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Abstract: The anthracyclines are a group of antibiotics that are among the most potent 

chemotherapeutic agents. They are highly effective against a broad spectrum of malignancies, 

including lymphoma, gastric cancer, small cell lung cancer, sarcoma, and breast cancer. 

Unfortunately, these agents also exhibit a well-recognized cumulative-dose related cardiotoxic 

profi le that limits the extent to which they can be used safely. In clinical practice, most 

clinicians limit the cumulative dose of doxorubicin (the most widely used agent in this group) 

to 400–450 mg/m2, but considerable cardiac damage is now known to occur at cumulative 

dosages considerably below this level. Regimens using newer combinations of agents, the most 

widely studied of which is the monoclonal antibody trastuzumab, are known to augment the 

cardiotoxicity of anthracyclines. The application of nanotechnology to medicine involves the use 

of devices that will interact with the body at the molecular level. These methods can lead to target 

and tissue specifi c clinical application, often with minimal or reduced side effects. Liposomal 

preparations incorporate such technology, thereby altering some important characteristics of 

the parent compound and facilitating concentration at the tumor site. In the case of liposomal 

doxorubicin, cardiotoxicity is reduced signifi cantly. This review summarizes the important 

information on the liposomal preparation of anthracyclines.
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Introduction
The anthracyclines are a group of antibiotics that are among the most active chemothera-

peutic agents. They are highly effective against a spectrum of malignancies including 

both hematological and solid tumors including lymphoma, gastric cancer, small cell lung 

cancer, sarcoma, and breast cancer (Table 1). Some of the commonly used anthracycline 

antibiotics include doxorubicin, daunorubicin, and epirubicin. Unfortunately, these 

agents also exhibit a well-recognized cardiotoxic profi le that places limits on the extent 

to which these lifesaving agents can safely be used. In clinical practice, most clinicians 

limit the cumulative dose of doxorubicin, the most widely used agent in this group, to 

400–450 mg/m2. Thus, limiting total cumulative dose creates a dilemma of having to 

balance suboptimal oncologic treatment with a proven benefi cial therapy against that 

of the risk of cardiotoxicity. Regimens of combination chemotherapy that includes 

newer agents such as taxanes and trastuzumab are clearly effective but have resulted 

in problematic cardiotoxicity. As such, numerous techniques have been employed in 

an attempt to mitigate the cardiotoxicity of the initial anthracycline exposure, thereby 

preserving the myocardial reserves.

Moreover, as the number of long-term survivors including pediatric cancer patients 

increases, more elderly patients with pre-existing cardiovascular co-morbidities are 

given chemo-radiation therapies, and as use of combination immuno-chemotherapy 

with overlapping toxicities (eg, trastuzumab, taxanes, and anthracyclines) increase, car-

diotoxicity is increasingly becoming a very important issue today in cancer therapy.
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Nanotechnology can be defined as the science and 

engineering involved in the design, synthesis, characteriza-

tion, and application of materials and devices whose smallest 

functional organization in at least one dimension is on the 

nanometer scale or one billionth of a meter. It is a scientifi c 

fi eld devoted to the manipulation of atoms and molecules to 

construct miniature structures for new molecular assemblies 

at the nanometer scale size.

The application nanotechnology to medicine involves use 

of devices that will interact with the body at the molecular 

level. These methods will have high degrees of specifi city 

and can lead to target and tissue specifi c clinical applications 

with minimal side effects.

Some examples of such applications of nanotechnology 

to medicine includes development of novel drug delivery sys-

tems, chemically functionalized dendrimers that can be used as 

molecular building blocks for gene therapy agents or as mag-

netic resonance imaging (MRI) contrast agents (Silva 2004).

One of the most important clinical applications of nano-

technology appears to be in pharmaceutical development. 

Some of the emerging applications involve new approaches for 

controlled release of the drug, drug targeting, and targeting the 

organ to minimize side effects. One such example is the use of 

nanoscale polymer capsules that are designed to break down and 

release drugs at controlled rates and to allow differential release 

in certain environments, such as an acid milieu, to promote 

uptake in tumors versus normal tissues (Na and Bae 2002).

The use of nanotechnology is useful to increase the tissue 

availability of drugs with low bioavailability. Hydrophobic 

drugs such as paclitaxel or 5-fl uorouracil can be encapsu-

lated in polymers or liposomes with nanoscale cavities that 

improve drug absorption and bioavailability.

Nanoparticles in cancer may be used for various functions 

including tumor tissue and cells targeting and delivery, and 

for qualitative or quantitative in vitro detection of tumor cells 

(Brigger et al 2002).

The use of nano- and microparticle-based imaging of 

cardiovascular interventions is still in its developing phase, 

but in future may be used as a diagnostic imaging agent, 

function as a therapeutic carrier, be used as particle-mediated 

imaging of primary gene and drug delivery, and be used for 

follow-up gene therapy (Yang 2007). Hence it is not only 

applicable for diagnostic, therapeutic purposes but also to 

monitor therapeutic effi ciency after interventions performed 

to treat cardiovascular diseases.

This review summarizes important information about the 

effects of anthracyclines and the available data on liposomal for-

mulations, one of the most important strategies of cardioprotec-

tion, and expands and updates previous reviews (Ewer 2004).

Defi nition of cardiotoxicity
Antracycline-induced cardiotoxicity was fi rst described in the 

1970s. At that time anthracycline-associated cardiotoxicity was 

thought of as a cumulative dose-related form of congestive 

heart failure (CHF) that was rapidly progressive if use of the 

agent was continued. Von Hoff et al (1979) provided important 

initial insight regarding clinically manifested CHF. Increased 

awareness of sub-clinical cardiac impairment resulting from 

these agents has led to improved screening as well as a better 

perspective of the inherent toxicity of these agents. Today’s 

defi nition has expanded from the clinical events of cardiac 

failure to include a wide spectrum of predefi ned laboratory 

values even when patients may be asymptomatic. These 

include histological changes (Billingham and Bristow 1984) in 

the cardiomyocytes (Table 2), and changes in left ventricular 

ejection fraction (LVEF) based on either radionuclide ventricu-

lography (Schwartz et al 1987) (RNVG) or two-dimensional 

(2D)-echocardiography (Stoddard et al 1992). Even transient 

changes previously thought to be not of any major clinical 

signifi cance, eg, daunorubicin-induced myocarditis/pericar-

ditis (Topalov et al 1981; Gaudin et al 1993) will now be 

considered as anthracycline-induced cardiomyopathy. The 

general consensus is that a decrease in LVEF by more than 

20 percentage points to a value �50%, a decrease in LVEF by 

more than 10 percentage points to a value �50%, or clinical 

manifestations with signs and symptoms of CHF constitute 

cardiotoxicity. Others have combined these criteria to defi ne 

cardiotoxicity as a decrease in LVEF by more than 10 points 

to a fi nal value of �50% (Ganz et al 1993).

Incidence of cardiotoxicity
with conventional anthracyclines
Using the refi ned criteria, in large clinical trials, approxi-

mately one in four patients experienced congestive heart 

Table 1 Malignancies commonly treated with anthracyclines

Malignant lymphoma
Soft tissue and bone sarcoma
Acute lymphoblastic leukemia
Ovarian carcinoma
Breast cancer
Neuroblastoma
Transitional cell bladder carcinoma
Thyroid carcinoma
Gastric carcinoma
Wilm’s tumor
Bronchogenic carcinoma (small cell)
AIDS-related Kaposi’s sarcoma



International Journal of Nanomedicine 2007:2(4) 569

Liposomal formulations

failure when the cumulative dose of doxorubicin exceeded 

500 mg/m2, nearly 50% had cardiac events above 600 mg/

m2, and nearly all patients had cardiotoxicity above 800 

mg/m2. The incidence of clinical cardiac failure increases 

precipitously above 550 mg/m2 (Von Hoff et al 1979) with 

the majority developing cardiomyopathy within the fi rst 

year of completion of treatment. More recent data, however, 

suggest that cardiomyopathy not only develops at a much 

lower cumulative dose than previously thought, but it may 

also manifest even years after treatment, especially in pedi-

atric oncology survivors (Lipshultz et al 1991; Steinherz 

et al 1991; Hequet et al 2004). An analysis by Steinherz 

et al (1991) of 201 long-term childhood cancer survivors 

4–20 years after completion of anthracycline-based chemo-

therapy showed almost a quarter of the patients remain at risk 

for developing cardiomyopathy even years after exposure. 

Cardiac biopsy as well as newer imaging techniques suggest 

that cardiac damage almost certainly takes place from the 

onset of anthracycline exposure irrespective of its detection 

by conventional non-invasive cardiac parameters.

Risk factors for anthracycline-
induced cardiotoxicity
Complete details regarding the risk factors are beyond the 

scope of this review. In brief, the recognized risks besides 

the cumulative anthracycline dose include age (elderly and 

young), mediastinal irradiation or radiotherapy to the left 

chest, other cardiac risk factors such as hypertension, female 

gender (especially in the pediatric population), previous 

exposure to any anthracycline, coadministration of other 

anticancer drugs, and methods of administration (bolus 

vs protracted infusion) (Von Hoff et al 1979; Steinherz 

et al 1991; Anon 2000; Hequet et al 2004). Other natural 

phenomena in these immunocompromised populations such 

as infections that involve the myocardium may constitute 

sequential stresses that when superimposed on an impaired 

myocardium may result in life-threatening or disabling 

heart failure (Ali et al 1994). Given that the two leading 

causes of death in the United States are cardiovascular 

diseases and malignant neoplasms (Anon 2006; Banks et al 

2006), in an increasingly aging population, patients with 

cancer are ever more likely to have other co-morbidities, 

in particular diseases of the cardiovascular system, 

making them more susceptible to chemotherapy-induced 

cardiomyopathy. Additionally, cardiac risk factors such 

as hypertension, hyperlipidemia, and diabetes (Zambetti 

et al 2001), although unrelated to anthracycline toxicity, 

may also contribute to the progression of cardiac damage 

and clinical cardiotoxicity.

