferred to an 
isolated perfused heart apparatus (size 3, type 830, Hugo Sachs Elektronik - March-Hugstetten, Germany). A 
balloon was inserted in the left ventricular cavity, and the volume inside the balloon was modified to obtain 
a diastolic pressure of zero at 25 mmHg. We registered the diastolic and systolic pressures, the maximum 
left ventricular pressure decrease rate (-dP/dt) and the maximum left ventricular pressure development 
rate (+dP/dt). We calculated the stress (g/cm²) and strain (%) with previously described formulas [4, 29]. 

Systolic function was evaluated by +dP/dt, and the maximum systolic pressure was obtained. Diastolic 
function was analysed by –dP/dt. Diastolic pressure-volume and diastolic stress-strain relationship curves 
were constructed, and we calculated curves inclination and area under curves to compare the groups. 
We evaluated the left ventricle compliance by the diastolic pressure-volume relationship and myocardial 
passive stiffness by the diastolic stress-strain relationship.

Zymography: MMP-2 evaluation
Zymography was performed as previously described method [4]. Briefly, thirty milligrams of cardiac 

tissue (apex of left ventricle) were added to an extraction buffer, crushed and centrifuged; supernatant was 
collected. Proteins were quantified by the Bradford method. The samples (20 µg of protein for each sample) 
were diluted in the sample buffer. Electrophoresis was performed in an 8% polyacrylamide and 1% gelatine 
gel in the Bio-Rad mini-protean system. After running, the gels were washed with 2.5% Triton X-100 and 
with Tris-HCl 50 mM, pH 8.4. The gels were incubated for 16 hours at 37°C with continued agitation. The 
gels were stained by 2.5% Coomassie Brilliant blue and after discoloured. The same control sample was 
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included in each gel to normalize the results. To identify MMP-2, we employed a recombinant rat/mouse 
MMP-2 standard (R&D Systems). The gels were photographed by Gel Logic 6000 Pro (Carestream Health 
Inc.), and the intensity of the gelatinolytic action was analysed by GelPro 3.1. 

Oxidative stress and energetic metabolism
Heart tissue (200 mg) was added to a 0.01 M sodium phosphate buffer (pH 7.4), centrifuged for 

30 minutes (12000 rpm, at -4°C) and protein-quantified by the Bradford method in a supernatant. 
Measurements were performed by a Pharmacia Biotech spectrophotometer (UV/visible Ultrospec 5000 with 
Swift II Application software to computer system control, 974213, Cambridge, England, UK) at 560 nm. A 
supernatant was used to determine lipid hydroperoxide concentrations, antioxidant and metabolic enzyme 
activity. A pellet was used to determine mitochondrial respiratory chain enzymatic complex activities. 

The lipid hydroperoxide concentration in myocardial was employed as an oxidation marker. 
Myocardial activity of the antioxidant enzymes catalase (EC.1.11.1.6.), superoxide dismutase (E.C.1.15.1.1.) 
and glutathione peroxidase (E.C.1.11.1.9.) were evaluated. The concentrations were determined according 
to previously described methods [30, 31]. 

Regarding energetic metabolism, we evaluated phosphofructokinase, β-hydroxyacyl dehydrogenase, 
lactate dehydrogenase, pyruvate dehydrogenase and citrate synthase activity [32]. Similarly, we measured 
activities of mitochondrial respiratory chain enzymatic complex I, complex II and ATP synthase [33]. 

Serum calcium
Measurement was conducted using a Bioclin kit (reference number K051 - Quibasa Quimica Basica 

Ltda, MG, Brazil) by colorimetric reaction of calcium with arzenazo III, which produced a blue colour, 
evaluated in 600 and 680 nm wavelengths.

Statistical analysis
Variables were expressed as the mean ± standard deviation. Variables with a non-normal distribution 

were transformed for normalization. Comparisons were conducted by two-way ANOVA. When we observed 
an interaction between the two factors, we performed comparisons among the groups of interest. When 
we did not observe an interaction, we showed isolated factor data. We assumed a statistically significant 
level of 5% for all analyses. We were not able to normalize serum calcium values; therefore, serum calcium 
comparisons were performed by the t-test or the Mann-Whitney test. In this situation, the p value was 
adjusted by Bonferroni correction, which p value was multiplied by the number of comparisons performed 
(6 comparisons). 

