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                                                    ABSTRACT 

 

Introduction:  Therapeutic agents like doxorubicin, an anthracycline antibiotic drug, are 

widely used in cancer chemotherapy. The use of doxorubicin is limited however by an 

increased risk of cardiac damage as a side effect, and an increased cancer cell drug 

resistance mediated by efflux drug transporters. Strategies are needed to protect the heart 

and still allow the benefits of drug treatment. �“Basic�” fibroblast growth factor-2 (FGF-2) 

is a multi-functional protein. It is angiogenic and cardioprotective against ischemia-

reperfusion injury. FGF-2 can also regulate cancer cell drug resistance or sensitivity, 

however, so far, there is no evidence that FGF-2 protects against doxorubicin-induced 

cardiac damage through effects on efflux drug transporter levels or function. 

Aims: To investigate whether: (1) FGF-2 can increase resistance to doxorubicin-induced 

neonatal rat cardiac myocyte damage; and if so whether (2) an effect on efflux drug 

transporters might contribute to this cardioprotection by FGF-2.  

Methods: Neonatal rat cardiac myocyte cultures were treated with doxorubicin in the 

absence or presence of pre-treatment with FGF-2. To assess cell damage: (i) culture 

medium was tested for lactate dehydrogenase (LDH) activity as an indication of plasma 

membrane disruption; (ii) cells were stained with fluorescent apoptosis and necrosis 

biomarkers as well as (iii) terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) and acridine orange to assess DNA fragmentation or compaction. The role of 

FGF receptor (FGFR) or protein kinase C (PKC) was addressed through use of inhibitors 

including SU5402, or chelerythrine as well as bisindomaleimide. Multidrug resistance 

gene 1a and 1b (MDR1a, 1b), multidrug resistance gene 2 (MDR2) and multidrug 
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resistance-related protein 1 (MRP1) gene expression, as well as the function of MDRs 

and MRPs protein products were assessed by real-time reverse transcriptase-polymerase 

chain reaction (qPCR), as well as retention/extrusion of (fluorescent) doxorubicin/calcein 

in cardiac myocytes, respectively. Efflux drug transporter inhibitors, including 20 µM 

cyclosporine A (CsA), 2 µM verapamil and 1 µM Tariquidar (XR9576) were used to 

asssess for a direct effect of FGF-2 on transporter function. Fluorescence-activated cell 

sorting (FACS) was used to measure fluorescent doxorubicin/calcein levels inside treated 

cardiac myocytes.  

Results: Doxorubicin increased the incidence of programmed cell death, DNA damage, 

and lysosome and LDH activity, while decreasing cell number at 24 hours. FGF-2 

prevented the detrimental effects of doxorubicin. In turn, the protective effects of FGF-2 

were blocked in the presence of FGFR or PKC inhibitors. FGF-2 treatment significantly 

increased MDR1a, MDR1b, MDR2, MRP1 RNA levels by qPCR, and protein levels as 

assessed by function, and specifically extrusion of doxorubicin/calcein, in the presence of 

doxorubicin when compared to doxorubicin treatment alone. Furthermore, inhibition of 

efflux drug transporters with CsA and Tariquidar (XR9576) significantly reduced the 

ability of FGF-2 to protect against doxorubicin-induced damage; the beneficial effect of 

FGF-2 was completely blocked by pretreatment with verapamil.  

Conclusion(s): These data indicate for the first time that exogenous FGF-2 can increase 

resistance to doxorubicin-induced neonatal rat cardiac myocyte damage, and implicate 

PKC and regulation of efflux transporter protein levels and/or function in the mechanism. 
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CHAPTER I: INTRODUCTION 

 
Part 1. Cardiovascular Diseases 

Cardiovascular disease, collectively referring to diseases involving the myocardium 

and/or blood vessels, is the leading cause of death in North America [1]. In Canada, 

cardiac disease is the number one killer of women [2]. There are many causes of cardiac 

damage that can lead to heart failure including hypertension, coronary heart disease, 

vascular injury, atherosclerosis, infection, type II diabetes and life style choices (like 

smoking and stress), but some, like aging and genetics, cannot be avoided [3-7]. In 

addition, therapeutic agents used in the treatment of other diseases, like cancer, can be 

cardiotoxic and result in injury and/or heart failure, thereby limiting their usefulness [8-

10]. Anti-cancer anthracycline drugs such as doxorubicin are associated with an increased 

and cumulative risk of cardiac damage, thus strategies are needed for protecting the heart 

from the causes of heart damage [11].  