Pathology of anthracycline-induced 
cardiotoxicity
Early morphologic changes include cytoplasmic vacuoliza-

tion and myofi brillar loss of myocytes caused by dilatation 

of the sarcoplasmic reticulum (Figure 1, Table 2). In more 

advanced cases, such cellular changes lead to cardiac 

remodeling and eventually to left ventricular failure with 

increased mortality (Billingham et al 1978; Von Hoff 

et al 1979). The mechanism of conventional doxorubicin-

induced myocardial damage is not exactly known but is 

believed to involve production of free radicals that induce 

peroxidation of myocyte membranes and subsequent 

infl ux of intracellular calcium (Andrieu-Abadie et al 1999; 

Falcone et al 1998). One source of such reactive oxygen 

intermediates is the formation of conventional doxorubicin-

iron complexes in mitochondrial membranes that may 

Table 2 Morphologic grading systems for anthracycline cardiotoxicity

Grade Billingham scoring system (Billingham et al 1978)  Mackay scoring system (Mackay et al 1994; Ewer et al 1984)

 morphologic characterics Vacuoles Myofi brillar dropout Necrosis

0 Normal myocardial ultrastructural morphology
0.5 Not completely normal but no evidence 
 of anthracycline-specifi c damage �4 0 1
1 Isolated myocytes affected and/or early myocfi briller loss; 
 damage to �5% of all cells 4–10 �3 1
1.5 Changes similar to grade 1 except damage involves 
 6%–15% of all cells �10 3–5 �2
2 Clusters of mycocytes affected by myofi brillar loss and/or 
 vacuolization, with damage to 16%–25% of all cells any number 6–8 2–5
2.5 Many mycocytes (26%–35% of all cells) affected by vacuolization 
 and/or myofi brillar loss (The grade of 2.5 is not included in the Mackay grading system)
3 Severe, diffuse myocyte damage (�35% of all cells) any number �8 �5
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lead to increased inner membrane permeability in heart 

mitochondria as a result of increasing the sensitivity of a 

Ca2+ dependent-pore of the inner mitochondrial membrane 

to calcium, leading to dissipation of membrane potential 

and release of pre-accumulated Ca2+ (Al-Nasser 1998). 

Mitochondrial dysfunction correlated with morphologic 

changes seen in cumulative and irreversible cardiotoxicity 

may also be caused by accumulation and persistence of 

8-hydroxyguanosine adducts in cardiac mitochondrial DNA 

(Serrano et al 1999). Additionally, impaired sequestration 

of intracellular free calcium ions in individual myocytes as 

a result of drug exposure may cause impairment of essential 

fatty acid metabolism (Bordoni et al 1999) and diastolic 

dysfunction (Maeda et al 1998). Since high cardiac tissue 

levels of doxorubicinol, a metabolite of the conventional 

doxorubicin, are associated with both functional and 

morphologic changes consistent with the anthracycline 

cardiomyocyte injury, it may be possible to prevent the 

reductase pathway leading to doxorubicinol production, 

thereby decreasing cardiotoxicity without impairing the 

therapeutic effi cacy of anthracyclines (Minotti et al 2001). 

The cytotoxic effect of anthracyclines on cardiomyocytes 

is generally thought to be irreversible and cumulative dose 

related. Biopsy data as well as the shape of the dose-response 

curve provide strong evidence that damage takes place from 

the time of the initial exposure, despite the fact that cardiac 

reserves prevent clinical recognition until suffi cient damage 

has taken place to the extent that the compensatory reserve 

of the heart is exceeded.

Clinical relevance 
of cardiomyopathy
The reported incidence of anthracycline-associated 

cardiomyopathy varies widely depending on the way it 

is ascertained, the setting in which it is studied, and the 

underlying risk of the patient population. The earliest and 

the most often cited study was based on a retrospective 

analysis of patients enrolled in phase II studies of conven-

tional doxorubicin (Von Hoff et al 1979). Cardiomyopathy 

had not been previously studied and was to some extent 

the only endpoint recorded in the medical records at the 

time was clinically manifested heart failure. From a curve 

relating cumulative dose to the incidence of CHF, it was 

estimated that after 728 mg/m2 the probability of develop-

ing CHF was in excess of 20%.

However, with advanced imaging techniques and 

close patient monitoring, the incidence of any form of 

cardiomyopathy using serial evaluations of left ventricular 

ejection fraction, may be considerably higher than was reported 

initially. A pooled analysis of 630 patients who underwent 

serial evaluations of cardiac function during conventional 

doxorubicin treatment in three controlled trials reported 

Figure 1 Electron micrographs showing examples of representative fi eld of a high-grade biopsy (Billingham score of 3.0) obtained from a solid-tumor patient who received 
more than 400 mg/m2 conventional doxorubicin. Severe diffuse damage to �35% of all cells was seen. Necrotic cell is shown with extensive myofi brillar loss (A). Another 
cell is seen with extensive vacuolization (B, center). Magnifi cation is indicated by a bar in each frame. (Micrographs courtesy of Gerald Berry MD, Stanford University School 
of Medicine (Ewer et al 2004)).
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a CHF incidence of 26% after a cumulative dose exceeding 500 

mg/m2, 48% for a cumulative dose exceeding 600 mg/m2, 

and 100% above 800 mg/m2 (Swain et al 2003). Subclinical 

evidence of cardiomyopathy may occur at lower cumulative 

doses, as suggested by a study of 141 patients who received 

conventional doxorubicin for lymphoma (Hequet et al 

2004); 28% of patients had subclinical cardiomyopathy 

(defi ned as left ventricular fractional shortening �25%), 

including 25% of patients who received a cumulative dose 

300 mg/m2. In one study of patients with breast or lung 

cancer who were treated with a combination regimen that 

included cyclophosphamide, CHF was observed in more 

than 20% of those given a cumulative dose of 500 mg/m2 

(Shapiro et al 1998).

Studies where the incidence of CHF was reported to be 

very low (from 0.2% to 0.9%) used conventional doxorubicin 

as part of a combination regimen and were used as adjuvant 

therapy for early breast cancer (Shapiro and Recht 2001). In 

these studies, the cumulative dose of conventional doxorubicin 

rarely exceeded 300 mg/m2 and was usually 240 mg/m2. 

However, in subsequent controlled studies in women with 

breast cancer, the incidence of CHF increased to 4.7% at a 

cumulative dose of 400 mg/m2, and 26% at cumulative doses 

of 550 mg/m2 (Swain et al 2003). Therefore, while patients 

may respond favorably to initial anthracycline therapy up to 

cumulative doses of less than 300 mg/m2, extra precaution 

is warranted because of heightened risk of cardiotoxicity 

before additional conventional anthracycline treatment is 

started when relapse occurs. Alternative treatments that 

have comparable or better effi cacy but yet have a lower 

risk of cardiotoxicity may be considered in patients with 

anthracycline-sensitive tumors.

Cardiotoxicity secondary to treatment with conventional 

doxorubicin remains a serious problem in survivors of pediatric 

malignancy long after the cancer has been cured (Lipshultz 

2006). In a cohort of 607 children, 2.8% of patients treated 

with a median anthracycline dose of 301 mg/m2 developed 

CHF after a median follow-up period of 6.3 years (Kremer et al 

2001). It is estimated that 5% of patients will develop CHF 

within 15 years after anthracycline treatment. For children 

receiving a cumulative dose of more than 300 mg/m2, the 

relative risk of developing CHF was 11.8-fold greater than for 

those exposed to less than 300 mg/m2 (Lipshultz 2006).

Potentiation of cardiotoxicity 
in combination regimens
Use of trastuzumab either concomitantly or sequentially fol-

lowing anthracycline treatment may potentiate conventional 

anthracycline-induced cardiotoxicity (Valagussa et al 2001; 

Genentech 2003), or, more commonly, represents a sequential 

stress to a previously damaged myocardium. In a pivotal trial 

to obtain regulatory approval for the use of trastuzumab, 

patients with metastatic breast cancer who had not previ-

ously been treated with adjuvant conventional doxorubicin, 

a signifi cantly higher incidence of cardiotoxicity was noted 

in the trastuzumab arm, whether this was measured as “any 

form of cardiotoxicity” or only grade III/IV cardiotoxicity. 

Several clinical trials are under way to determine if sequential 

administration of trastuzumab and conventional doxorubicin 

is associated with similar chemotherapeutic activity but less 

cardiotoxicity than concurrent use (Wolff 2003). One such 

recently published large randomized trial, National Surgical 

Adjuvant Breast and Bowel Project trial B-31 (Tan-Chiu et al 

2005), compared doxorubicin and cyclophosphamide (AC) 

followed by paclitaxel with AC followed by paclitaxel plus 52 

weeks of trastuzumab beginning concurrently with paclitaxel 

in patients with node-positive, HER2-positive breast cancer. 

If symptoms suggestive of CHF developed, source documents 

were blindly reviewed by an independent panel of cardiolo-

gists to determine whether criteria were met for a cardiac 

event, which was defi ned as New York Heart Association 

class III or IV CHF or possible/probable cardiac death. Among 

patients with normal post-AC LVEF who began further treat-

ment, 5 of 814 control patients subsequently had confi rmed 

cardiac events (4 CHFs and 1 cardiac death) compared with 

31 of 850 trastuzumab-treated patients (31 CHFs and no 

cardiac deaths). The difference in cumulative incidence at 3 

years was 3.3% (4.1% for trastuzumab-treated patients minus 

0.8% for control patients; 95% CI, 1.7%–4.9%). CHFs were 

more frequent in older patients and patients with borderline 

post-AC LVEF. Fourteen percent of patients discontinued 

trastuzumab because of asymptomatic decreases in LVEF; 

4% discontinued trastuzumab because of symptomatic car-

diotoxicity. While the sequential use of trastuzumab following 

anthracycline administration is increasingly accepted, many 

clinicians feel that the concomitant use of this combination 

increases the risk suffi ciently so that such regimens should 

not be routinely implemented.

There have been inconsistent reports of high incidence of 

cardiotoxicity with combinations of conventional doxorubicin 

and paclitaxel (AT) (Gianni et al 1995; Dombernowsky et al 

1996; Moore et al 1998; Valagussa et al 2001). In the trials 

with the highest incidence of cardiotoxicity, paclitaxel was 

given as a 1- or 3-hour infusion in close approximation to the 

administration of conventional doxorubicin as a bolus or short 

infusion. The incidence of cardiomyopathy was relatively 
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small as long as the cumulative dose of conventional 

doxorubicin in combination with paclitaxel was less than 

360 mg/m2. Cardiotoxicity from the AT combination was fi rst 

reported from a trial in which 35 women with breast cancer 

received conventional doxorubicin 60 mg/m2 15 minutes 

before or after escalating doses of paclitaxel 125–200 mg/m2. 

Five-year follow-up of 141 patients from this trial and 2 other 

similar trials identifi ed 7 cases of CHF (5%): 1 case after a 

cumulative conventional doxorubicin dose of 120 mg/m2 

and 6 after 360 mg/m2 (Valagussa et al 2001). Another 11 

patients had LVEFs of �50% that returned to normal with 

longer follow-up. The actuarial cumulative risk of CHF was 

30% overall, but was only 4% in those who received less than 

360 mg/m2 of conventional doxorubicin.