Results

Body weight, food and water ingestion
Body weight was similar in all groups prior to treatment. After drug injection, the rats 

that received doxorubicin exhibited decreased body weight. These same animals exhibited 
decreased water and food ingestion. Left ventricle weight did not differ among the groups, 
even when the values were corrected by body weight. Pamidronate did not change these 
parameters. These results are exhibit in Table 1.

Echocardiography
We performed an echocardiographic study prior to the experiment; the results for all 

groups were similar (data not shown). The echocardiographic parameters after treatment 
are listed in Table 2. Doxorubicin treatment caused a decrease in the left atrium diameter and 
the left ventricular diastolic diameter and an increase in the left ventricular posterior wall 
relative thickness (PWRT). In the DP group we observed a decrease in the PWRT compared 
with the D group.

The DP group had a smaller left ventricular ejection fraction and left ventricular 
fractional shortening than the D group and the P group, which indicated poor systolic 
function when the drugs were simultaneously administered.
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Table 1. Body weight, food and water ingestion and left ventricular weight. C: control group; P: pamidronate 
group; D: doxorubicin group; DP: doxorubicin + pamidronate group. BW: body weight; LVW: left ventricle 
weight; BW initial represents the BW before doxorubicin injection. BW final represents the BW 48 hours 
after doxorubicin injection. Food and water intake were quantified for 48 hours after doxorubicin injection. 
Values are expressed in mean ± standard deviation. p: two-way ANOVA. pi: p value of interaction; pd: p value 
of doxorubicin; pp: p value of pamidronate

Table 2. Echocardiography 48 hours after doxorubicin injection. HR: heart rate in beats per minute. LA: left 
atrium diameter; LVDD: left ventricular diastolic diameter; BW: body weight; LVSD: left ventricular systolic 
diameter; PWRT: left ventricular posterior wall relative thickness (2xposterior wall thickness/LVDD); E/A: 
E and A wave ratio, when E wave represents the peak velocity of early ventricular filling and A wave repre-
sents the peak velocity of transmitral flow during atrial contraction; IVRTc: isovolumetric relaxation time 
corrected by heart rate. LVEF: left ventricular ejection fraction; LVFS: left ventricular fractional shortening. 
C: control group; P: pamidronate group; D: doxorubicin group; DP: doxorubicin + pamidronate group. Values 
are expressed in mean ± standard deviation. P value: two-way ANOVA. pi: p value of interaction; pd: p value 
of doxorubicin; pp: p value of pamidronate. When we observed interaction between factors (pi<0.05), we 
performed comparison between groups. #: show the difference between control group; &: show the differ-
ence between doxorubicin group; §: show the difference between pamidronate group

Table 3. Isolated heart study. C: control group; P: pamidronate group; D: doxorubicin group; DP: doxoru-
bicin + pamidronate group. V0: volume insert in latex balloon inside left ventricle to achieve a diastolic pres-
sure of zero; –dP/dt: the maximum left ventricular pressure decrease rate; +dP/dt: the maximum left ven-
tricular pressure development rate; SPmax: the maximum systolic pressure obtained. Values are expressed 
in mean ± standard deviation. p: two-way ANOVA. pi: p value of interaction; pd: p value of doxorubicin; pp: p 
value of pamidronate. *Values were mathematically transformed for statistical analysis
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We did not observe differences in 
diastolic function as the isovolumetric 
relaxation time corrected by heart rate and 
E/A waves relation were similar between the 
groups.	

Isolated perfused heart study
The isolated heart study results 

Fig. 1. Panel A: Diastolic stress-strain relationship 
represents an index of myocardial passive stiffness. 
Panel B: Diastolic pressure-volume relationship rep-
resents an index of left ventricle compliance. The 
curves inclinations and area under curves were cal-
culated; they did not differ between groups in both 
relationships; p value: two-way ANOVA; n=8 ani-
mals/group.