Life style choices, such as following a low fat or low cholesterol diet, appropriate 

exercise and good habits (like no smoking and less stress) could help sustain a healthy 

heart status and increase the heart resistance to diseases [12, 13]. Clinical and 

pharmacological intervention including calcium channel blockers, angiotensin-receptor 

blockers (ARBs), and ACE inhibitors for hypertension and heart failure, have 

significantly increased survival and life quality of patients [14, 15]. Hormones and 

growth factors like erythropoietin (EPO), insulin like growth factor-1 (IGF-1), and 

fibroblast growth factors (FGFs), as well as microRNA (miR) like miR-494, are 
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increasingly under investigation by the medical research community as potentially new 

biological approaches to interfere with cardiac damage by anti-cancer drugs [16-18].  

Part 2. Doxorubicin 

The anthracycline antibiotic, doxorubicin, is a metabolite of Streptomyces peucetius var. 

caesius that is widely used in cancer chemotherapy for leukemias, Hodgkin's lymphoma, 

multiple myeloma, as well as cancers of the breast, stomach, lung, ovaries, and others 

[19-25]. Doxorubicin is among the most effective anti-cancer drugs, but its metabolites 

are responsible for doxorubicin-associated cardiotoxicity [26, 27]. Doxorubicin can also 

be exported directly from cells without being metabolized [28]. Thus, understanding 

doxorubicin metabolism and its mechanism for inducing injury may provide additional 

targets for therapeutic intervention to maintain drug effectiveness as a chemotherapeutic 

agent but also to reduce or eliminate damaging and potentially lethal side effects.  

I.2.1 Doxorubicin Metabolism   

Metabolites of doxorubicin like doxorubicinol and reactive oxygen species (ROS) cause 

oxidative stress and are reported to contribute to its toxicity [28, 29]. There are four 

major pathways of doxorubicin metabolism (Figure 1.1):  

(1) One-electron reduction of doxorubicin to form doxorubicin-semiquinone:  

Oxidoreductase catalyzes the transfer of electrons from doxorubicin to an electron 

acceptor using NAD+ and NADP+ as cofactors to form doxorubicin-semiquinone radicals, 

for example, NADH dehydrogenases, NADPH dehydrogenases, and nitric oxide 

synthases [30-33]. However, re-oxidation of the doxorubicin-semiquinone radical back to 
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doxorubicin leads to oxidative damage by formation of ROS, including hydrogen 

peroxide (H2O2) [29]. In addition, lipid peroxidation is mediated by the release of iron in 

the process of re-oxidation of the doxorubicin-semiquinone radical back to doxorubicin 

[30]. Some consider that it�’s the oxidative stress caused by doxorubicin-semiquinone, and 

not doxorubicin itself, that is responsible for doxorubicin�’s chemotherapeutic effects and 

adverse cardiotoxicity [26, 27].  

(2) Two-electron reduction of doxorubicin to doxorubicinol 

It has been reported that the major metabolic pathway of doxorubicin involves enzymic 

reduction of a carbonyl group in the side chain of doxorubicin, yielding a secondary 

alcohol metabolite doxorubicinol [28, 29]. Aldehyde-type reductase(s) (AKR1A) of the 

aldo-keto reductase family is the predominant enzyme linked to reduction in the heart, 

and carbonyl reductase 1 (CBR1) is predominantly employed in the liver [34, 35]. It has 

been reported that doxorubicinol is responsible for the chemotherapeutic effects of 

doxorubicin as well as the adverse cardiotoxicity [29]. 

(3) Deglycosidation 

Doxorubicin can also be reduced enzymatically to deoxyaglycone, or hydrolyzed to 

hydroxyaglycone [27]. The enzymes involved in these relatively minor metabolic 

pathways are less well characterized [36]. 