This increased risk of cardiotoxicity with the combination 

therapy may be attributable to the pharmacokinetic interfer-

ence between paclitaxel and doxorubicin which may result 

in nonlinear plasma disposition of doxorubicin and increased 

plasma concentrations of doxorubicin and doxorubicinol 

(Gianni et al 1997). In a retrospective analysis of 657 patients 

treated with AT in 10 trials performed at multiple centers, 

4.7% developed CHF (Gianni et al 2001), although the inci-

dence of CHF in the patients treated with AT was not very 

different from that of a single-agent conventional doxorubicin 

at cumulative doses below 340–380 mg/m2.

Mechanism of cardiac-sparing effect 
of liposomal anthracyclines
Nonpegylated liposomes generally extravasate in areas of 

pathology where capillaries are disrupted by infl ammation or 

tumor growth and in organs lined with fenestrated endothelial 

barriers (ones without tight junctions such as the liver, spleen, 

and bone marrow) (Gabizon et al 1997; Schiffelers et al 2000). 

Since the myocardium is supplied by vessels with tight junc-

tions (Tardi et al 1996), liposomal encapsulation would be 

expected to shift doxorubicin away from myocardial tissue, 

while maintaining tumor exposure. This tissue distribution pat-

tern is supported by various preclinical and clinical pharmaco-

logic studies of class I to III liposomal doxorubicin formulations 

summarized here, although the rapid clearance by the reticu-

loendothelial system of these early generations of liposome 

formulations may reduce the liposome fraction deposited in the 

tumor. Furthermore, pegylated liposomal doxorubicin (PLD) is 

preferentially taken up by tumor compared with normal cells 

in patients with breast and other solid cancers.

Encapsulation of doxorubicin by pegylated liposomes, 

causes impairment of its uptake by the reticulo-endothelial 

system, which results in the prolongation of the serum 

half-life to around 50 hours compared with 10 minutes 

for the free drug (Berry et al 1998). Due to an additional 

polyethylene glycol layer, the PLD also has lower uptake 

by the mononuclear phagocyte system, resulting in a greater 

plasma half-life relative to other liposomal anthracyclines. 

As a result, pegylated liposome formulations remain in 

circulation to a much longer extent, entering tumors through 

the leaky tumor vasculature in high levels, and to a much 

lesser extent in normal tissues outside the reticuloendothelial 

system (Gabizon et al 2003). Indeed, drug levels measured in 

heart muscle after correction for blood content are lower for 

PLD than for conventional doxorubicin, more so when peak 

concentrations are compared (Papahadjopoulos et al 1991). 

Moreover, because the interstitial spaces in the myocardium 

are well drained by lymphatics (Eliskova and Eliska 1989), 

much of the drug carried into this compartment by extravasated 

liposomes may pass through the tissue spaces and enter 

lymphatic flow in encapsulated form without releasing 

doxorubicin. Drug remaining encapsulated while passing 

through the myocardium would not become bioavailable and 

thus would not be expected to contribute to cardiac muscle 

cell toxicity. Another likely mechanism by which liposomal 

doxorubicin may attenuate cardiotoxicity is simply by blunting 

the high plasma peak levels of free drug associated with bolus 

injections of conventional doxorubicin that correlate with 

cardiotoxicity (Lyass et al 2000).

Monitoring cardiotoxicity
Cardiotoxicity of conventional doxorubicin remains a real 

issue despite the introduction of cardioprotectants. Liposomal 

formulations have reduced these concerns with regard to the 

treatment of some forms of malignancy; this is especially true 

with regard to ovarian and breast cancer (O’Brien et al 2004; 

Mrozek et al 2005). Because of the signifi cant heterogene-

ity of anthracycline toxicity, monitoring for early detection 

before the clinical onset of cardiomyopathy is of paramount 

importance in the management of patients receiving anthra-

cycline based chemotherapy. This may lead to appropriate 

intervention when the need arises (Ewer et al 2005).

Endomyocardial biopsy
Billingham et al (1978) developed a histologic scoring system 

based on endomyocardial biopsy that displays higher sensitivity 

for early cardiac damage and has shown good correlation 

with the cumulative dose of anthracyclines (Table 2). 

However, it is an invasive test with its attendant morbidity- 

thus making it impractical for day to day monitoring. The 

histologic changes do not correlate with subsequent risk of 
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CHF, neither does it provide data on myocardial function 

or the clinical state of the patient. Therefore, although 

traditionally considered as the “gold standard” test for the 

evaluation of anthracycline cardiomyopathy, other tests like 

radionuclide ventriculography or echocardiography are used 

more commonly in the evaluation of cardiotoxicity.

Radionuclide ventriculography (RNVG)
A retrospective series, reviewed by Schwartz et al (Schwartz 

et al 1987) on 1487 doxorubicin-treated patients investigated 

over a 7-year interval using RNVG suggests that serial 

RNVG is an appropriate and cost-effective approach for the 

prediction and prevention of impending CHF. Assessment 

of serial LVEF and assessment of regional wall motion by 

RNVG are now an integral part of monitoring cardiotoxicity. 

This accurate and highly reproducible test identifi es high risk 

patients for developing doxorubicin cardiomyopathy includ-

ing: (1) those with a decline of more than 10 ejection fraction 

percentage points from normal baseline to a fi nal value of 

less than 50%; (2) those with a baseline ejection fraction 

of less than 50%. or (3) those receiving a total doxorubicin 

dose of 450 mg/m2.

2D-echocardiography
This is a completely noninvasive test, highly portable, 

does not utilize ionizing radiation, and is readily available. 

Although extensively used in clinical practice, monitoring 

changes in systolic function alone has not achieved the 

desired goal of early detection of subclinical cardiac 

damage. In addition to the parameters measured by RNVG 

(systolic function and wall motion) echocardiography also 

incorporates the diastolic function which some consider to be 

a more accurate predictor of early cardiotoxicity (Stoddard 

et al 1992; Ganz et al 1993) possibly allowing a modifi cation 

of treatment strategies to protect the vulnerable myocardium. 

Indeed, such pre-emptive treatment could contribute to a 

signifi cant reduction in chemotherapy related cardiotoxicity. 

Complete details regarding the methods of performing these 

tests are beyond the scope of this review.

Antimyosin antibody scintigraphy
Radio labeled antimyosin antibody scintigraphy is a very 

sensitive test for the monitoring of anthracycline cardiotoxic-

ity. The myocardial uptake of antimyosin antibody is highly 

correlated with the severity of myocardial injury. In fact at 

a cumulative dose of 240–300 mg/m2 doxorubicin, almost 

all patients will exhibit a positive result (Valdes Olmos 

et al 2002) making it an impractical test to be applied and 

interpreted routinely.

Biomarkers for detection of cardiotoxicity
Troponin levels correlate well with histologic changes 

related to early cardiomyocyte damage in acute myocardial 

infarction (Jaffe et al 2006). Similarly, monitoring with 

brain natriuretic peptides (BNP) has been used to monitor 

patients with CHF (Price et al 2006). However, notwith-

standing some indication that these markers are elevated 

in patients who have experienced anthracycline exposure, 

the tests, as utilized at this time neither have the sensitivity 

nor specifi city to clearly predict a subgroup of patients that 

either should avoid these agents or who should have alter-

nate forms of cardiac monitoring (Nousiainen et al 1999; 

Gaze and Collinson 2005; Polena et al 2005). Additionally, 

troponins and BNP may be elevated in the cancer patient 

for reasons that have not yet been fully elucidated, or to 

conditions that occur more frequently in the cancer patient 

such as ischemic heart disease (Jaffe et al 2006), pulmonary 

embolism (Tulevski et al 2006), and sepsis (Favory and 

Neviere 2006).

Strategies to minimize cardiotoxicity
Strategies to minimize cardiotoxicity include the use of pro-

tective agents such as dexrazoxane (Silber 2004), different 

preparations of anthracyclines, and alternative scheduling 

techniques. Readers are referred to the previous reviews 

where these have been described in details (Iarussi et al 

2001). Liposomal formulations of conventional doxorubicin 

represent one of the recent approaches to ameliorating and or 

preventing the problem of anthracycline cardiotoxicity.

Liposomal anthracyclines
There are various formulations of liposomal anthracy-

clines for human use, including liposomal daunorubicin 

(DaunoXome®), liposomal doxorubicin (D-99, Myocet®), 

and PLD (Doxil® and Caelyx®). However, all conventional 

or pegylated liposomes are not the same. The ratio and the 

composition of various lipids can be modifi ed for different 

liposomal compounds and the percentage of polyethylene 

glycol (PEG) added to the liposome can also be different, 

yielding varied pharmacodynamic properties.

The introduction of targeted therapy in addition to 

conventional chemotherapy for the management for various 

cancers has improved the outlook for patients. More and 

more methodology is being devised to provide relatively safer 

drugs. One such technique is the encapsulation of doxorubicin 

in PEG-coated liposomes (Vail et al 2004). Liposomes are 

microscopic vesicles consisting of a phospholipid bilayer that 

when placed around an active drug alters the pharmacologic 
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and pharmacokinetic profi les of conventional anthracycline. To 

protect the molecule further from phagocytosis, a polyethylene 

glycol (PEG) coating may be used around the liposome bilayer 

by a process known as pegylation, and the new compound is 

called a pegylated liposomal anthracycline. Another rationale 

of encapsulating doxorubicin within liposomes is to allow the 

sequestration of the drug from organs such as the heart and 

gastrointestinal tract that have tight capillary junctions, while 

enhancing delivery of the cytotoxic agent to tumor sites lined 

by compromised vasculature (Hobbs et al 1998). As such the 

drug delivery to the tumor is enhanced, it results in increased 

concentration of the drug at the tumor site. This also confers 

a longer half-life, smaller volume of distribution, and reduced 

clearance of the drug at the tumor site, all resulting in a greater 

effi cacy (Allen and Martin 2004). On the basis of these pharma-

cokinetic principles alone, liposomal doxorubicin has potential 

applications to treat a variety of cancers either alone or as part 

of combination therapy (Vaage et al 1994).

Conventional doxorubicin enters tissues as a concentrated 

pulse. Pegylated liposomes, on the other hand, cause doxoru-

bicin to be slowly released into these tissues over several days, 

and change the biodistribution of the drug away from normal 

tissues. Thus the proportion of doxorubicin that is bioavailable 

at the tumor site at any one time is several times higher than 

it is in normal tissues (Vaage et al 1994). Since only the free 

doxorubicin that is released from the liposome is bioavailable 

doxorubicin concentration does not exceed that of conventional 

doxorubicin except in the sites with extensive reticuloendothe-

lial systems where intact liposomes accumulate (Vaage et al 

1994; Hobbs et al 1998; Allen and Martin 2004; Vail et al 

2004). Since doxorubicin in the plasma remains encapsulated 

in liposomes, the plasma level of free doxorubicin that is 

responsible for toxicity of non-tumor related organs including 

the myocardium remains very low following administration 

of PLD. Thus, toxicity normally associated with conventional 

doxorubicin is signifi cantly decreased. A detailed review of 

the structure, pharmacokinetic, and pharmacodynamics of 

these agents have been discussed elsewhere (Vail et al 2004), 

and is beyond the scope of this review. Moreover, prolonged 

half-life and targeted delivery to the tumor makes it possible 

to use less frequent dosing without diminishing the effi cacy, 

thereby potentially enhancing tolerability and convenience of 

therapy (Vaage et al 1994).

