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Breast cancer and chemotherapy

Side-effects of doxorubicin therapy

Advances in early detection using screening and mammography have resulted in significant 

reductions in mortality rates in breast cancer patients. Despite this progress, the lifetime risk 

of developing breast cancer for western women is still very high. Breast cancer is now the 

most prevalent form of cancer among women, and in the South African context, cancer of 

the breast is the leading cancer in females in terms of both incidence and mortality. 

Alarmingly, this trend is set to continue with population forecasts indicating that the future 

burden of breast cancer in the South African population, in terms of incidence, will have 

grown by 15.8% in 2015 (extracted from the United Nations, World Population prospects, the 

2008 revision). First developed in the 1970’s, derived from a metabolite of Streptomyces 

peucetius var. Caesius, the anthracycline, doxorubicin (DXR) has become a highly effective 

anti-neoplastic agent used in the treatment of breast cancer and various other cancers 

(Octavia et al., 2012). 

Although anthracyclines such as DXR has proven to be of the most successful approaches to 

cancer treatment, it induces various side- effects such as hematopoietic suppression, 

nausea and vomiting (Octavia et al., 2012). Yet, the most detrimental side-effect induced by 

anthracyclines are their cumulative and dose-dependent cardiac toxicity which has been a 

major concern for oncologists in cancer therapeutic practice for decades (Zhang et al., 2009). 

DXR-induced cardiotoxicity may be recognized by symptoms such as asymptomatic 

electrocardiography (ECG)-changes, pericarditis and either acute or chronic 

cardiomyopathy.

Occurring during or immediately after a high dose of chemotherapy, acute cardiomyopathy 

develops into acute tachy-arrhythmia and acute heart failure; these effects are however, 

thought to be reversible and can be clinically controlled (Schimmel et al., 2004). Techniques 

employed by clinicians to detect acute myocardial related injuries directly after a high dose of 

DXR involves the detection of decreases in ejection fractions as well as elevated plasma 

concentrations of cardiac troponin I (Tn I). This biomarker is a highly specific indicator of poor 

cardiac output as well as left ventricular injury (Schimmel et al., 2004). In contrast, chronic 

DOX-induced cardiac toxicity is dependent on the cumulative dose of chemotherapy 

administered to a patient (Zhang et al., 2009). Under these circumstances, patients become 

predisposed to developing an irreversible form of dilated cardiomyopathy, which may occur 

years later after receiving the last DXR treatment, manifesting in a poor prognosis. Acute and 

chronic DXR-induced cardiac toxicity, equally contributes to cardiac dysfunction, 

cardiomyopathy, ultimately terminating in severe heart failure and death (Zhang et al., 2009).

Although researchers have established various mechanisms involved in DXR-induced 

cardiotoxicity, much remains to be elucidated in order to effectively implement 

pharmacological interventions and treatment options improving patient prognosis. 
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However, this is not the only challenge that researchers and clinicians are faced with. Despite 

the fact that DXR induces damaging effects on the heart, cancer cells are becoming 

inherently resistant to DXR-induced cell death.

The resistance of cancer cells to chemotherapy (chemo-resistance) is a multifaceted 

challenge faced by oncologists and their cancer patients. Initially, patients are susceptible to 

chemotherapy (chemo-sensitive) and cancer free directly after their course of treatment. 

However, 50% to 70% of patients relapse within one year as a result of poor surgical 

outcomes in which whole tumours are not completely resected subsequently leading to the 

formation of another tumour. In most cases of relapse, the adenocarcinoma cells acquire a 

chemo-resistant phenotype (Chang, 2011; Castells et al., 2012). In breast cancer specifically, 

chemo-resistance is often associated with the progression of the malignancy from a 

hormone-dependent, non-metastatic, anti-estrogen-sensitive phenotype to a hormone 

independent, invasive, metastatic, anti-estrogen-resistant phenotype (Simstein et al., 2003).