(4) Removal by efflux of drugs 
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The simple influx and efflux of drugs out of the cell without being metabolized accounts 

for almost half (~50%) of the doxorubicin that is eliminated from the human body during 

cancer treatment [28]. This activity is driven by a type of ATP dependent protein that can 

transport doxorubicin without metabolism [37]. This pathway that leads to the extrusion 

or transport of doxorubicin outside of the cell without causing any significant damage 

obviously decreases the anti-cancer efficiency of the drug.  

It must be stressed that although ~50% of the doxorubicin is transported out of the cell 

without being metabolized, the retained doxorubicin is still significant and sufficient to 

damage the cells. As such, doxorubicin is considered an efficient and effective anti-

cancer drug when compared to others [38, 39]. Nonetheless, given the role of doxorubicin 

transport as well as metabolism in determining a concentration at which differential 

damage of one cell type versus another might occur, there is a benefit in understanding 

these processes in an effort to improve outcomes (both in terms of the cancer and heart 

cells) with the use of this drug.  
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(1) One-electron reduction of doxorubicin (DOX) to form doxorubicin-semiquinone;  (2) 

two-electron reduction of doxorubicin to doxorubicinol (DOXol), and (3) doxorubicin 

deglycosidation. (4) Approximately 50% of doxorubicin is cleared from cells in an 

unmetabolized state. This figure is based on the PharmGKB doxorubicin pathway 

(pharmacokinetcs) diagram from Stanford University (Permission was given to reproduce 

this diagram). 
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Figure 1. 1 - Schematic illustrating major metabolic routes linked to clearance of 

doxorubicin 
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I.2.2 Mechanisms of doxorubicin anti-tumor activity  

Several mechanisms have been proposed to explain doxorubicin�’s anti-tumor activity 

[40]. Unfortunately, the mechanisms responsible for killing cancer cells are also the 

mechanisms that damage cardiac myocytes. Understanding these mechanisms would 

provide us with different perspectives and strategies to increase drug efficiency and 

prevention of adverse cardiotoxicity. There are three major mechanisms associated with 

cell toxicity of doxorubicin  (Figure 1.2):  

(1) Intercalating into the DNA and RNA structure and interfering with function. Inhibits 

DNA and RNA synthesis by intercalating between base pairs of the DNA/RNA strand, 

thus preventing the replication (DNA) and synthesis (RNA and, indirectly, protein) in 

rapidly growing cancer cells [41]. 

(2) Inhibits the topoisomerase II (topo II) enzyme. This will prevent the relaxation of 

supercoiled DNA and block DNA replication and transcription. Also, topo II inhibitors 

prevent topo II from turning over which is needed for dissociation of topo II from its 

nucleic acid substrate [42].  

(3) Oxidative stress. Doxorubicin creates iron-mediated free oxygen radicals that can 

damage the DNA and cell membranes [43]. 

Doxorubicin is cytotoxic and has been reported to induce programmed cell death, 

including apoptosis and/or necrosis in different cell types [44-46].  Apoptosis is a major 

type of cell damage caused by doxorubicin [47]. It is characterized by DNA 

fragmentation, shrinking of cytoplasm, blebbing of the plasma membrane without loss of 
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integrity, mitochondria becoming leaky due to pore formation involving proteins of the 

bcl-2 family, and formation of membrane bound vesicles (apoptotic bodies) [47]. 

Necrosis is another major type of cell death induced by doxorubicin and can cause 

massive inflammatory response, characterized by swelling of the cytoplasm and 

mitochondria, as well as loss of membrane integrity and cell lysis [48].  

 

 

 

 

 

 

 

 

 

 

DNA damage mediated by doxorubicin inhibits topoisomerase II activity and/or 

intercalates with DNA. Generation of free radicals during doxorubicin metabolism can 

induce both mitochondria dysfunction and plasma membrane damage. Abbreviations: 

doxorubicin, DOX; reactive oxygen species, ROS. This figure is based on the 

PharmGKB doxorubicin pathway (pharmacodynamics) diagram from Stanford 

University (Permission was given to reproduce this diagram).  
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Figure 1. 2 - Two major mechanisms of doxorubicin-induced cell damage 
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I.2.3 Limitation of doxorubicin for cancer chemotherapy 

Doxorubicin is an effective anti-cancer drug and has a broad spectrum of anti-cancer 

activity [49]. There are, however, two major obstacles that limit its effectiveness in a 

clinical setting, specifically, severe cardiac side effects and an increased cancer cell drug 

resistance [50]. These are discussed below.  