Preclinical treatment models 
of PLD
PLD and other pegylated liposomal formulations of anthra-

cycline have been evaluated in numerous animal models. In 

preclinical models, pegylated liposomal formulations that 

differ either in the lipid make-up of the liposome or the amount 

of  PEG on the surface of the liposome, were shown to be 

equally effective against low- and high-growth fraction tumors 

(Vail et al 2004). It resulted in remission and cure against a wide 

variety of solid cancers including malignancies of the breast, 

lung, ovaries, prostate, colon, bladder, and pancreas, as well 

as against hematologic malignancies including lymphoma, 

and myeloma (Gabizon et al 2006). As adjuvant therapy, it 

was also noted to be equally effective. Additionally, liposomal 

anthracyclines cross the blood-brain barrier to induce remis-

sion in malignancies of the central nervous system (Saito et al 

2004). It also showed additive and synergistic effects when 

used in combination with vincristine or trastuzumab (Bernard-

Marty et al 2006). An interaction between the liposome and 

P-glycoprotein function, as well as increased concentrations 

at tumor site, might even overcome multidrug resistance in 

selected cases. Several investigations are underway following 

these studies which provided preliminary evidence of its many 

potential uses. A summary of some of the more important 

preclinical data follows.

Colon cancer
Tumor burden of doxorubicin-resistant C26 mouse colon can-

cer in Balb/c male mice treated with PLD was markedly inhib-

ited as opposed to no signifi cant inhibition of tumor growth 

with conventional doxorubicin on days 10, 17, and 24 after 

tumor inoculation (Mayhew et al 1990; Huang et al 1992).

Breast cancer
PLD is more effective at inhibiting the growth of xeno-

grafts initiated by subcutaneous inoculation of BT474 and 

MDA MB453 human breast cancer cell lines or primary 

human breast cancer, B585, in nude mice compared with 

the same dose or a higher dose of conventional doxorubi-

cin (Colbern et al 1998). PLD treatment also signifi cantly 

increased the mean survival time of mice with MC2 and 

MC65 tumors, 8 weeks after tumor implantation (Vaage 

et al 1992).

Ovarian and other cancers
Similar anti-tumor activity of PLD and signifi cant increases 

in mean survival time were also evident in nude mice 

implanted either subcutaneously or intraperitoneally (IP) with 

the human ovarian carcinoma HEY (Vaage et al 1993), lung 

cancer (Colbern et al 1999), leukemia (Working and Dayan 

1996), lymphoma (Cabanes et al 1998), and in prostate cancer 

(Vaage et al 1994). However, PLD did not perform as well as 
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conventional doxorubicin in orthotopic xenografts of human 

bladder cancer (Mazurchuk et al 1997).

Cardiotoxicity in preclinical trials
In general, toxicities observed in animals with PLD treat-

ment are similar to but less severe than those of conven-

tional doxorubicin with several important exceptions, most 

notably cardiotoxicity (Working and Dayan 1996). At 

identical cumulative doses of conventional doxorubicin, 

both the incidence and severity of cardiotoxicity were 

either substantially decreased or entirely absent in rats, 

rabbits, and dogs administered PLD (Vaage et al 1994; 

Cabanes et al 1998). The decreased cardiotoxicity may 

be related to the decreased peak concentration of free, 

non-liposomal doxorubicin in the plasma and tissues of 

PLD-treated animals.

Preclinical studies
In preclinical studies, liposomal formulations have been 

classifi ed in different ways depending on the lipid make-up 

of the liposome or the amount of PEG on the surface of the 

liposome; they have been classifi ed as classes I–IV.

Class Ia/Ib liposomal doxorubicin
Rahman and colleagues have extensively studied the 

pharmacological, toxicological, and therapeutic effects 

doxorubicin entrapped in cardiolipin liposomes including 

comparing cardiotoxicity of a type Ia liposomal doxoru-

bicin with that of conventional doxorubicin in groups of 

mice (Rahman et al 1980, 1982, 1984, 1985; Herman et al 

1983). At a dose of 4 mg/kg, the peak cardiac concentration 

achieved in 30 minutes following conventional doxorubicin 

administration was signifi cantly higher than that with the 

drug entrapped in cardiolipin liposomes, resulting in a 

signifi cantly lower histopathologic lesions in cardiac tissue 

of mice as determined by electron microscopy (Rahman 

et al 1980, 1984, 1985; Herman et al 1983). Gokhale et al 

(1996) reported an improved formulation using synthetic 

cardiolipin in 1996 – class Ib – which despite achieving a 

44-fold higher plasma drug levels showed levels in cardiac 

tissue at least 2-fold lower than that observed with conven-

tional doxorubicin in mice.

Class II liposomal doxorubicin
In one representative study of the class II liposomal 

doxorubicin formulation, the cardiac toxicity of conventional 

doxorubicin was compared with that of doxorubicin encap-

sulated in liposomes incorporating phosphatidylcholine, 

phosphatidylserine, both negatively charged, naturally 

occurring phospholipids, and cholesterol (Storm et al 

1989). After 5 daily doses of 2.0 mg/kg, a much lower 

doxorubicin concentration was found in cardiac tissue with 

the administration of the class II liposomal formulation 

relative to conventional doxorubicin given either by bolus 

or infusion. Other studies of class II liposomal formulations 

supported these observations (Gabizon et al 1982, 1983, 

1986). The histopathology scores of myocardial lesions based 

on the method of Bertazzoli et al (Solcia et al 1981) were 

signifi cantly lower for liposomal doxorubicin. Moreover, 

there was a trend to improvement in the off-therapy period 

in the liposomal doxorubicin treated groups.

Class III liposomal doxorubicin
Preclinical studies showed that administration of class III 

doxorubicin liposomes reduces the peak distribution of the 

drug to the heart but effectively delivers doxorubicin to 

tumors (Balazsovits et al 1989; Kanter et al 1993). None 

of the dogs treated with non-PLD (NPLD) had lesions sug-

gestive of cardiomyopathy compared to moderate to severe 

vacuolization of myocardial tissue in those that received 

conventional doxorubicin.

Class IV PLD
Dogs treated with conventional doxorubicin up to a 

cumulative dose of 10 mg/kg showed vacuolization and 

myofi brillar loss in the myocardium, while no histologic 

evidence of cardiotoxicity was seen in dogs exposed to PLD 

(Working et al 1999) either 1 or 5 weeks after treatment. 

In rabbits, progressive cardiomyopathy was seen in both 

conventional and liposomal doxorubicin treatment groups, 

but the cardiomyopathy was more frequent and severe with 

conventional doxorubicin than with PLD.

Clinical trials with liposomal 
anthracyclines
Class I and II liposomal doxorubicin
In a phase II clinical study 20 patients with advanced breast 

cancer were treated with class Ia liposome-encapsulated 

doxorubicin with a cumulative dose greater than 500 mg/m2. 

Five of these 20 underwent endomyocardial biopsies 4 

demonstrating no histologic change (Billingham grade 0) 

and 1 showing mild myofi brillar loss and dilatation of the 

sarcoplasmic reticulum involving less than 5% of cardiac 

myocytes in. The cumulative dosage for these patients was 

up to 750 mg/m2. Even those who had decreases in LVEF 

(2) had no clinical evidence of CHF and a Billingham 
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endomyocardial biopsy score of 0.9. Class II liposomal 

doxorubicin formulations were used in two pilot clinical trials 

but the cumulative doses were too low to assess cardiotoxicity 

(Gabizon et al 1989; Owen et al 1992).

Class III liposomal doxorubicin
The f irst of several large randomized trials involved 

224 women with metastatic breast cancer exposed to equal 

dosages and schedule of NPLD or conventional doxorubi-

cin (Harris et al 2002). There was a signifi cant difference 

in favor of the NLPD in the percentage of patients with 

protocol-defi ned cardiotoxicity and the number of patients 

with CHF despite similar effi cacy of the regimens. The haz-

ard ratio for cardiotoxicity with conventional doxorubicin 

compared with NPLD was 3.56 (p = 0.0001) (Figure 2A). 

Cardiac biopsies in 36 of these patients documented a 

Billingham score �2.5 in 70% of the patients treated with 

conventional doxorubicin compared to 5% of the patients 

treated with NPLD (FDA 2002).

Cardiotoxicity fi ndings of a randomized clinical trial in 

patients with breast cancer using NPLD in combination with 

cyclophosphamide 600 mg/m2 every 3 weeks (MC regimen) 

(Batist et al 2001) were compared with the same doses in the 

conventional doxorubicin plus cyclophosphamide regimen 

(AC regimen). The effi cacy of the two combinations was 

similar but protocol-defi ned cardiotoxicity was signifi cantly 

less common with the MC regimen. Patients were 80% less 

likely to develop cardiotoxicity while on MC compared with 

AC (hazard ratio 4.8) and the time to a cardiac event was 

signifi cantly longer for MC treatment (Figure 2B). There 

was a gradual decrease in median LVEF as the cumulative 

dose of NPLD increased, but this too was less marked than 

was seen with conventional doxorubicin. In another study, no 

signifi cant differences were noted in the incidence of cardio-

toxicity between patients treated with NPLD 75 mg/m2 plus 

cyclophosphamide 600 mg/m2 when compared with the same 

doses of epirubicin and cyclophosphamide. Taken together, 

the randomized trials comparing similar doses of NPLD and 

conventional doxorubicin, either alone or in combination, 

provide strong evidence for the principle that liposomal 

encapsulation of conventional doxorubicin results in a sub-

stantial reduction, but not total eradication, of cardiotoxicity 

(Batist et al 2000).

Anthracyclines in high risk cardiac 
patients
In a subset analyses in 68 high risk cardiac patients (because 

of either prior conventional doxorubicin exposure or other 

risk factors for cardiac disease) performed on pooled 

data from the randomized trials (Batist et al 2000; Winer 

et al 2000), predefi ned cardiotoxicity was documented in 

22% of the patients receiving NPLD and 39% receiving 

conventional doxorubicin despite being exposed to a greater 

cumulative anthracycline dose on the NPLD arm (median, 

308 mg/m2; n = 32) than the conventional doxorubicin arm 

(median, 225 mg/m2; n = 36). CHF was seen in 3% and 

8%, respectively and the cumulative anthracycline dose 

before a cardiac event was 780 and 570 mg/m2 (p = 0.001) 

for NPLD and conventional doxorubicin. Using the same 

database, Winer et al (2000) looked at a subset of patients 

at increased risk of cardiotoxicity as a consequence of 

age (mean 65 years), prior mediastinal/chest irradiation, 

prior adjuvant conventional doxorubicin (240 mg/m2) or 

prior cardiac disease (Winer et al 2000). Cardiotoxicity 

occurred in 10% of those who received NPLD and 26% of 

those who received conventional doxorubicin (p = 0.003). 