Fig. 2. Matrix metalloproteinase (MMP)-2 activation 
in myocardial tissue. Panel A: zymography gel; white 
bands correspond to gelatine degradation. Panel 
B: 75 KDa, 72 KDa and 64 KDa MMP-2 activity. C: 
control group; P: pamidronate group; D: doxorubicin 
group; DP: doxorubicin + pamidronate group. 
Symbol * indicates significant statistical difference. 
Statistical analysis: two-way ANOVA; pi: p value of 
interaction; pd: p value of doxorubicin; pp: p value of 
pamidronate.

are shown in Table 3. The initial intraventricular balloon volume was similar among the 
groups. The rats that were treated with doxorubicin had diastolic dysfunction as indicated 
by a lower maximum left ventricular pressure decrease rate (-dP/dt). These animals had 
lower maximum systolic pressure than rats that did not receive doxorubicin. Pamidronate 
did not change these results. The maximum LV pressure development rate (+dP/dt), which 
represents systolic function, of the DP group was worse than +dP/dt for other groups. The 
diastolic pressure-volume and diastolic stress-strain relationships did not differ among 
animals, as shown in Figure 1.
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Zymography
We performed zymography in eight samples for each group. The same control sample 

was inserted in each gel to normalize the results. We employed a recombinant mouse/rat 
MMP-2 standard to identify MMP-2 in gels. We identified three bands that correspond to 
MMP-2; their molecular weights were 75 KDa, 72 KDa and 64 KDa [34]. We observed an 
increase in 72 KDa MMP-2 in animals that received doxorubicin. We did not observe the 
effect of pamidronate in MMP-2 activity. Zymography results are shown in Figure 2. 

Myocardial oxidative stress
Doxorubicin treatment increased oxidative stress as shown by an increase in myocardial 

lipid hydroperoxide concentration. When rats were also treated with the pamidronate (DP 
group), myocardial lipid hydroperoxide concentration became similar to the concentration 
of the control group, as shown in Table 4. 

Myocardial superoxide dismutase and catalase activities decreased in the doxorubicin 
and pamidronate group; however, when the drugs were simultaneously administered, the 
enzyme activities increased and remain similar to the control group levels.

Table 5. Myocardial energetic metabolism. C: control group; P: pamidronate group; D: doxorubicin group; 
DP: doxorubicin + pamidronate group. Values are expressed in mean ± standard deviation. p: two-way ANO-
VA. pi: p value of interaction; pd: p value of doxorubicin; pp: p value of pamidronate. *Values were mathemati-
cally transformed for statistical analysis. When we observed interaction between factors (pi<0.05), we per-
formed comparison between groups. #: show the difference between control group; &: show the difference 
between doxorubicin group; §: show the difference between pamidronate group

Table 4. Myocardial oxidative stress. C: control group; P: pamidronate group; D: doxorubicin group; DP: 
doxorubicin + pamidronate group. Values are expressed in mean ± standard deviation. p: two-way ANOVA. 
pi: p value of interaction; pd: p value of doxorubicin; pp: p value of pamidronate. *Values were mathematically 
transformed for statistical analysis. When we observed interaction between factors (pi<0.05), we performed 
comparison between groups. #: show the difference between control group; &: show the difference between 
doxorubicin group; §: show the difference between pamidronate group
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Myocardial glutathione peroxidase activity increased in animals that received 
pamidronate and decreased in animals that received doxorubicin; however, an interaction 
between the two treatments in glutathione peroxidase levels was not observed.

Myocardial energetic metabolism
We observed a decrease in myocardial β-hydroxyacyl Co-A dehydrogenase, citrate 

synthase; complex II and ATP synthase activities in the D group when compared with the 
C group. We observed an increase in phosphofructokinase and lactate dehydrogenase 
activities for the same group. When we infused doxorubicin and pamidronate (DP group), 
citrate synthase and β-hydroxyacyl Co-A dehydrogenase activities were higher than levels in 
the D group, and ATP synthase activities increased to C group levels. In the same manner, the 
DP group showed smaller lactate dehydrogenase myocardial activities than activities in the 
D group. These results are shown in Table 5.