I.2.3.1 Increased doxorubicin cardiotoxicity (side effects)  

Doxorubicin has severe adverse side-effects, including vomiting, nausea, bowel infection, 

neutropenia, hair loss and an increased and cumulative risk of cardiac damage that can 

lead to death [51-55]. When the cumulative dose of doxorubicin reaches 550 mg/m², the 

risk of developing cardiac side effects, including heart failure, dilated cardiomyopathy, 

and even death, dramatically increased. It is estimated that approximately 1 in 10 patients 

treated with doxorubicin or its derivatives will develop cardiac complications up to 10 

years after the last chemotherapy session [51]. Due to these side effects and its red color, 

doxorubicin has earned the nickname "red devil" or "red death".  

Cardiac myocyte death by apoptosis and necrosis is a primary mechanism of 

doxorubicin-induced cardiomyopathy; other types of cell death, such as autophagy and 

senescence/aging, may also participate in this process [44]. The clinical effects of 

doxorubicin, observed as transient electrocardiographic changes and cardiomyopathy, 

have been modeled in rat cardiac cells, including neonatal cardiac myocytes [56-60]. 

Specifically, concentrations of 0.1-1.0 µM doxorubicin are reported to cause neonatal rat 

cardiac myocyte mitochondrial swelling and disruption of the plasma membrane, which 

are features of injury leading to cell death. Detection of normally intracellular LDH 
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activity outside the cell, as in the plasma or in the medium when cardiac myocytes are 

isolated and maintained in culture, is an indicator of membrane disruption and damage 

[58]. 

Strategies are needed to reduce the risk of heart damage while still allowing the benefits 

of doxorubicin treatment in terms of anti-cancer activity. Pharmocological approaches 

like the use of dexrazoxane, reduces the number of metal ions complexed with 

doxorubicin to decrease the formation of superoxide radicals, thus decreasing the toxicity 

of doxorubicin [61]. A nutritional approach of using vitamin C was able to decrease 48% 

of doxorubicin-induced release of reactive oxygen species and creatine kinase, as well as 

decrease 30% of P53 activity, thus offering some protection from doxorubicin-induced 

carditoxicity [62]. In addition, there is a number of factors produced by the heart that are 

reported to exert cytoprotection and cardioprotection to cardiac injury, such as hormones 

and growth factors [63, 64]. Thus, it is possible that endogenous resistance to cardiac 

injury, as a result of hormones, growth factors or other factors produced by heart, may 

already provide some protection from the cardiotoxicity of drugs like doxorubicin. For 

example, endogenous neuregulin offers some protection to the myocardium, while 

anthracycline trastuzumab partly blocked this protection and induces cardiotoxicity [65]. 

Endogenous levels of protection may not be optimal, however, in the context of 

chemotherapy. Thus, characterizing these endogenous cardioprotective factors, including 

how they function in an injury setting, may point to therapeutic strategies including 

supplementation with exogenous factors, to boost resistance against doxorubicin-related 

cardiotoxicity. 
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I.2.3.2 Increased cancer cell drug resistance 

 

In addition to cardiotoxicity, cancer cell resistance is another obstacle that limits the 

effectiveness of chemotherapeutic agents like doxorubicin [66]. Overcoming the 

resistance of cancer cells to doxorubicin would increase the effectiveness of 

chemotherapy. There are a variety of mechanisms of cancer drug resistance including: 

(1) Increased efflux, thereby reducing the drug concentration in the cancer cell [67]; 

(2) Enzymatic drug inactivation, deactivation or modification [68]; 

(3) Decreased permeability that prevents drugs from entering the cell [67]; 

(4) Altered binding-sites to prevent the interaction of cancer cells with drugs [69, 70]; 

(5) Compensation for the drug effect via use of alternate metabolic pathways [69]; 

In the case of doxorubicin, multidrug resistance due to an increase in efflux drug 

transporters such as multidrug resistance protein (MDRs) and multidrug resistance related 

protein-1 (MRPs), is a well-established cause [71-73]. These drug transporters will now 

be introduced.  