CHF was seen in 1% and 7% and the cumulative lifetime 

doxorubicin dose was 785 and 570 mg/m2 (p = 0.0001) 

respectively in the NPLD and conventional doxorubicin 

arms (Winer et al 2000).

NPLD: combinations with other 
cardiotoxic agents
In addition to cumulative-dose concerns, the cardiotoxicity of 

conventional anthracyclines is enhanced by coadministration 

of other cardiotoxic agents such as paclitaxel or trastuzumab. 

However, several small phase I/II trials assessed the effi cacy 

and safety profi le, including the risk for cardiac toxicity, of 

NPLD in combination with cardiotoxic agents. Overall, the 

combination of conventional doxorubicin and trastuzumab 

results in signifi cantly greater cardiotoxicity than the same 

cumulative dose of conventional doxorubicin alone (Slamon 

et al 2001; Theodoulou et al 2002; Trigo et al 2002). How-

ever, until a randomized trial has been completed it will be 

diffi cult to determine how the safety and effi cacy of NPLD 

plus trastuzumab compare with those of conventional doxo-

rubicin and trastuzumab.

NPLD: dose intensifi cation
The reduced cardiotoxicity from NPLD could lead to either 

prolonged duration of administration with higher cumula-

tive lifetime doses or reduced toxicity on dose escalation. 

In two studies that have addressed the latter, no evidence of 

clinical cardiotoxicity was observed (Moore et al 1998), but 

no added therapeutic benefi t to the dose escalation was seen 

(Shapiro et al 1999).



International Journal of Nanomedicine 2007:2(4) 577

Liposomal formulations

Class IV PLD
Myocardial tissue was evaluated for evidence of anthracy-

cline-induced cardiac damage in 10 patients with AIDS-

related KS who had received PLD to cumulative doses of 

440 to 840 mg/m2, and blinded endomyocardial biopsy scores 

were compared with two control groups. PLD-treated patients 

had lower biopsy scores than conventional doxorubicin-

treated patients despite receiving higher cumulative doses of 

anthracycline. Median biopsy scores were 0.3 for PLD, 3.0 

for conventional doxorubicin control group 1 (p = 0.002 vs 

PLD), and 1.25 for conventional doxorubicin control group 

2 (p � 0.001 vs PLD) (Berry et al 1998).

In another study of 5 AIDS patients, when the cumulative 

doses ranged from 1680 mg/m2 to 2360 mg/m2, LVEF on 

echocardiography fell below normal in only one patient, and 

this change was not correlated with clinical manifestations 

of a cardiomyopathy (Mustafa 2001).

PLD: cardiac function in studies
of solid tumors
In a retrospective analysis of 237 patients from 8 phase 

I/II trials of PLD therapy 42 reached or exceeded cumula-

tive doses of 500 mg/m2 (range, 500–1500 mg/m2); serial 

multiple-gated acquisition (MUGA) scans were available 

Figure 2 Cumulative time to a cardiotoxicity endpoint, defi ned as a decrease in LVEF by more than 20 units to a value �50%, a decrease in LVEF by more than 10 units to a 
value �50%, or CHF. (A) Patients who received either NPLD alone or conventional doxorubicin alone (Dox) in a dose of 75 mg/m2 every 3 weeks. From Harris L, Batist G, 
Belt R, et al 2002. Liposome-encapsulated doxorubicin compared with conventional doxorubicin in a randomized multicenter trial as fi rst-line therapy of metastatic breast 
carcinoma. Cancer, 94:25–36. Copyright © 2002 American Cancer Society. This material is reproduced with permission of Wiley-Liss, Inc., a subsidiary of John Wiley and Sons, 
Inc. (B) Patients who received cyclophosphamide 600 mg/m2 every 3 weeks plus either NPLD (MC) or conventional doxorubicin (AC) in a dose of 60 mg/m2 every 3 weeks. 
Reprinted with permission from Batist G, Ramakrishnan G, Rao CS, et al 2001. Reduced cardiotoxicity and preserved antitumor effi cacy of liposome-encapsulated doxorubicin 
and cyclophosphamide compared with conventional doxorubicin and cyclophosphamide in a randomized, multicenter trial of metastatic breast cancer. J Clin Oncol, 19:1444–54. 
Copyright © 2001 American Society of Clinical Oncology.
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for 41 patients: 5 (12%) had �10% decrease in LVEF, but 

no patient had clinical CHF secondary to cardiomyopathy 

(Safra et al 2000). Six patients, including 3 who had received 

conventional doxorubicin previously, underwent endomyo-

cardial biopsies after cumulative doses of 490–1320 mg/m2. 

In fi ve patients, Billingham endomyocardial biopsy scores 

ranged from 0 to 1, while the sixth had a score of 1.5 after 

both 900 and 1320 mg/m2 of PLD. Of the 195 patients who 

received cumulative PLD doses less than 500 mg/m2, one 

episode of CHF was recorded in a 70-year-old woman who 

had previously received chest irradiation and mitoxantrone 

exceeding a cumulative dose of 120 mg/m2.

Results of 10 endomyocardial biopsies in 8 patients 

treated with cumulative anthracycline doses greater than 

550 mg/m2, including more than 400 mg/m2 of PLD have 

been reported (Gabizon et al 2004). The median dose for 

cumulative anthracycline exposure was 908.5 mg/m2 (range, 

498–1680 mg/m2) and the median cumulative PLD dose 

was 707.5 mg/m2 (range, 490–1485 mg/m2). In spite of high 

cumulative doses of PLD and, in some cases, prior treatment 

with conventional doxorubicin, endomyocardial biopsy 

scores showed very limited damage relative to what would 

be expected from similar cumulative doses of conventional 

doxorubicin alone (Wolf 2001).

In retrospective studies of patients with  gynecologic 

cancers, maintenance PLD treatment in 18 patients with 

recurrent malignancy showed no clinical cardiac dysfunc-

tion; no changes in LVEF or symptomatic CHF were seen 

(Muggia et al 2004; Uyar et al 2004). Cardiac function was 

systematically evaluated as part of a pivotal randomized trial 

in which 474 patients with advanced ovarian cancer received 

either PLD 50 mg/m2 every 4 weeks or topotecan (Gordon 

et al 2001). No patient on either arm of the study developed 

CHF. At the time of the most recent report of results from 

this trial, 132 of the PLD-treated patients had both a base-

line and at least one subsequent LVEF assessment; 61 of 

these patients received cumulative PLD doses in excess of 

300 mg/m2 and 14 received more than 450 mg/m2 (highest 

cumulative dose = 1301 mg/m2) Three of the 61 patients 

showed a �20% absolute decrease in LVEF from baseline 

and three had at least one follow-up LVEF �45% (two of 

whom began the study with LVEF �45%). None of these 

patients showed clinical signs or symptoms of CHF and there 

was no evidence of a relationship between cumulative PLD 

dose and change from baseline LVEF.

In another randomized trial, 301 patients with metastatic 

breast cancer of whom 83% had received conventional anthra-

cyclines previously and 37% were considered resistant to 

anthracycline therapy were evaluated (Keller et al 2004). The 

lifetime cumulative dose of anthracycline exceeded 450 mg/m2 

in 34 patients and exceeded 600 mg/m2 in 14 patients on the 

PLD arm. Twenty-two of the PLD-treated patients met one 

or both criteria for LVEF change from baseline, but none of 

the patients developed signs or symptoms of CHF. Eight of 

these 22 patients had received a cumulative anthracycline dose 

�450 mg/m2 (pretreatment anthracycline plus PLD). Only one 

patient discontinued PLD treatment because of a decrease in 

LVEF, but it was not clear that this was related to PLD in part 

because the cumulative lifetime anthracycline dose was only 

199 mg/m2.

Cardiac toxicity from PLD has been compared with 

conventional doxorubicin in two randomized trials. A ran-

domized trial directly comparing PLD and conventional 

doxorubicin was attempted but discontinued early because 

of excessive cardiotoxicity in the conventional doxorubicin 

arm (Moore et al 1998). The overall response rates were 70% 

to conventional doxorubicin/paclitaxel and 69% to PLD/

paclitaxel. None of the patients who received PLD/paclitaxel 

had cardiotoxicity. Six of the 10 patients given conventional 

doxorubicin developed cardiotoxicity with reduction in 

LVEF from 60% at the end of the last cycle of chemotherapy 

to 10% 3 weeks later. Cardiac function remained abnormal 

for the remainder of the lives of 2 patients. Variable cardiac 

toxicity (grade 1–3) was noted in the other four patients. 

In another trial, 509 patients with metastatic breast cancer 

were randomly assigned to receive either PLD 50 mg/m2 

every 4 weeks or conventional doxorubicin 60 mg/m2 every 

3 weeks (O’Brien et al 2004). There were no signifi cant dif-

ferences in cardiac event-free survival between the PLD and 

conventional doxorubicin groups. However, 16% of patients 

continued PLD treatment for more than 9 months, compared 

with only 1% of patients receiving conventional doxorubicin. 

Ten patients (4%) on the PLD arm and 48 patients (19%) on 

the conventional doxorubicin arm developed cardiotoxicity. 

Of these patients, none on the PLD arm and 10 (4%) on 

the conventional doxorubicin arm had signs or symptoms 

of CHF. The likelihood of experiencing a cardiac event 

was 3.2 times greater on the conventional doxorubicin arm 

(p = 0.0006) (Figure 3). PLD was also signifi cantly less car-

diotoxic than conventional doxorubicin among patients who 

had received prior anthracycline treatment and those who 

had a cardiac risk factor at baseline. Despite the differences 

in dose and schedule of the two anthracycline formulations, 

this study suggested that patients can be treated for longer 

periods with PLD with less risk of cardiotoxicity and similar 

progression-free survival (O’Brien et al 2004).