The micro-environment (stroma) consists of endothelial cells, carcinoma-associated 

fibroblasts, adipocytes, mesenchymal cells, mesenchymal stem cells and cells from the 

immune and inflammatory systems. These stromal cells communicate with each other, also 

known as oncologic trogocytosis (Raffi et al., 2008).  Accumulating evidence shows that the 

cells residing in this niche could potentially induce chemo-resistance in tumour cells by: (i) 

cell to cell and cell to matrix interactions which influences cancer cell sensitivity to 

apoptosis; (ii) local release of soluble factors such as interleukin-6 (IL-6) that promote survival 

and tumour growth as there is communication via paracrine factors between stromal and 

tumour cells (Castells et al., 2012); (iii) direct cell-cell interactions with tumour cells (Raffi et 

al., 2008; Lis et al., 2011; Scherzed et al., 2011); iv) the generation of specific niches within 

the tumour micro-environment which consist of sub-populations of tumour cells that may 

gain a survival advantage following initial drug exposure, and (v) the conversion of the cancer 

cells into cancer-initiating cells or cancer stem cells  (Teng et al., 2011). Additionally, in 1979, 

Sutherland et al. reported a higher resistance against DXR-induced cell death when cells 

were organized spherically in culture in comparison to a monolayer. 

Although the cross talk between the stromal cells and tumour cells are crucial in developing 

tumours, cells located in the intra-tumour, avascular regions face other challenges posed by 

this niche. This specific region is characterized by low nutrients and oxygen (hypoxia), acidic 

extracellular pH and populations of quiescent cells which subsequently impact on the 

success of chemotherapy in solid tumours (Izuishi et al., 2000). The rapid rate of tumour 

growth requires increased levels of energy production through cellular metabolism. 

However, inadequate vascularisation progressively leads to a tumour hypoxic environment. 

The hypoxic environment requires that energy demands are satisfied through glycolytic 

pathways rather than the more efficient oxidative phosphorylation route known as the 

“Warburg Effect” (Sutherland et al., 1998; Dang & Semenza, 1999).

Chemo-resistance
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Additionally, the high interstitial pressure prevents clearance of metabolic end-products 

such as lactic acid (Dang & Semenza, 1999). Enhanced hypoxia further leads to the up-

regulation of growth factors such as platelet-derived growth factor B (PDGF-B), transforming 

growth factor ß (TGF-ß), insulin-like growth factor 2 (IGF-2), and epidermal growth factor 

(EGF) (Tredan et al., 2007). Angiogenesis is regarded as the key contributor of metabolites 

and oxygen found in large tumours thus, allowing for tumour progression (Izuishi et al., 

2000). An additional prevailing mechanism thought to be involved in chemo-resistance is 

autophagy. 

Blood vessels in normal and tumour tissue: In normal tissue, blood vessels are well formed and 

are sufficiently close together to ensure that all cells in the surrounding area are within the diffusion 

distance of valuable oxygen and nutrients. On the other hand, tumour vasculature is abnormal and 

chaotic and is characterized by regions displaying transient episodes of nutrient deprivation and 

hypoxia. Tumour vessels have blind eyes, aterio-venous shunts, wall breaks and occlusions (Image 

adapted from Brown et al, 2000).
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Autophagy

Autophagy is characterised by the development of autophagosomes that engulf organelles 

and other cellular components such as proteins before fusing with the lysosome, which 

results in mass proteolysis.
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Degradation of cytoplasmic material and organelles through the autophagosomal-lysosomal 

system. Subsequent to the recruitment of ATG proteins, development of bilayer membrane 

proteins occurs. This is followed by the engulfment of cytoplasmic material with the ATG proteins. 

Resultant autophagosomes translocate to and fuse with lysosomes to form autophagolysosomes. 

Here lysosomal hydrolases degrade delivered material, breaking it down to basic constituents.

This has been shown to occur mainly in response to nutrient starvation, hypoxia, ATP 

depletion or signals prompting cellular remodelling and is mainly controlled via the mTOR 

signalling cascade. The current hypotheses in the literature reveals, that autophagy might 

more accurately be described as a cell survival mechanism that acts alongside cell death but 

does not necessarily lead to it. Although cell death through autophagy has been suggested 

as a mechanism of tumour cell survival (Sun et al., 2009; Liang et al., 1999), it still remains a 

controversial matter whether autophagy leads to tumour formation or suppression. In 

addition, a study by Zhang et al., (2009), revealed that hypoxia induces mitochondrial 

autophagy to prevent an increase in the level of reactive oxygen species and subsequent cell 

death. Thus, when viewed dynamically, it is becoming apparent that autophagy acts to delay 

cell death and may only lead to it in a last desperate effort while attempting to keep cells alive. 