Part 3. Efflux Drug Transporters 

Efflux drug transporters function as pumps to move various molecules across extra- and 

intra-cellular membranes [74]. The expression of efflux drug transporters is one of the 

normal cellular �“self-defense�” systems against xenobiotics, including doxorubicin [75, 

76]. ATP-binding cassette (ABC) efflux drug transporters consist of two distinct 

domains, an ATP binding site domain located in the cytoplasm and a transmembrane 

domain (Figure 1.3). ATP binding and hydrolysis facilitates conformational change of the 

transmembrane domain of the transporters, facilitating opening and efflux of substrates 
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[77].  

Intracellular doxorubicin accumulation is a complex process including doxorubicin influx 

into the cell, retention and distribution in the cell, and efflux from the cell. At any given 

time, the net uptake (accumulation) of doxorubicin in the cell is the difference between 

the amount of influx and efflux. Efflux drug transporters can mediate doxorubicin 

removal, thus decreasing intracellular net uptake and thereby cause cancer cells to 

become more resistant to doxorubicin.  
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ABC efflux transporters export xenobiotics, including doxorubicin, out of cells using 

ATP as an energy source. ABC efflux drug transporters consist of two distinct domains, 

an ATP binding site domain located in the cytoplasm and a second transmembrane 

domain. ATP binding and hydrolysis facilitates a conformational change in the 

transmembrane domain to open and allow efflux of substrates. This diagram was based 

on work from Alexanderaloy and Stargonzales and was adapted from Dong, J.; G. Yang; 

H.S. Mchaourab. 2005. Science 308, 1023-1028. Permission was given to use this work 

for any purpose, without any conditions, unless such conditions are required by law. 

 

 

 

 

 

ATP binding ATP hydrolysis 
ATP hydrolysis 
 Pi release 

Transmembrane domain ATP-binding domain 

Figure 1. 3 - ATP-binding cassette (ABC) efflux transporters 
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I.3.1 Major efflux drug transporters 

The major human, rat and mouse efflux drug transporters that are expressed in both 

heart and cancer cells and have been linked to doxorubicin removal or retention are 

described below:  

(1) Multidrug resistance protein 1 (MDR1, ABCB1) 

Multidrug resistance protein 1 (MDR1) or ATP-binding cassette sub-family B member 1 

(ABCB1), is encoded by the ABCB1 gene [78]. It is a well-known efflux ABC-

transporter that transports a wide variety of substrate (hydrophobic, neutral, and 

positively charged drugs) from the inside to the outside of cells [79]. MDR-1 is 

extensively distributed and expressed in intestinal epithelium, capillary endothelial cells, 

hepatocytes, as well as in heart cells [80, 81]. The levels of the MDR-1a and 1b among 

the three MDR mRNAs has been reported for 13 mouse tissues: liver, kidney, stomach, 

duodenum, jejunum, ileum, colon, heart, lung, brain, testis, ovary, and placenta [82]. 

MDR1a RNA is predominant in colon (~100%), but only accounts for 9% of MDR RNA 

in the heart. By contrast, MDR1b expression is higher in ovary in the female (~100%), 

but is also relatively high (45%) in the heart [72, 82]. In some cancers, including breast 

and bladder, the over-expression of MDR-1 is correlated with increased resistance to 

chemotherapeutic drugs that cause decreased survival and poor prognosis [83, 84].  

(2) Multidrug resistance protein 2 (MDR2, ABCB4) 

Multidrug resistance protein 2 (MDR2) is also a member of the ABCB transporters 

family, and in humans is encoded by the ATP-binding cassette sub-family B member 4 

(ABCB4) gene [85]. MDR2 is a membrane protein and functions as an efflux drug, 
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including doxorubicin, transporter and contributes to drug resistance [86, 87]. In terms of 

RNA levels from 13 mouse tissues for the three MDRs that have been reported, MDR2 is 

predominantly expressed in liver, but it is also relatively highly expressed in heart 

(38.5%) [72, 82].  

(3) Multidrug resistance-associated protein 1 (MRP1, ABCC1) 

MRP1 is the first member of the ATP-binding cassette sub-family C member (ABCC1). 