International Journal of Nanomedicine 2007:2(4) 579

Liposomal formulations

PLD in combination with other 
cardiotoxic drugs
Early results of clinical trials suggest that combining 

trastuzumab or a taxane with PLD significantly reduces 

cardiotoxicity risk without reducing chemotherapeutic 

effi cacy. In a nonrandomized trial by the Eastern Cooperative 

Oncology Group (ECOG 3198) the cardiac safety of PLD 

plus docetaxel, with or without trastuzumab, was evaluated 

in patients with HER2/neu-negative tumors and in patients 

with tumors that overexpressed HER2/neu. The addition of 

trastuzumab to PLD and docetaxel did not appear to increase 

the risk of cardiotoxicity as no cases of CHF were reported on 

either treatment arm. In a separate phase II trial in 30 patients 

with HER2-positive metastatic breast cancer (Chia et al 2006) 

receiving PLD 50 mg/m2 every 4 weeks and trastuzumab 

(4 mg/kg loading dose then 2 mg/kg weekly) only 3 patients 

experienced protocol-defi ned cardiotoxicity, all had received 

prior anthracyclines, but no patient had symptomatic CHF. 

However, demonstration that the combination of PLD with 

trastuzumab is safer than conventional doxorubicin plus 

trastuzumab must await completion of these ongoing studies.

Liposomal daunorubicin
Confl icting results emerged from clinical trials evaluating 

cardiac safety of liposomal daunorubicin. A randomized 

clinical trial of KS included 116 patients who received DNX 

40 mg/m2 every 2 weeks (Gill et al 1996) no cases of LVEF 

decline �20% was demonstrated on total of 115 repeat LVEF 

determinations. However, in a phase I study of patients with 

metastatic breast cancer, 1 in 5 patients experienced asymp-

tomatic cardiotoxicity with �15% decline in baseline LVEF 

at cumulative DNX doses of 800, 960, and 600 mg/m2 (plus 

300 mg/m2 of adjuvant conventional doxorubicin therapy) 

(O’Byrne et al 2002). In another study of 122 patients, 2 

patients who received DNX 150 mg/m2 (1 with a cumula-

tive dose of 900 mg/m2) experienced cardiotoxicity and 

died. During 6 months of follow-up in 14 patients, LVEF 

fell below 45% in one patient. The cardiotoxicity was more 

problematic with pediatric malignancies. In 14 children with 

recurrent or progressive brain tumor, DNX therapy (up to 

600 mg/m2 total) was associated with slight cardiotoxicity in 

three patients (21%) and a mean overall decrease of 13.8% 

in LVEF (Lippens 1999). A subsequent phase I study of 

48 children 1–18 years old was not completed because of 

evidence of cumulative cardiac toxicity (Lowis et al 2002). 

Thus while long-term cardiac safety studies with DNX are 

not available, in the short term cardiotoxicity may limit the 

usefulness of DNX.

Conclusion
Encapsulating conventional doxorubicin into pegylated 

liposomes has opened new avenues of study for improve-

ment of cancer treatment without a concomitant increase in 

toxicity. The liposomal components of PLD change the basic 

Figure 3 Cardiac event-free survival for PLD versus conventional doxorubicin in a randomized comparison of 509 patients with metastatic breast cancer. Cardiac event 
was defi ned as a decrease in LVEF by more than 20 units to a normal value, a decrease in LVEF by more than 10 units to an abnormal value, or CHF Patients received either 
PLD 50 mg/m2 every 4 weeks or conventional doxorubicin 60 mg/m2 every 3 weeks. The cumulative anthracycline dose included exposure before entry onto trial plus the 
total amount received during the course of the study. Adapted with permission from O’Brien ME, Wigler N, Inbar M, et al. 2004. Reduced cardiotoxicity and comparable 
effi cacy in a phase III trial of pegylated liposomal doxorubicin HCl (CAELYX/Doxil) versus conventional doxorubicin for fi rst-line treatment of metastatic breast cancer. Ann 
Oncol, 15:440–9. Copyright © 2004 Oxford University Press.
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pharmacology and pharmacokinetics of the conventional 

doxorubicin it encapsulates. These changes effectively allow 

PLD to travel to and concentrate in tumors without excess 

exposure of normal cells, thus raising the therapeutic index 

for conventional doxorubicin delivered in this manner. These 

attributes are refl ected in data from numerous preclinical 

studies, providing proof of principle that pegylated liposome-

encapsulated cytotoxic drugs, either alone or as part of 

combination therapy, have a variety of potential applications 

in the treatment of cancers. The limited available clinical 

evidence suggests that liposomal anthracyclines can be used 

in place of conventional anthracyclines to reduce the risk of 

cardiotoxicity without reducing the effi cacy of therapy in the 

treatment of some malignancies. Further results are eagerly 

awaited from ongoing controlled trials of cardiac safety with 

long-term liposomal anthracycline therapy, either alone or 

in combination with cardiotoxic agents.

Similarly, future developments in the rapidly evolving 

fi eld of pharmacogenomics are likely to permit oncologists 

to tailor therapy to optimize therapeutic effectiveness, 

while minimizing toxicity. There are genuine reasons 

to be enthusiastic. Further, it can be anticipated that our 

growing understanding of the critical role of specifi c 

molecular events in individual cancers will permit 

the development of prognostic and, most importantly, 

predictive biomarkers, which will aid in the selection of 

optimal management strategies for individual patients. In 

addition, it is important to continue to aggressively explore 

innovative methods of using established cytotoxic agents 

such as regional treatment, maintenance therapy, weekly/

daily delivery schedules, and concurrent chemotherapy-

radiation therapy.

References
Al-Nasser IA. 1998. In vivo prevention of adriamycin cardiotoxicity by 

cyclosporin A or FK506. Toxicology, 131:175–81.
Ali MK, Ewer MS, Gibbs HR, et al. 1994. Late doxorubicin-associated 

cardiotoxicity in children. The possible role of intercurrent viral 
infection. Cancer, 74:182–8.

Allen TM, Martin FJ. 2004. Advantages of liposomal delivery systems for 
anthracyclines. Semin Oncol, 31:5–15.

Andrieu-Abadie N, Jaffrezou JP, Hatem S, et al. 1999. L-carnitine prevents 
doxorubicin-induced apoptosis of cardiac myocytes: role of inhibition 
of ceramide generation. Faseb J, 13:1501–10.

[Anon] 2000. Favourable and unfavourable effects on long-term survival 
of radiotherapy for early breast cancer: an overview of the randomised 
trials. Early Breast Cancer Trialists’ Collaborative Group. Lancet, 
355:1757–70.

Balazsovits JA, Mayer LD, Bally MB, et al. 1989. Analysis of the effect of 
liposome encapsulation on the vesicant properties, acute and cardiac 
toxicities, and antitumor effi cacy of doxorubicin. Cancer Chemother 
Pharmacol, 23:81–6.

Banks J, Marmot M, Oldfi eld Z, et al. 2006. Disease and disadvantage in 
the United States and in England. JAMA, 295:2037–45.

Batist G, Harris L, Azarnia N. 2000. Improved therapeutic index of TLC D-99 
(liposome-encapsulated doxorubicin) compared to free doxorubicin 
in fi rst-line treatment of metastatic breast cancer in patients who had 
received prior adjuvant doxorubicin. Am Soc Clin Oncol.

Batist G, Ramakrishnan G, Rao CS, et al. 2001. Reduced cardiotoxicity and 
preserved antitumor effi cacy of liposome-encapsulated doxorubicin 
and cyclophosphamide compared with conventional doxorubicin and 
cyclophosphamide in a randomized, multicenter trial of metastatic breast 
cancer. J Clin Oncol, 19:1444–54.

Bernard-Marty C, Lebrun F, Awada A, et al. 2006. Monoclonal antibody-
based targeted therapy in breast cancer: current status and future direc-
tions. Drugs, 66:1577–91.

Berry G, Billingham M, Alderman E, et al. 1998. The use of cardiac biopsy to 
demonstrate reduced cardiotoxicity in AIDS Kaposi’s sarcoma patients 
treated with pegylated liposomal doxorubicin. Ann Oncol, 9:711–16.

Billingham M, Bristow MR. 1984. Evaluation of anthracycline cardiotox-
icity: predictive ability and functional correlation of endomyocardial 
biopsy. Cancer Treatment Symptoms, 71–6.

Billingham ME, Mason JW, Bristow MR, et al. 1978. Anthracycline 
cardiomyopathy monitored by morphologic changes. Cancer Treat 
Rep, 62:865–72.

Bordoni A, Biagi P, Hrelia S. 1999. The impairment of essential fatty acid 
metabolism as a key factor in doxorubicin-induced damage in cultured 
rat cardiomyocytes. Biochim Biophys Acta, 1440:100–6.

Brigger I, Dubernet C, Couvreur P. 2002. Nanoparticles in cancer therapy 
and diagnosis. Adv Drug Deliv Rev, 54:631–51.

Cabanes A, Tzemach D, Goren D, et al. 1998. Comparative study of the 
antitumor activity of free doxorubicin and polyethylene glycol-coated 
liposomal doxorubicin in a mouse lymphoma model. Clin Cancer 
Res, 4:499–505.

[CDCP] 2006. Centers for Disease Control and Prevention Statistics 
Data.

Chia S, Clemons M, Martin LA, et al. 2006. Pegylated liposomal doxorubi-
cin and trastuzumab in HER-2 overexpressing metastatic breast cancer: 
a multicenter phase II trial. J Clin Oncol, 24:2773–8.

Colbern G, Hiller A, Musterer R. 1999. Signifi cant increase in antitumor 
potency of doxorubicin HCl by its encapsulation in pegylated liposomes 
(Doxil). J Liposome Res, 523–38.

Colbern GT, Dykes DJ, Engbers C, et al. 1998. Encapsulation of the 
topoisomerase I inhibitor GL147211C in pegylated (STEALTH) lipo-
somes: pharmacokinetics and antitumor activity in HT29 colon tumor 
xenografts. Clin Cancer Res, 4:3077–82.

Dombernowsky P, Gehl J, Boesgaard M, et al. 1996. Doxorubicin and 
paclitaxel, a highly active combination in the treatment of metastatic 
breast cancer. Semin Oncol, 23:23–7.

Eliskova M, Eliska O. 1989. Light microscopy of the lymphatics of the 
human atrial wall and lymphatic drainage of supraventricular pacemak-
ers. Int Angiol, 8:1–6.

Ewer MS, Ali MK, Mackay B, et al. 1984. A comparison of cardiac biopsy 
grades and ejection fraction estimations in patients receiving Adriamy-
cin. J Clin Oncol, 2:112–17.

Ewer MS, Martin FJ, Henderson C, et al. 2004. Cardiac safety of liposomal 
anthracyclines. Semin Oncol, 31:161–81.

Ewer MS, Vooletich MT, Durand JB, et al. 2005. Reversibility of 
trastuzumab-related cardiotoxicity: new insights based on clinical 
course and response to medical treatment. J Clin Oncol, 23:7820–6.

Falcone G, Filippelli W, Mazzarella B, et al. 1998. Cardiotoxicity of doxo-
rubicin: effects of 21-aminosteroids. Life Sci, 63:1525–32.