However, this can only occur once autophagy has progressed and persisted beyond the so-
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called ‘point of no return’ (PONR), resulting in apoptosis or possibly even necrosis (Loos & 

Engelbrecht, 2009). 

There is however, a great lack of knowledge, regarding the progression of autophagy with 

time in oxygen and nutrient deficient tumour micro-environments. This could be due to 

autophagy being recognized predominantly as a death mechanism in the cancer 

environment, as well as the lack of investigation on autophagy in the different tumour 

microenvironments. This lack of knowledge raises areas of concern and questions which 

require clear answers: What is the specific role of autophagy in tumours and what is the 

contribution of autophagy to cellular survival during therapy? Whether cell death through 

autophagy or autophagy itself actually occurs in breast cancer is still largely undetermined, 

therefore further investigation in this field is required. Another concept that still remains to be 

explored is the possibility that malignant cells in the advanced stages of carcinogenesis 

undergo autophagy as a pro-survival mechanism.

During ancient times, as far as the beliefs of Egyptians, legendary philosophers and doctors 

of western medicine like Hippocrates and Paracelus believed that therapeutic fasting should 

be practiced as a method of healing various health conditions. From an infant’s refusal to eat 

due to a common cold to a cancer patients loss of appetite during chemotherapy, it appears 

that the body’s innate response to, or perhaps therapy for combating against disease and 

infection, is to limit one’s nutritional intake. Since, such a phenomenon persists in nature, the 

concept of controlled nutrient starvation is increasingly becoming an appealing concept 

worth exploring by physiologists and oncologists.

It is well established that cancer cells have increased glycolytic activity despite the nutritional 

status of their environment. In contrast, the human body is designed such, that when faced 

with decreased nutrient intake, the body is capable of mobilizing energy stores to its most 

vital organs to sustain homeostasis and function. Following digestion of a meal, 3-4 hours 

later, the body enters a post-absorptive phase in which glycogenolysis occurs. During this 

process, the pancreas releases the hormone, glucagon, which stimulates the breakdown of 

glycogen stores in the liver thereby maintaining blood glucose levels. The early starvation 

phase occurs 24 hours after a meal and whilst glycogenolysis persists, the body activates an 

additional metabolic pathway to meet its energetic demands namely, gluconeogenesis. 

During gluconeogenesis adipose tissue is broken down, and the glycerol back bone of fatty 

acids and amino acids are used to synthesize glucose. This phase persists until 60 hours of 

starvation is reached. At this point, all glucose stores have been depleted and thus the body 

resorts to activate ketogenesis in which the liver directs acetyl-CoA to synthesise ketone 

bodies. The brain being the most vital organ, adapts to use ketone bodies as its primary fuel 

through the synthesis of appropriate enzymes. Evidently, this is a well-orchestrated process 

of adaptation to nutritional deprivation (Hellerstein et al., 1997).

The role of autophagy in nutrient deprivation
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In the context of cancer, one of the earliest studies was conducted in 1988 by Raffaghello and 

colleagues where normal and cancerous yeast cells were starved and then exposed to 

chemotherapy. They found that normal cells survived the toxic dosage, but the cancer cells 

did not. This inspired an animal trial in which tumour bearing mice were starved for 48 hours 

and then administered a high dose of chemotherapy. This study proved to be successful as 

43% of the non-starved mice died, but only one of the starved mice. Once chemotherapy 

was terminated, a normal diet was resumed and the starved mice regained all the lost 

weight. With the great success of the animal trial Raffaghello and colleagues, proceeded 

with a human trial in 2010, in which ten patients starved from 48-140 hours prior to 5-56 hours  

chemotherapy, reported reduced side-effects of the toxic drug. 