Serum calcium
The D group showed lower levels of serum calcium than the C group levels, whereas 

the P group and C group yielded similar values. When the rats received both drugs, serum 
calcium was significantly decreased compared with the D group, as shown in Figure 3.

Discussion

Bisphosphonate, including pamidronate, has been tested in off label situations to prevent 
inflammation, cellular proliferation and oxidative damage, for instance, in rheumatologic 
diseases. Its use as a chemotherapy agent has been investigated with acceptable 
results; however, studies have not addressed the role of bisphosphonates in prevention 
chemotherapy side effects. In this study, we evaluated the effect of pamidronate in acute 
doxorubicin-induced cardiotoxicity prevention. We showed that doxorubicin induced acute 
cardiotoxicity, with an increase in myocardial MMP-2 activation, oxidative stress and changes 
in energy metabolism. Pamidronate decreased oxidative damage and improved the activity 
of energetic metabolism enzymes; however, it did not prevent MMP activation. LV systolic 
function worsened by an unidentified mechanism when doxorubicin and pamidronate were 
simultaneously administered.

Regarding signals of general doxorubicin toxicity, we observed a decrease in body 
weight in animals that received doxorubicin due to a decrease in water and feed intake, as 
shown in previous studies [5, 35]. A decrease in water intake can cause dehydration and 
may explain the reduction in the left atrium and left ventricular diastolic diameter and the 
increase in the PWRT, as depicted by the echocardiogram. This situation, which is referred 

Fig. 3. Figure shows serum calcium con-
centration. C: control group (n=8); P: 
pamidronate group (n=8); D: doxoru-
bicin group (n=8); DP: doxorubicin + pa-
midronate group (n=8). Following com-
parisons were performed: C vs P; C vs D; 
D vs DP; and P vs DP. Statistical analysis: 
Mann-Whitney test; p value obtained was 
adjusted (multiplied by 6); we considered 
p value significant if was <0.05 after cor-
rection. Brackets link groups statistically 
different. 
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to as pseudo hypertrophy [36], can be attributed to dehydration. However, the rats in the DP 
group exhibited the same reduction in water and feed intake, which was associated with the 
lack of differences in the left atrium and diastolic diameters compared with animals in the 
D group. In this group, we observed a lower PWRT than the thickness measured for the D 
group. Therefore, we hypothesized that an increase in the PWRT in the D group was caused 
by myocarditis, which was induced by doxorubicin [37].

In addition to various types of heart disease, we observed that doxorubicin-induced 
cardiotoxicity causes changes in cellular energy supply. In pathological situations, a change 
in substrate preferences occurs and the main substrate becomes the glucose, which is 
associated with mitochondrial dysfunction [38]. When doxorubicin was administered in 
previous studies, a decrease in ATP generation [39] and changes in lipid and glucose cellular 
metabolism [40] were observed. We observed an increase in phosphofructokinase myocardial 
activity due to an increase in glucose metabolism and a decreased in β-hydroxyacyl CoA 
dehydrogenase activity and a consequent decrease in lipid oxidation.

We also showed that doxorubicin-treated hearts present lower mitochondrial enzymatic 
complex activity (complex I, complex II and ATP synthase) compared with the control 
animals. When pamidronate was simultaneously administered (DP group), ATP synthase 
activity was improved to levels of the C group. If there is an impairment of mitochondrial 
electron transport chain, an accumulation of unpaired electrons, reactive oxygen species 
generation and a consequent increase in cellular oxidative stress occurs. An important 
source of reactive oxygen species is mitochondrial ATP generation. 