Favory R, Neviere R. 2006. Bench-to-bedside review: signifi cance and 
interpretation of elevated troponin in septic patients. Crit Care, 
10:224.

[FDA] Food and Drug Administration Center for Drug Evaluation and 
Research. 2002. Sixty-third meeting of the oncologic drugs advisory 
committee. Silver Spring, MD.

Gabizon A, Dagan A, Goren D, et al. 1982. Liposomes as in vivo carriers 
of adriamycin: reduced cardiac uptake and preserved antitumor activity 
in mice. Cancer Res, 42:4734–9.



International Journal of Nanomedicine 2007:2(4) 581

Liposomal formulations

Gabizon A, Goren D, Fuks Z, et al. 1983. Enhancement of adriamycin 
delivery to liver metastatic cells with increased tumoricidal effect using 
liposomes as drug carriers. Cancer Res, 43:4730–5.

Gabizon A, Goren D, Horowitz AT. 1997. Long-circulating liposomes for 
drug delivery in cancer therapy: A review of biodistribution studies in 
tumor-bearing animals. Adv Drug Deliv Rev, 337–44.

Gabizon, A., Meshorer, A. and Barenholz, Y. 1986 Comparative long-
term study of the toxicities of free and liposome-associated doxo-
rubicin in mice after intravenous administration. J Natl Cancer Inst, 
77:459–69.

Gabizon A, Peretz T, Sulkes A, et al. 1989. Systemic administration of 
doxorubicin-containing liposomes in cancer patients: a phase I study. 
Eur J Cancer Clin Oncol, 25:1795–803.

Gabizon A, Shmeeda H, Barenholz Y. 2003. Pharmacokinetics of pegylated 
liposomal Doxorubicin: review of animal and human studies. Clin 
Pharmacokinet, 42:419–36.

Gabizon AA, Lyass O, Berry GJ, et al. 2004. Cardiac safety of pegylated 
liposomal doxorubicin (Doxil/Caelyx) demonstrated by endomyocar-
dial biopsy in patients with advanced malignancies. Cancer Invest, 
22:663–9.

Gabizon AA, Shmeeda H, Zalipsky S. 2006. Pros and cons of the liposome 
platform in cancer drug targeting. J Liposome Res, 16:175–83.

Ganz WI, Sridhar KS, Forness TJ. 1993. Detection of early anthracycline 
cardiotoxicity by monitoring the peak fi lling rate. Am J Clin Oncol, 
16:109–12.

Gaudin PB, Hruban RH, Beschorner WE, et al. 1993. Myocarditis associated 
with doxorubicin cardiotoxicity. Am J Clin Pathol, 100:158–63.

Gaze DC, Collinson PO. 2005. Cardiac troponins as biomarkers of drug- and 
toxin-induced cardiac toxicity and cardioprotection. Expert Opin Drug 
Metab Toxicol, 1:715–25.

Genentech I. 2003. Herceptin (trastuzumab) prescribing information. 
USA.

Gianni L, Dombernowsky P, Sledge G, et al. 2001. Cardiac function 
following combination therapy with paclitaxel and doxorubicin: an 
analysis of 657 women with advanced breast cancer. Ann Oncol, 
12:1067–73.

Gianni L, Munzone E, Capri G, et al. 1995. Paclitaxel by 3-hour infusion 
in combination with bolus doxorubicin in women with untreated 
metastatic breast cancer: high antitumor eff icacy and cardiac 
effects in a dose-fi nding and sequence-fi nding study. J Clin Oncol, 
13:2688–99.

Gianni L, Vigano L, Locatelli A, et al. 1997. Human pharmacokinetic 
characterization and in vitro study of the interaction between doxo-
rubicin and paclitaxel in patients with breast cancer. J Clin Oncol, 
15:1906–15.

Gill PS, Wernz J, Scadden DT, et al. 1996. Randomized phase III trial of 
liposomal daunorubicin versus doxorubicin, bleomycin, and vincristine 
in AIDS-related Kaposi’s sarcoma. J Clin Oncol, 14:2353–64.

Gokhale PC, Radhakrishnan B, Husain SR, et al. 1996. An improved method 
of encapsulation of doxorubicin in liposomes: pharmacological, toxico-
logical and therapeutic evaluation. Br J Cancer, 74:43–8.

Gordon AN, Fleagle JT, Guthrie D, et al. 2001. Recurrent epithelial ovar-
ian carcinoma: a randomized phase III study of pegylated liposomal 
doxorubicin versus topotecan. J Clin Oncol, 19:3312–22.

Harris L, Batist G, Belt R, et al. 2002. Liposome-encapsulated doxorubicin 
compared with conventional doxorubicin in a randomized multicenter 
trial as fi rst-line therapy of metastatic breast carcinoma. Cancer, 
94:25–36.

Hequet O, Le QH, Moullet I, et al. 2004. Subclinical late cardiomyopathy 
after doxorubicin therapy for lymphoma in adults. J Clin Oncol, 
22:1864–71.

Herman EH, Rahman A, Ferrans VJ, et al. 1983. Prevention of chronic 
doxorubicin cardiotoxicity in beagles by liposomal encapsulation. 
Cancer Res, 43:5427–32.

Hobbs SK, Monsky WL, Yuan F, et al. 1998. Regulation of transport path-
ways in tumor vessels: role of tumor type and microenvironment. Proc 
Natl Acad Sci USA, 95:4607–12.

Huang SK, Mayhew E, Gilani S, et al. 1992. Pharmacokinetics and 
therapeutics of sterically stabilized liposomes in mice bearing C-26 
colon carcinoma. Cancer Res, 52:6774–81.

Iarussi D, Indolfi  P, Casale F, et al. 2001. Recent advances in the prevention 
of anthracycline cardiotoxicity in childhood. Curr Med Chem, 
8:1649–60.

Jaffe AS, Babuin L, Apple FS. 2006. Biomarkers in acute cardiac disease: 
the present and the future. J Am Coll Cardiol, 48:1–11.

Kanter PM, Bullard GA, Ginsberg RA, et al. 1993. Comparison of the 
cardiotoxic effects of liposomal doxorubicin (TLC D-99) versus free 
doxorubicin in beagle dogs. In Vivo, 7:17–26.

Keller AM, Mennel RG, Georgoulias VA, et al. 2004. Randomized phase 
III trial of pegylated liposomal doxorubicin versus vinorelbine or mito-
mycin C plus vinblastine in women with taxane-refractory advanced 
breast cancer. J Clin Oncol, 22:3893–901.

Kremer LC, Van Dalen EC, Offringa M, et al. 2001. Anthracycline-induced 
clinical heart failure in a cohort of 607 children: long-term follow-up 
study. J Clin Oncol, 19:191–6.

Lippens RJ. 1999. Liposomal daunorubicin (DaunoXome) in children 
with recurrent or progressive brain tumors. Pediatr Hematol Oncol, 
16:131–9.

Lipshultz SE. 2006. Exposure to anthracyclines during childhood causes 
cardiac injury. Semin Oncol, 33:S8–14.

Lipshultz SE, Colan SD, Gelber RD, et al. 1991. Late cardiac effects of 
doxorubicin therapy for acute lymphoblastic leukemia in childhood. 
N Engl J Med, 324:808–15.

Lowis S, Lewis I, Elsworth A. 2002. Cardiac toxicity may limit the use-
fulness of liposomal daunorubicin (DaunoXome): Results of a phase 
I study in children with relapsed or resistant tumours-A UKCCSG/SFOP 
study. Lowis S, Lewis I, Elsworth A.

Lyass O, Uziely B, Ben-Yosef R, et al. 2000. Correlation of toxicity with 
pharmacokinetics of pegylated liposomal doxorubicin (Doxil) in meta-
static breast carcinoma. Cancer, 89:1037–47.

Mackay B, Ewer MS, Carrasco CH, et al. 1994. Assessment of anthracy-
cline cardiomyopathy by endomyocardial biopsy. Ultrastruct Pathol, 
18:203–11.

Maeda A, Honda M, Kuramochi T, et al. 1998. Doxorubicin car-
diotoxicity: diastolic cardiac myocyte dysfunction as a result of 
impaired calcium handling in isolated cardiac myocytes. Jpn Circ 
J, 62:505–11.

Mayhew E, Cimino M, Klemperer J, et al. 1990. Free and liposomal doxo-
rubicin treatment of intraperitoneal colon 26 tumor: therapeutic and 
pharmacologic studies. Sel Cancer Ther, 6:193–209.

Mazurchuk R, Glaves D, Raghavan D. 1997. Magnetic resonance imaging 
of response to chemotherapy in orthotopic xenografts of human bladder 
cancer. Clin Cancer Res, 3:1635–41.

Minotti G, Ronchi R, Salvatorelli E, et al. 2001. Doxorubicin irreversibly 
inactivates iron regulatory proteins 1 and 2 in cardiomyocytes: 
evidence for distinct metabolic pathways and implications for 
iron-mediated cardiotoxicity of antitumor therapy. Cancer Res, 
61:8422–8.

Moore MR, Srinivasiah J, Feinberg BA. 1998. Phase II randomized trial 
of doxorubicin plus paclitaxel (AT) versus doxorubicin HCl liposome 
injection (Doxil) plus paclitaxel (DT) in metastatic breast cancer. Am 
Soc Clin Oncologist.

Mrozek E, Rhoades CA, Allen J, et al. 2005. Phase I trial of liposomal 
encapsulated doxorubicin (Myocet; D-99) and weekly docetaxel in 
advanced breast cancer patients. Ann Oncol, 16:1087–93.

Muggia F, Kim E, Downey A. 2004. Safety of prolonged Doxil administra-
tion in recurrent gynecologic cancers. Am Soc Clin Oncol.

Mustafa MH. 2001. Decreased risk of cardiotoxicity with long-term use of 
Doxil/Caelyx at high lifetime cumulative doses in patients with AIDS-
related Kaposi’s sarcoma (KS). Am Soc Clin Oncol.

Na K, Bae YH. 2002. Self-assembled hydrogel nanoparticles responsive to 
tumor extracellular pH from pullulan derivative/sulfonamide conjugate: 
characterization, aggregation, and adriamycin release in vitro. Pharm 
Res, 19:681–8.



International Journal of Nanomedicine 2007:2(4)582

Rahman et al

Nousiainen T, Jantunen E, Vanninen E, et al. 1999. Natriuretic peptides 
as markers of cardiotoxicity during doxorubicin treatment for non-
Hodgkin’s lymphoma. Eur J Haematol, 62:135–41.