It is known that cancer cells alter metabolism to suit their specific growth requirements and 

express chronic proliferation and thus requiring an increased need for energy and a 

carbon/nitrogen sources for biomass production. As a major contributor to energy 

substrates during stressful conditions, autophagy supports cancer cells to meet their 

enhanced metabolic demands. The role that autophagy plays in cancer metabolism remains 

to be entirely elucidated.  Not much is known about how autophagy selectively accesses 

major energy sources such as amino acids, lipids and carbohydrates, and to what extent 

these sources contribute to survival of cancer cells during stressful conditions such as 

hypoxia and nutrient deprivation. Therefore, one of the aims of this study was to determine 

whether the manipulation of autophagy can sensitize cancer cells to chemotherapy and 

protect normal cells against its detrimental side effects. 

Understanding how cancer cells are able to avoid and tolerate the effects of a short term 

starvation of nutrient supply could prove vital if future anticancer strategies are to be 

successfully developed based on this premise. Indeed, current research has already begun 

to investigate these avenues, and the recent employment of controlled starvation of cancer 

patients has exposed a potentially feasible and reproducible therapeutic approach. In a 

series of studies, we investigated the ability of a commonly used cancer cell line 

(MDAMB231), in comparison to a non-tumourigenic control line (MCF12A), to tolerate a short 

term bout of amino acid restriction. Using this model, additional experiments were designed 

to provide mechanistic insight into these initial findings. Thereafter, using this knowledge, 

studies were undertaken in an attempt to exploit the novel anticancer potential of using 

amino acid starvation in conjunction with chemotherapy in vitro. A new and innovative 

cancer model was then developed to expand these findings into the in vivo setting.

Initial experiments established that a fast growing, metastatic cancer cell line (MDAMB231) 

was more sensitive to amino acid starvation than a non-tumourigenic line (MCF12A). It was 

shown that short term deprivation of amino acids resulted in increased cell death and a 

proliferation arrest in the cancer cells. Most cells are known to possess proficient 

The manipulation of autophagy increases the efficacy of the 

chemotherapeutic agent, doxorubicin, in cancer cells
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intracellular mechanisms that are able to maintain amino acid levels during times of 

starvation. The upregulation of autophagy through the autophagosomal-lysosomal pathway 

has been implicated as a mechanism used by cancer cells to maintain cellular ATP levels 

during nutrient poor conditions. Normally autophagy functions as a cytoplasmic quality 

control mechanism to remove protein aggregates and damaged organelles. Recently 

published findings have revealed that human cancers with mutations in H-ras or K-ras may 

require autophagy for tumour survival and for sustained growth. Although, these mutations 

are not common in breast cancer, genetic modifications in regions coding for proteins 

elsewhere in the RAS pathway results in high RAS activation in a large percentage of  breast 

malignancies. As the MDAMB231 breast cancer cell line is a known K-ras mutant, it was 

speculated that autophagy is crucial for this tolerance to acute amino starvation. 

Experimental evidence demonstrated that autophagy inhibition resulted in decreased cell 

survival and reduced proliferation levels during acute amino acid starvation in the 

MDAMB231 cell line. After a few hours without exposure to amino acids, protection was lost 

and intracellular cell death programs initiated. Surprisingly, the slower growing, non-cancer 

cell line was more tolerant to short term amino acid starvation. 

Autophagy has been frequently implicated as a potential survival mechanism in malignant 

tumours, based on the premise that the degradation products released following autophagy-

mediated breakdown of cytoplasmic materials can be utilized for protein synthesis or as 

substrates for ATP production. Unfortunately, there is little direct evidence to support this 

hypothesis in cancer cells. Based on evidence from our previous experiments, the next study 

attempted to provide a rare insight into the autophagy-mediated changes in amino acid 

levels that occur during a short term starvation event. We further supply some mechanistic 

support to explain the finding that autophagy protects MDAMB231 (cancer cells) and 