It was initially found as a multi-specific organic anion transporter, and transports 

cysteinyl leukotrienes, glucuronides and sulfate conjugates of steroid hormones and bile 

salts [88-90]. Later on, MRP1 was discovered as an abundant efflux drug transporter that 

contributes to drug resistance of cancer cells. For example, MRP1 are components of the 

multifactorial multidrug resistance phenotype of lung cancer [91]. 

(4) Multidrug resistance-associated protein 2 (MRP2, ABCC2) 

Multidrug resistance-associated protein 2 (MRP2) is a protein that in humans is encoded 

by the ATP-binding cassette sub-family C member 2 (ABCC2) gene. MRP2 is a member 

of the ABCC/MRP subfamily, and is known to be expressed on the apical side of the 

hepatocyte, and the apical membrane of proximal renal tubule endothelial cells [92]. 

MRP2 transports bile acid, as well as anti-cancer drugs, including doxorubicin and 

vinblastine [93]. As such, MRP2 has been linked to the development of anti-cancer drug 

resistance in mammalian cells [94]. 
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I.3.2 Efflux drug transporter modulators/inhibitors 

 

Drug efflux is a significant contributor to multidrug resistance in cancer cells, and as such 

current research is mostly aimed at modulating or blocking specific efflux mechanisms, 

in an attempt to overcome the resistance due to MDRs or MRPs overexpression [95]. In 

1981, it was reported that treatment with verapamil can reverse drug resistance, and since 

then, efflux drug transporter inhibitors have been intensively studied as potential drug 

resistance reversers [96]. Three generations of efflux drug transporter inhibitors have 

been developed and, including verapamil, are reviewed briefly below: 

(1) First generation drugs: cyclosporine A and verapamil            

In the beginning, agents were not specifically developed for inhibiting efflux drug 

transporters. These agents were used in the clinic for other pharmacological effects, and 

may have relatively low affinity for drug transporters [95]. Examples of first generation 

efflux drug transporter inhibitors include cyclosporine A (CsA), a competitive inhibitor, 

and verapamil, a non-competitive inhibitor. CsA is a non-steroidal agent used clinically 

for immunosuppression, and was developed as an inhibitor for MDR1, MRP2 and a 

modulator for MRP1 [97, 98]. Verapamil is an effective L-type calcium channel blocker, 

that has been used clinically for cardiovascular disease, such as in the treatment of 

hypertension, angina pectoris, and cardiac arrythmia [99]. Verapamil was subsequently 

identified as an efflux drug inhibitor of MDR1, MRP2 and modulator of MRP1 [100-

102]. 
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(2) Second generation: dexverapamil or dexniguldipine 

Due to the broad pharmacological properties of the first generation, the second generation 

of agents were developed to exhibit higher affinity and specificity of inhibition with less 

potential broad/side effects, such as dexverapamil or dexniguldipine [103]. Dexverapamil 

can competitively inhibit the efflux drug transporter MDR1 with decreased calcium 

antagonistic activity and toxicity, compared to verapamil. Besides higher specificity, 

dexniguldipine-HCl can accelerate dissociation of tritiated vinblastine from MDR1, while 

CsA does not alter the kinetics of tritiated vinblastine dissociation [104].  

 (3) Third generation: tariquidar (XR9576) 

A third generation of P-glycoprotein (P-gp) inhibitors has now emerged with even higher 

affinity for MDRs and MRPs at nanomolar concentrations, as well as less broad/side 

effects [105]. This includes the compound tariquidar (XR9576), which has passed phase 

II clinical trials successfully, and is now going into a phase III clinical trial [106].  