O’Brien ME, Wigler N, Inbar M, et al. 2004. Reduced cardiotoxicity and 
comparable effi cacy in a phase III trial of pegylated liposomal doxorubi-
cin HCl (CAELYX/Doxil) versus conventional doxorubicin for fi rst-line 
treatment of metastatic breast cancer. Ann Oncol, 15:440–9.

O’Byrne KJ, Thomas AL, Sharma RA, et al. 2002. A phase I dose-escalating 
study of DaunoXome, liposomal daunorubicin, in metastatic breast 
cancer. Br J Cancer, 87:15–20.

Owen RR, Sells RA, Gilmore IT, et al. 1992. A phase I clinical evaluation 
of liposome-entrapped doxorubicin (Lip-Dox) in patients with primary 
and metastatic hepatic malignancy. Anticancer Drugs, 3:101–7.

Papahadjopoulos D, Allen TM, Gabizon A, et al. 1991. Sterically stabilized 
liposomes: improvements in pharmacokinetics and antitumor therapeu-
tic effi cacy. Proc Natl Acad Sci USA, 88:11460–4.

Polena S, Shikara M, Naik S, et al. 2005. Troponin I as a marker of doxoru-
bicin induced cardiotoxicity. Proc West Pharmacol Soc, 48:142–4.

Price JF, Thomas AK, Grenier M, et al. 2006. B-type natriuretic peptide pre-
dicts adverse cardiovascular events in pediatric outpatients with chronic 
left ventricular systolic dysfunction. Circulation, 114:1063–9.

Rahman A, Fumagalli A, Goodman A, et al. 1984. Potential of liposomes 
to ameliorate anthracycline-induced cardiotoxicity. Semin Oncol, 
11:45–55.

Rahman A, Kessler A, More N, et al. 1980. Liposomal protection of 
adriamycin-induced cardiotoxicity in mice. Cancer Res, 40:1532–7.

Rahman A, More N, Schein PS. 1982. Doxorubicin-induced chronic 
cardiotoxicity and its protection by liposomal administration. Cancer 
Res, 42:1817–25.

Rahman A, White G, More N, et al. 1985. Pharmacological, toxicologi-
cal, and therapeutic evaluation in mice of doxorubicin entrapped in 
cardiolipin liposomes. Cancer Res, 45:796–803.

Safra T, Muggia F, Jeffers S, et al. 2000. Pegylated liposomal doxorubicin 
(doxil): reduced clinical cardiotoxicity in patients reaching or exceeding 
cumulative doses of 500 mg/m2. Ann Oncol, 11:1029–33.

Saito R, Bringas JR, Mcknight TR, et al. 2004. Distribution of liposomes 
into brain and rat brain tumor models by convection-enhanced 
delivery monitored with magnetic resonance imaging. Cancer Res, 
64:2572–9.

Schiffelers RM, Bakker-Woudenberg IA, Storm G. 2000. Localization of ste-
rically stabilized liposomes in experimental rat Klebsiella pneumoniae 
pneumonia: dependence on circulation kinetics and presence of poly 
(ethylene)glycol coating. Biochim Biophys Acta, 1468:253–61.

Schwartz RG, Mckenzie WB, Alexander J, et al. 1987. Congestive heart fail-
ure and left ventricular dysfunction complicating doxorubicin therapy. 
Seven-year experience using serial radionuclide angiocardiography. 
Am J Med, 82:1109–18.

Serrano J, Palmeira CM, Kuehl DW, et al. 1999. Cardioselective and cumula-
tive oxidation of mitochondrial DNA following subchronic doxorubicin 
administration. Biochim Biophys Acta, 1411:201–5.

Shapiro CL, Ervin T, Welles L, et al. 1999. Phase II trial of high-dose 
liposome-encapsulated doxorubicin with granulocyte colony-
stimulating factor in metastatic breast cancer. TLC D-99 Study Group. 
J Clin Oncol, 17:1435–41.

Shapiro CL, Hardenbergh PH, Gelman R, et al. 1998. Cardiac effects of 
adjuvant doxorubicin and radiation therapy in breast cancer patients. 
J Clin Oncol, 16:3493–501.

Shapiro CL, Recht A. 2001. Side effects of adjuvant treatment of breast 
cancer. N Engl J Med, 344:1997–2008.

Silber JH. 2004. Can dexrazoxane reduce myocardial injury in anthracy-
cline-treated children with acute lymphoblastic leukemia? Nat Clin 
Pract Oncol, 1:16–7.

Silva GA. 2004. Introduction to nanotechnology and its applications to 
medicine. Surg Neurol, 61:216–20.

Slamon DJ, Leyland-Jones B, Shak S, et al. 2001. Use of chemotherapy 
plus a monoclonal antibody against HER2 for metastatic breast cancer 
that overexpresses HER2. N Engl J Med, 344:783–92.

Solcia E, Ballerini L, Bellini O, et al. 1981. Cardiomyopathy of doxorubicin 
in experimental animals, Factors affecting the severity, distribution and 
evolution of myocardial lesions. Tumori, 67:461–72.

Steinherz LJ, Steinherz PG, Tan CT, et al. 1991. Cardiac toxicity 4 to 20 
years after completing anthracycline therapy. JAMA, 266:1672–7.

Stoddard MF, Seeger J, Liddell NE, et al. 1992. Prolongation of iso-
volumetric relaxation time as assessed by Doppler echocardiography 
predicts doxorubicin-induced systolic dysfunction in humans. J Am 
Coll Cardiol, 20:62–9.

Storm G, Van Hoesel QG, De Groot G, et al. 1989. A comparative study on 
the antitumor effect, cardiotoxicity and nephrotoxicity of doxorubicin 
given as a bolus, continuous infusion or entrapped in liposomes in the 
Lou/M Wsl rat. Cancer Chemother Pharmacol, 24:341–8.

Swain SM, Whaley FS, Ewer MS. 2003. Congestive heart failure in patients 
treated with doxorubicin: a retrospective analysis of three trials. Cancer, 
97:2869–79.

Tan-Chiu E, Yothers G, Romond E, et al. 2005. Assessment of cardiac 
dysfunction in a randomized trial comparing doxorubicin and cyclo-
phosphamide followed by paclitaxel, with or without trastuzumab as 
adjuvant therapy in node-positive, human epidermal growth factor 
receptor 2-overexpressing breast cancer: NSABP B-31. J Clin Oncol, 
23:7811–19.

Tardi PG, Boman NL, Cullis PR. 1996. Liposomal doxorubicin. J Drug 
Target, 4:129–40.

Theodoulou M, Campos SM, Batist G. 2002. TLC D99 (D, Myocet) and 
Herceptin (H) is safe in advanced breast cancer (ABC): Final cardiac 
safety and effi cacy analysis. Am Soc Clin Oncol.

Topalov V, Popovic K, Cikos J, et al. 1981. Cardiotoxic aspects of dauno-
rubicin used in the treatment of acute myeloblastic and lymphoblastic 
leukoses. Med Pregl, 34:119–22.

Trigo J, Climent MA, Gil M. 2002. Cardiac safety and activity of a phase 
I study of 3-weekly myocet in combination with weekly herceptin and 
paclitaxel in HER2-positive (HER2+) locally advanced or metastatic 
breast cancer (LA/MBC). Am Soc Clin Oncol.

Tulevski II, Wolde MT, Van Veldhuisen DJ, et al. 2006. Combined utility 
of brain natriuretic peptide and cardiac troponine T may improve rapid 
triage and risk stratifi cation in normotensive patients with pulmonary 
embolism. Int J Cardiol.

Uyar D, Kulp B, Peterson G, et al 2004. Cardiac safety profi le of prolonged 
(�or=6 cycles) pegylated liposomal doxorubicin administration in 
patients with gynecologic malignancies. Gynecol Oncol, 94:147–51.

Vaage J, Barbera-Guillem E, Abra R, et al. 1994. Tissue distribution and 
therapeutic effect of intravenous free or encapsulated liposomal doxoru-
bicin on human prostate carcinoma xenografts. Cancer, 73:1478–84.

Vaage J, Donovan D, Mayhew E, et al. 1993. Therapy of human ovarian 
carcinoma xenografts using doxorubicin encapsulated in sterically 
stabilized liposomes. Cancer, 72:3671–5.

Vaage J, Mayhew E, Lasic D, et al. 1992. Therapy of primary and metastatic 
mouse mammary carcinomas with doxorubicin encapsulated in long 
circulating liposomes. Int J Cancer, 51:942–8.

Vail DM, Amantea MA, Colbern GT, et al. 2004. Pegylated liposomal 
doxorubicin: proof of principle using preclinical animal models and 
pharmacokinetic studies. Semin Oncol, 31:16–35.

Valagussa P, Capri G, Moliterni A. 2001. Cardiac safety of doxorubicin (A) 
and paclitaxel (T) at 5-year follow-up in women with breast cancer. 
Proc Am Soc Clin Oncol, 134a.

Valdes Olmos RA, Carrio I, Hoefnagel CA, et al 2002. High sensitivity 
of radiolabelled antimyosin scintigraphy in assessing anthracycline 
related early myocyte damage preceding cardiac dysfunction. Nucl 
Med Commun, 23:871–7.

Von Hoff DD, Layard MW, Basa P, et al. 1979. Risk factors for doxorubicin-
induced congestive heart failure. Ann Intern Med, 91:710–17.

Winer E, Batist G, Belt R. 2000. Reduced cardiotoxicity of liposome-
encapsulated doxorubicin (TLC D-99) compared to free doxoru-
bicin in fi rst-line therapy of metastatic breast cancer in patients at 
increased risk for anthracycline-induced cardiac toxicity. Am Soc 
Clin Oncol.



International Journal of Nanomedicine 2007:2(4) 583

Liposomal formulations

Wolf J. 2001. Retrospective analysis of pegylated liposomal doxorubicin 
and cardiotoxicity. Am Soc Clin Oncol.

Wolff AC. 2003. Liposomal anthracyclines and new treatment approaches 
for breast cancer. Oncologist, 8 (Suppl 2):25–30.

Working PK, Dayan AD. 1996. Pharmacological-toxicological expert 
report. CAELYX. (Stealth liposomal doxorubicin HCl). Hum Exp 
Toxicol, 15:751–85.

Working PK, Newman MS, Sullivan T, et al. 1999. Reduction of the 
cardiotoxicity of doxorubicin in rabbits and dogs by encapsulation 
in long-circulating, pegylated liposomes. J Pharmacol Exp Ther, 
289:1128–33.

Yang X. 2007. Nano- and microparticle-based imaging of cardiovascular 
interventions: overview. Radiology, 243:340–7.

Zambetti M, Moliterni A, Materazzo C, et al. 2001. Long-term cardiac 
sequelae in operable breast cancer patients given adjuvant chemo-
therapy with or without doxorubicin and breast irradiation. J Clin 
Oncol, 19:37–43.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