Considering the effect of doxorubicin in the redox status, the first defence against 
oxidative damage is provided by the antioxidants system, primarily the enzymatic system. In 
this study, we observed a decrease in myocardium catalase and superoxide dismutase activity 
in the D group compared with the C group, which was diminished by pamidronate. These 
results indicate that myocardium probably spent a large amount of antioxidants enzymes to 
modulate increases in oxidative stress in the D group. However, this excessive consumption 
was not necessary when pamidronate was simultaneous administered. We demonstrated 
that doxorubicin increased oxidative damage. In doxorubicin-induced cardiotoxicity, 
polyunsaturated fatty acids in the cell membranes are damaged and cause cell injury and 
generated lipid hydroperoxide and other products [41]. Another relevant result of this 
study was that pamidronate prevented an increase in myocardial lipid hydroperoxide levels 
that were induced by doxorubicin. Therefore, our data strongly suggest that pamidronate 
attenuated cardiac oxidative stress that was induced by doxorubicin.

Reactive oxygen-nitrogen species generation is an important MMP activator [42]. When 
the tissues are subjected to mechanical or chemical stress, these enzymes are activated 
and are responsible for extracellular matrix degradation. As showed previously by other 
studies [4, 6, 11], we observed MMP-2 activation and no effect of pamidronate in this result. 
Several studies showed inhibit MMP-2 activation when bisphosphonates were used [20-22]; 
however, Gonçalves et al [43] indicated that pamidronate did not affect MMP activation.

Regarding the side effects of bisphosphonates, serum calcium can be quantified as 
pamidronate can induce hypocalcaemia [44]. However, we observed hypocalcaemia in 
the D group and more pronounced in the DP group. The reason that doxorubicin-induced 
hypocalcaemia may be associated with doxorubicin-induced hypomagnesaemia and 
diminished organ responsiveness to PTH [45, 46]. Also, anthracyclines have the ability to 
chelate divalent cations [47], such as calcium. 

Changes in serum calcium may directly interfere in cardiac function as calcium 
concentration is one of the most important determinants of cardiac contractility. In the 
echocardiogram that we observed for the same DP group that exhibited hypocalcaemia, 
impairment in left ventricular systolic function can be explained by hypocalcaemia. However, 
the same results were observed when we analysed cardiac function in vitro by an isolated 
heart study. In the isolated heart study, hearts were perfused with Krebs-Henseleit solution, 
which contains a stable calcium concentration. Therefore, hypocalcaemia was not the only 
reason for systolic dysfunction.
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Another important aspect to consider is that some studies have shown a beneficial 
anticancer effect of bisphosphonates [48, 49], which had us consider that the combined use 
of doxorubicin and pamidronate may produce better efficacy in tumour treatment and can 
mitigate the side effects caused by doxorubicin. Thus, studies of the effect of doxorubicin, 
which are associated with pamidronate, are critical. In our study, pamidronate attenuated the 
deleterious effects of doxorubicin in energetic metabolism and oxidative stress. However, the 
beneficial biochemical alterations did not improve cardiac function or promote significant 
changes in cardiac morphology. A potential explanation is that we employed a short and 
acute model to study mechanisms that are involved in cardiac toxicity and the required 
amount of time to change cardiac shape or function was insufficient. A dose-response study 
with pamidronate may reveal other cardiac outcomes.

In conclusion, acute doxorubicin administration causes left ventricular dysfunction, 
MMP-2 activation, an increase in oxidative damage, a decrease in myocardial lipid metabolism 
and an increase in glucose metabolism, which are associated with mitochondrial dysfunction. 
Combined pamidronate administration decreases oxidative stress and attenuates changes 
in energetic metabolism, which are associated with poor LV systolic function in this acute 
model.

Acknowledgement

This work was supported by Fundação de Amparo à Pesquisa do Estado de São Paulo 
[FAPESP-13/10182-9]; and Pro-Reitoria de Pesquisa da Universidade Estadual Paulista – 
UNESP [0409/001/14-PROPe/CDC].

Disclosure Statement 

None declared.

References

1	 Ferreira AL, Matsubara LS, Matsubara BB: Anthracycline-induced cardiotoxicity. Cardiovasc Hematol 
Agents Med Chem 2008;6:278-281.

2	 Minotti G, Menna P, Salvatorelli E, Cairo G, Gianni L: Anthracyclines: molecular advances and 
pharmacologic developments in antitumor activity and cardiotoxicity. Pharmacol Rev 2004;56:185-229.