Although several generations of efflux drug modulators/transporters have been 

developed, the specificity and mechanisms of the modulating effects are still not well 

understood [107]. Clinical trials of third generation efflux drug transporter inhibitors have 

not all ended successfully, having triggered severe side effects such as cancer 

development [106]. Thus, the task of discovering other modulators of drug transporters 

has attracted attention [108, 109]. Efforts has been made to try to discover endogenous 

modulators that may work as transcription factors to regulate drug transporter or 

manipulate drug influx or efflux, through the use of hormones, growth factors and other 

agents [110, 111].  
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I.3.3 Efflux drug transporters in the heart  

MDRs, MRPs and other efflux ABC transporters are also expressed in the myocardium in 

human and rat heart; this includes relatively high levels of MDR-1, MRP1 and MDR2, 

and relatively low levels of MRP2 expression [112, 113]. A review of the recent literature 

suggests that ABC transporters have a role in controlling distribution of xenobiotics to 

the heart, thus protecting this organ [113]. For example, MRP1 may protect the heart by 

mediating the efflux of toxic products of oxidative stress from mitochondria and cardiac 

myocytes [114]. As such, increased efflux drug transporter levels that lead to decreased 

drug uptake in the heart would dramatically improve heart resistance to anti-cancer drugs. 

Thus, identification of effective modulators/inhibitors of efflux drug transport may 

provide a new perspective of rescuing or protecting a heart from cardiac injury induced 

by drugs.  

Part 4. Fibroblast Growth Factor 2 and Cardioprotection 

Efforts have been made to increase myocardial resistance to acute and chronic cardiac 

damage from anti-cancer drug side effects. Possible avenues include identification of 

pharmacological agents that might (a) interfere with (or protect from) side effects of anti-

cancer drugs, or (b) induce regenerative and/or an angiogenic response in a damaged 

heart [17]. It is reported that erythropoietin, a modified anthracycline N-

Benzyladriamycin-14-valerate (AD 198) [115, 116], and supplementation with the 

antioxidant L-carnitine [117], can protect against doxorubicin-induced cardiomyopathy. 

Additional strategies like regulating growth factor levels have also been reported as 

protective against doxorubicin-induced damage, including treatment with insulin-like 
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growth factor 1 (IGF-1) and fibroblast growth factors (FGFs) [118-120]. Thus, these 

growth factors have the potential to be developed as therapeutic agents to protect against 

doxorubicin-induced cardiac damage.  

I.4.1 Fibroblast growth factor -2 

Fibroblast growth factors, or FGFs (FGF-1 to FGF-23), are a family of growth factors 

involved in angiogenesis, wound healing, embryonic development and in proliferation 

and differentiation of wide variety of cells [121-124]. The FGF proteins share a heparin-

binding domain and the ability to interact with cell-surface-associated heparan sulfate 

proteoglycans, and this binding is essential for FGF signal transduction via their receptors 

[125]. FGFs bind predominantly to one of four tyrosine kinase FGF receptors (FGFR1-4) 

and activate a series of signal transduction pathways and cellular events [125], including 

regulation of myocardial and vascular cell survival, growth and differentiation, under 

physiological conditions and in response to injury.  

FGF-2 is also known as �“basic�” FGF (bFGF). In humans it is produced as a 18 kilodalton 

(kDa) low molecular weight (Lo-) FGF-2, and 20-34 kDa high molecular weight (Hi-) 

FGF-2 isoforms that are transcribed from the same FGF-2 mRNA, but with different start 

codons, methionine (AUG) and leucine (CUG), respectively (Figure 1.4).  FGF-2 is 

produced by most cells and tissues, including heart and slow skeletal muscles [126]. In 

heart, FGF-2 is produced by both cardiac fibroblasts and myocytes, where it is released 

on contraction as well as after cell injury [17]. FGF-2 will bind to the extracellular 

matrix/heparan sulfate proteoglycans, where it is available to work in both an autocrine 

and paracrine manner [127, 128].  
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Hi-FGF-2 and Lo-FGF-2 are translated from the same FGF-2 mRNA with a different 

start codon, CUG and AUG, respectively. Hi-FGF-2 contains a nuclear localization signal 

that enables nuclear transportation [129, 130]. 