MCF12A (normal cells) cells during amino acid starvation. Unlike most existing studies into 

this phenomenon, the model design used here allowed for the delineation of the impact of 

amino acid starvation alone (a known trigger for increased autophagy) while all other 

nutrients remained constant. It was successfully demonstrated, by inhibiting autophagy 

pharmacologically (bafilomycin A1) or biologically (ATG5 siRNA), that autophagy is a vital 

process for increasing tolerance to amino acid deprivation. Interestingly, it was shown that 

both cell lines utilized in these studies, exhibited a short lived autophagy-mediated surge in 

amino acid levels. While amino acid levels quickly decreased in the MDAMB231 cancer cells 

thereafter, presumably due to the high metabolic and biosynthesis needs of these cells, they 

remained elevated in the slower growing MCF12A normal cells. As autophagy inhibition 

blunted this protective response, it was inferred that generation of amino acids by autophagy 

is a vital mechanism during adaptive tolerance to short term amino acid starvation. The 

discovery of an analogous elevation in free fatty acid levels during similar conditions (which 

could be blunted by autophagy inhibition) strengthened the hypothesis that increased 

autophagy results in the increased intracellular availability of basic protein and organelle 

constituents for reuse elsewhere in the cell.
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In an attempt to understand how these basic cellular building blocks were utilized by the cell, 

changes in ATP levels were examined during starvation in the presence or absence of 

autophagy inhibition. Surprisingly, autophagy related processes were implicated in the 

maintenance of ATP levels within these cell lines during amino acid starvation. MDAMB231 

cells were revealed to be particularly reliant on the ATP homeostasis conferred by increased 

autophagy, during the first hours of amino acid deprivation. Together, these three studies 

demonstrated how a cancer cell line that depends on autophagy for survival is able to avoid 

cell death during short term starvation by generating basic cellular building blocks and 

utilizing them for cellular processes such as ATP maintenance. 

Autophagy during stressful conditions. Autophagy promotes cell survival during stressful 

conditions through the generation of substrates for energy production, amino acid synthesis of 

survival proteins or by removing damaged organelles. Cytoplasmic material containing proteins and 

organelles is delivered to the lysosome by endosomes or autophagosomes where it is broken down 

by lysosomal enzymes. 

Many clinical trials are beginning to assess the effectiveness of compounds known to 

regulate autophagy in patients receiving anticancer therapy, and short term starvation has 

shown promise in alleviating some of the symptoms associated with chemotherapy in some 

studies. Our previous results demonstrated that complete amino acid deprivation elicited 

specific and dynamic alterations to autophagy in MDAMB231 (cancer) cells. Using this data 

as a platform, we established that increased autophagy, associated with amino acid 

starvation in these cells, correlated with decreased cell survival during doxorubicin 

treatment. Interestingly, a sustained elevation of autophagy in MCF12A cells (normal breast 

epithelial cells) during similar treatment was associated with a relative protection from cell 
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death during doxorubicin treatment. As our data showed that a non-cancer cell line was 

protected if starved of amino acids during doxorubicin treatment, but a cancer cell line with 

high basal autophagy activity had increased cell death, the next aim of this study was to verify 

this in an in vivo model.

Much of the solid tumour is typically made up of a variety of cell sub-populations that are 

required for continued growth and invasion. As these heterogeneous neoplasms are 

comprised of cancer and stromal elements, it is therefore essential that in vitro studies are 

translated in vivo. The next study was successful in establishing a novel mammary tumour 

model in a GFP-LC3 transgenic mouse. A reproducible method to study autophagy in the 

non-cancer subpopulation of tumours was established, for the first time.

 

Experimental procedure: Doxorubicin hydrochloride and Rapamycin (autophagy inducer) were 

prepared immediately prior to injection procedure. Both agents were dissolved in Hanks Balanced 

Salt Solution and mixed on a shaker. Volumes were prepared to reflect the exact concentration 

required per kilogram of body weight for each mouse on the day of injection. Mice were restrained 

by the scruff method and 100 µl drug suspension were injected i.p. into the right caudal thigh of 

each mouse using a 23-gauge needle. Control mice were injected with vehicle only.

The final study was undertaken in order to establish if tumours are protected or display 

decreased survival if basal autophagy flux is upregulated (through amino acid starvation or 

rapamycin treatment) in mice during doxorubicin treatment. Our results demonstrated that 

rapamycin treatment of mice receiving a high cumulative dose of doxorubicin treatment 

increased animal survival. Furthermore, the combination treatment was just as effective as 

doxorubicin alone to decrease tumour size in these animals.
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Rapamycin protects against high doses of chemotherapy. Tumour-bearing mice were 

administered doxorubicin (10 mg/kg) twice over a period of three days and administered 2 mg/kg 

rapamycin (upregulation of autophagy) once on the same day as the doxorubicin injection. If 

tumour bearing mice were injected with rapamycin and doxorubicin, the survival of these mice was 

prolonged compared to the mice not receiving a rapamycin injection.