3	 Toko H, Oka T, Zou Y, Sakamoto M, Mizukami M, Sano M, Yamamoto R, Sugaya T, Komuro I: Angiotensin II 
type 1a receptor mediates doxorubicin-induced cardiomyopathy. Hypertens Res 2002;25:597-603.

4	 Polegato BF, Minicucci MF, Azevedo PS, Carvalho RF, Chiuso-Minicucci F, Pereira EJ, Paiva SA, Zornoff LA, 
Okoshi MP, Matsubara BB, Matsubara LS: Acute doxorubicin-induced cardiotoxicity is associated with 
matrix metalloproteinase-2 alterations in rats. Cell Physiol Biochem 2015;35:1924-1933.

5	 Weinberg LE, Singal PK: Refractory heart failure and age-related differences in adriamycin-induced 
myocardial changes in rats. Can J Physiol Pharmacol 1987;65:1957-1965.

6	 Bai P, Mabley JG, Liaudet L, Virag L, Szabo C, Pacher P: Matrix metalloproteinase activation is an early event 
in doxorubicin-induced cardiotoxicity. Oncol Rep 2004;11:505-508.

7	 Segredo MP, Salvadori DF, Rocha N, Moretto FF, Correa C, Camargo E, de Almeida DC, Reis RA, Freire CM, 
Braz MG, Tang G, Matsubara LS, Matsubara BB, Yeum KJ, Ferreira AL: Oxidative stress on cardiotoxicity 
after treatment with single and multiple doses of doxorubicin. Hum Exp Toxicol 2013;33:748-760.

8	 Fouad AA, Yacoubi MT: Mechanisms underlying the protective effect of eugenol in rats with acute 
doxorubicin cardiotoxicity. Arch Pharm Res 2011;34:821-828.

9	 Ali MA, Fan X, Schulz R: Cardiac sarcomeric proteins: novel intracellular targets of matrix 
metalloproteinase-2 in heart disease. Trends Cardiovasc Med 2011;21:112-118.



Cell Physiol Biochem 2016;40:431-442
DOI: 10.1159/000452558	
Published online: November 25, 2016 441
Carvalho et al.: Pamidronate and Acute Doxorubicin-Induced Cardiotoxicity

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2016 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

10	 Spinale FG: Myocardial matrix remodeling and the matrix metalloproteinases: influence on cardiac form 
and function. Physiol Rev 2007;87:1285-1342.

11	 Kizaki K, Ito R, Okada M, Yoshioka K, Uchide T, Temma K, Mutoh K, Uechi M, Hara Y: Enhanced gene 
expression of myocardial matrix metalloproteinases 2 and 9 after acute treatment with doxorubicin in 
mice. Pharmacol Res 2006;53:341-346.

12	 Uygur R, Aktas C, Tulubas F, Alpsoy S, Topcu B, Ozen OA: Cardioprotective effects of fish omega-3 fatty acids 
on doxorubicin-induced cardiotoxicity in rats. Hum Exp Toxicol 2014;33:435-445.

13	 Boghdady NA: Antioxidant and antiapoptotic effects of proanthocyanidin and ginkgo biloba extract against 
doxorubicin-induced cardiac injury in rats. Cell Biochem Funct 2013;31:344-351.

14	 Carvalho FS, Burgeiro A, Garcia R, Moreno AJ, Carvalho RA, Oliveira PJ: Doxorubicin-induced cardiotoxicity: 
from bioenergetic failure and cell death to cardiomyopathy. Med Res Rev 2014;34:106-135.

15	 Azevedo PS, Minicucci MF, Santos PP, Paiva SA, Zornoff LA: Energy metabolism in cardiac remodeling and 
heart failure. Cardiol Rev 2013;21:135-40.

16	 Burgoyne JR, Mongue-Din H, Eaton P, Shah AM: Redox signaling in cardiac physiology and pathology. Circ 
Res 2012;111:1091-1106.

17	 Corrado A, Santoro N, Cantatore FP: Extra-skeletal effects of bisphosphonates. Joint Bone Spine 
2007;74(1):32-38.

18	 Clyburn RD, Reid P, Evans CA, Lefley DV, Holen I: Increased anti-tumour effects of doxorubicin and 
zoledronic acid in prostate cancer cells in vitro: supporting the benefits of combination therapy. Cancer 
Chemother Pharmacol 2010;65:969-678.

19	 Ottewell PD, Monkkonen H, Jones M, Lefley DV, Coleman RE, Holen I: Antitumor effects of doxorubicin 
followed by zoledronic acid in a mouse model of breast cancer. J Natl Cancer Inst 2008;100:1167-1178.

20	 Sun J, Song F, Zhang W, Sexton BE, Windsor LJ: Effects of alendronate on human osteoblast-like MG63 cells 
and matrix metalloproteinases. Arch Oral Biol 2012;57:728-736.

21	 Li XY, Lin YC, Huang WL, Hong CQ, Chen JY, You YJ, Li WB: Zoledronic acid inhibits proliferation and impairs 
migration and invasion through downregulating VEGF and MMPs expression in human nasopharyngeal 
carcinoma cells. Med Oncol 2012;29:714-720.

22	 Lai TJ, Hsu SF, Li TM, Hsu HC, Lin JG, Hsu CJ, Chou MC, Lee MC, Yang SF, Fong YC: Alendronate inhibits cell 
invasion and MMP-2 secretion in human chondrosarcoma cell line. Acta Pharmacol Sin 2007;28:1231-
1235.

23	 Kocer M, Naziroglu M, Kocer G, Sonmez TT: Effects of bisphosphonate on oxidative stress levels in patients 
with different types of cancer. Cancer Invest 2014;32:37-42.

24	 Buyukokuroglu ME, Taysi S, Buyukavci M, Bakan E: Prevention of acute adriamycin cardiotoxicity by 
dantrolene in rats. Hum Exp Toxicol 2004;23:251-256.

25	 Reagan-Shaw S, Nihal M, Ahmad N: Dose translation from animal to human studies revisited. FASEB J 
2008;22:659-661.

26	 Urrutia J, Briceno J, Carmona M, Olavarria F, Hodgson F: Effect of a single dose of pamidronate administered 
at the time of surgery in a rabbit posterolateral spinal fusion model. Eur Spine J 2010;19:940-944.

27	 Amanat N, Brown R, Bilston LE, Little DG: A single systemic dose of pamidronate improves bone 
mineral content and accelerates restoration of strength in a rat model of fracture repair. J Orthop Res 
2005;23:1029-34.

28	 Cezar MD, Damatto RL, Pagan LU, Lima AR, Martinez PF, Bonomo C, Rosa CM, Campos DH, Cicogna AC, 
Gomes MJ, Oliveira SA Jr, Blotta DA, Okoshi MP, Okoshi K: Early Spironolactone Treatment Attenuates 
Heart Failure Development by Improving Myocardial Function and Reducing Fibrosis in Spontaneously 
Hypertensive Rats. Cell Physiol Biochem 2015;36:1453-1466.

29	 Matsubara BB, Matsubara LS, Zornoff LA, Franco M, Janicki JS: Left ventricular adaptation to chronic 
pressure overload induced by inhibition of nitric oxide synthase in rats. Basic Res Cardiol 1998;93:173-
181.

30	 Ewing JF, Janero DR: Microplate superoxide dismutase assay employing a nonenzymatic superoxide 
generator. Anal Biochem 1995;232:243-248.

31	 Jiang ZY, Woollard AC, Wolff SP: Lipid hydroperoxide measurement by oxidation of Fe2+ in the presence of 
xylenol orange. Comparison with the TBA assay and an iodometric method. Lipids 1991;26:853-856.

32	 Bass A, Brdiczka D, Eyer P, Hofer S, Pette D: Metabolic differentiation of distinct muscle types at the level of 
enzymatic organization. Eur J Biochem 1969;10:198-206.



Cell Physiol Biochem 2016;40:431-442
DOI: 10.1159/000452558	
Published online: November 25, 2016 442
Carvalho et al.: Pamidronate and Acute Doxorubicin-Induced Cardiotoxicity

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2016 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

33	 Desai VG, Weindruch R, Hart RW, Feuers RJ: Influences of age and dietary restriction on gastrocnemius 
electron transport system activities in mice. Arch Biochem Biophys 1996;333:145-151.