 
Treatment of mice with doxorubicin and rapamycin resulted in a similar pattern of reduction in 

tumour size compared with doxorubicin alone.

Cancer affects us all...
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The manipulation of autophagy attenuates doxorubicin-induced 

cardiotoxicity
The therapeutic potential of the chemotherapeutic agent, doxorubicin (DXR), is restricted by 

its serious side effects (cardiotoxicity) which can lead to congestive heart failure. According 

to the widely accepted hypothesis, doxorubicin therapy, submitted to redox cycling by 

mitochondria, results in persistent oxidative stress, mitochondrial dysfunction and cell 

death. Although numerous studies have attempted various methods to reduce AC-induced 

cardiotoxicity, very few have been able to reproduce their results in a clinical setting. We have 

demonstrated that rapamycin, a potent inhibitor of the mTOR signalling pathway which 

induces autophagy, possesses cardioprotective effects against anthracycline (AC)-induced 

cardiotoxicity. We have demonstrated that doxorubicin is a potent inducer of cell death, the 

ubiquitin-proteasome pathway (UPP), mitochondrial dysfunction and endoplasmic reticulum 

stress which are all attenuated by rapamycin (inducer of autophagy) treatment. Additionally, 

the co-treatment of rapamycin and doxorubicin decreased cell death (apoptosis), increased 

cardiomyocyte size and prevented the decrease in body weight induced by DXR treatment in 

the in vivo model. Furthermore, as rapamycin is currently being used in the clinical setting to 

suppress tumour growth, its characteristics make this drug an ideal adjuvant therapy to 

either treat or prevent cardiotoxicity in order to potentially inhibit or delay heart failure.

The effects of doxorubicin (DXR) and Rapamycin-DXR treatment on cellular function. A: DXR 

treatment induces various detrimental effects including increased ROS (green clouds) production, 

apoptosis, necrosis, ER load, mitochondrial dysfunction, activation of the ubiquitin-proteasome 

pathway and inhibition of autophagy. Additionally, DXR (red teardrops) accumulates in the nucleus 

as well as within the mitochondria. These combined effects constitute DXR-induced cardiotoxicity. 

B: Pre-treatment with rapamycin and DXR alleviates most of these detrimental effects that are 

induced by DXR ultimately reducing cardiotoxicity.
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Final conclusions
We have demonstrated that autophagy protected cancer cells from the stressful 

microenvironment of hypoxia and starvation. Furthermore, cancer cells use autophagy to 

generate ATP during nutrient starvation. The branched chain amino acids generated through 

autophagy are utilized in the Krebs cycle to maintain ATP levels under nutrient starvation 

conditions. A further up-regulation of the already high basal autophagy levels sensitizes 

cancer cells to doxorubicin-induced cell death.

 

Summary of the beneficial effects of rapamycin as adjuvant therapy to doxorubicin treatment. 

It sensitizes cancer cells to cell death and protects normal cells from doxorubicin-induced 

cytotoxicity in vitro. In vivo, it prolonged the survival of the animals and reduced cardiotoxicity, 

while having the same tumour-reducing effects as doxorubicin alone.
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In normal cells, including cardiomyocytes, DXR-induced cytotoxicity is associated with 

reactive oxygen species (ROS) production which lead to compromised mitochondrial 

function and morphology and eventually to cell death. Combination therapy of doxorubicin 

and rapamycin (inducer of autophagy) improved cell viability in normal cells and attenuated 

apoptosis. Furthermore, it decreased ROS production and preserved mitochondrial function. 

It also prevented translocation of doxorubicin into the nucleus where it induced its cytotoxic 

actions.

The model established by us, and the related findings, have presented a novel and unique 

platform for further research into this remarkable phenomenon, and particular the role of 

autophagy therein.
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