34	 Cheung PY, Sawicki G, Wozniak M, Wang W, Radomski MW, Schulz R: Matrix metalloproteinase-2 
contributes to ischemia-reperfusion injury in the heart. Circulation 2000;101:1833-1839.

35	 Hayward R, Hydock DS: Doxorubicin cardiotoxicity in the rat: an in vivo characterization. J Am Assoc Lab 
Anim Sci 2007;46:20-32.

36	 Di Segni E, Preisman S, Ohad DG, Battier A, Boyko V, Kaplinsky E, Perel A, Vered Z: Echocardiographic left 
ventricular remodeling and pseudohypertrophy as markers of hypovolemia. An experimental study on 
bleeding and volume repletion. J Am Soc Echocardiogr 1997;10:926-936.

37	 Gaudin PB, Hruban RH, Beschorner WE, Kasper EK, Olson JL, Baughman KL, Hutchins GM: Myocarditis 
associated with doxorubicin cardiotoxicity. Am J Clin Pathol 1993;100:158-163.

38	 Doenst T, Nguyen TD, Abel ED: Cardiac metabolism in heart failure: implications beyond ATP production. 
Circ Res 2013;113:709-724.

39	 Jeyaseelan R, Poizat C, Wu HY, Kedes L: Molecular mechanisms of doxorubicin-induced cardiomyopathy. 
Selective suppression of Reiske iron-sulfur protein, ADP/ATP translocase, and phosphofructokinase genes 
is associated with ATP depletion in rat cardiomyocytes. J Biol Chem 1997;272:5828-5832.

40	 Tokarska-Schlattner M, Wallimann T, Schlattner U: Alterations in myocardial energy metabolism induced 
by the anti-cancer drug doxorubicin. C R Biol 2006;329:657-668.

41	 Zhu SG, Kukreja RC, Das A, Chen Q, Lesnefsky EJ, Xi L: Dietary nitrate supplementation protects 
against Doxorubicin-induced cardiomyopathy by improving mitochondrial function. J Am Coll Cardiol 
2011;57:2181-2189.

42	 Viappiani S, Nicolescu AC, Holt A, Sawicki G, Crawford BD, León H, van Mulligen T, Schulz R: Activation and 
modulation of 72kDa matrix metalloproteinase-2 by peroxynitrite and glutathione. Biochem Pharmacol 
2009;77:826-834. 

43	 Gonçalves AF, Congio LH, dos Santos PP, Rafacho BP, Pereira BL, Claro RF, Costa NA, Chiuso-Minicucci F, 
Azevedo PS, Polegato BF, Okoshi K, Pereira EJ, Okoshi MP, Paiva SA, Zornoff LA, Minicucci MF: Pamidronate 
attenuates diastolic dysfunction induced by myocardial infarction associated with changes in geometric 
patterning. Cell Physiol Biochem 2015;35:259-269.

44	 Cheer SM, Noble S: Zoledronic acid. Drugs 2001;61:799-805.
45	 Gralla EJ, Fleischman RW, Luthra YK, Stadnicki SW: The dosing schedule dependent toxicities of adriamycin 

in beagle dogs and rhesus monkeys. Toxicology 1979;13:263-273.
46	 Freedman DB, Shannon M, Dandona P, Prentice HG, Hoffbrand AV: Hypoparathyroidism and hypocalcaemia 

during treatment for acute leukaemia. Br Med J 1982;284:700-702.
47	 Muszynska A, Wolczynski S, Palka J: The mechanism for anthracycline-induced inhibition of collagen 

biosynthesis. Eur J Pharmacol 2001;411:17-25.
48	 Green JR: Antitumor effects of bisphosphonates. Cancer 2003;97:840-847.
49	 Ponce-Cusi R, Calaf GM: Antitumor activity of pamidronate in breast cancer cells transformed by low doses 

of alpha-particles and estrogen in vitro. Int J Oncol 2015;46:2663-2669.