 

 

 

 

 

 

FGF-2 gene 

Hi-FGF-2 (22-34 kD) 

Lo- FGF-2 (18kD) 

FGF-2 mRNA 
Nuclear localization signal 

CUG AUG CUG CUG 

Figure 1. 4 �– Human High (Hi-) and Low (Lo-) molecular weight FGF-2 isoforms 
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There are several mechanisms proposed to explain FGF-2 release, given its lack of classic 

export signal sequence: (1) released by dying cells during tissue injury [17]; (2) plasma 

membrane vesicle shedding [17]; (3) Na+/K+ ATPase pump also involved in the process 

of exporting FGF-2 in several cell lines [17]; (4) cardiac myocytes release FGF-2 on 

contraction on a beat-to-beat basis, and via stretching in fibroblasts [17]; (5) cardiac 

fibroblasts can export Hi-FGF-2 in response to pro-hypertrophic stimuli, such as 

angiotensin II [129]; (6) another secretory pathway of Hi-FGF-2 requiring activated 

caspase-1 [129] 

After release, FGF-2 is retained by the extracellular matrix in the heart, where it provides 

an environment to potentially support the growth of cells, and confer some resistance to 

cardiac injury [131, 132]. Hi-FGF-2 isoforms are hypertrophic and can induce chromatin 

compaction (apoptosis-like damage) [17, 133]. By contrast, Lo-FGF-2 is a mitogen for 

embryonic development and a potent survival agent for many cell types after birth [17, 

126, 134-141]. FGF-2 regulates cell proliferation, migration, and angiogenesis both in 

vitro and in vivo [142-144], FGF-2 exerts direct pre-conditioning and post-conditioning 

like cardioprotection from acute ischemia and reperfuiosn injury, independently of its 

angiogenic ability [17]. In addition, FGF-2 has the potential to induce cardiac 

regeneration, such as upregulate stem cell factor (SCF), a cytokine that binds to the c-Kit 

receptor (CD117), and a potent homing signal for mesenchymal cells going to areas of 

cardiac injury [145]. Consistent with many of these properties, FGF-2 deficient mice are 

associated with decreased endothelial proliferation and are more susceptible to injury 

[141, 146]. The known direct acute cardioprotection properties besides angiogenesis in 

vitro and in vivo is particularly relevant to this thesis [17]. In addition, FGF-2 gene 
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expression is regulated by many stress stimuli, including hypoxia, ischemia, as well as in 

response to angiotensin-II (Ang II) and adrenergic stimulation [17, 147]. FGF-2 can also 

increase its own gene expression in isolated cardiac myocytes [17]. Stimulated FGF-2 

levels contribute to cardioprotective effects in response to damage/injury. Thus, the 

cardioprotective effects of FGF-2 will be further explored below with details of the 

signaling pathway involved in cardioprotection.  

I.4.2 Signaling pathways of FGF-2 and cardioprotection 

The biological activities of extracellular FGF-2, including cardioprotection, are mediated 

by binding to one or more high-affinity FGF receptors (FGFR1-4) to recruit and 

phosphorylate other signaling molecules culminating in the activation of major signal 

transduction pathways.  

I.4.2.1 FGF receptors 

There are five members of the FGF receptor family. FGFR (1-4) consist of an 

extracellular ligand binding domain, a transmembrane helix domain and an intracellular 

tyrosine kinase domain, while FGFR5 lacks the tyrosine kinase domain [148, 149]. The 

extracellular ligand-binding domain of FGFR (1-4) is composed of up to three 

immunoglobulin (Ig)-like domains and an �“acid box�” between immunoglobulin I and 

immunoglobulin II that form the binding site for FGF-2 [17, 126]. This �“acid box�” is a 

short stretch of acid amino acids that has auto-inhibitory functions. Interference with 

ligand binding or inhibition of tyrosine kinase activity will interrupt FGF-induced 

signaling.  
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I.4.2.2 Intracellular signaling pathways 

Signal transduction pathways that can be recruited by FGF-2/FGFR binding includes all 

three branches of the mitogen activated protein kinase (MAPK pathway), c-Jun N-

terminal kinases (JNKs), extracellular signal-related kinases 1 and 2 (ERK1/2), and p38, 

as well as the phospholipase C (PLC)-protein kinase C (PKC), and Src-associated 

pathways [17, 126, 131, 150-152]. FGF-2/FGFR can also activate casein kinase 2 (CK2) 

through the interaction of the beta-subunit of CK2 in the nucleus to induce a mitogenic 

response of cells [138, 150, 153-155]. In addition, activation of phosphatidylinositol-3-

OH kinase-AKT (PI3K-Akt) by FGF-2 also stimulates cell survival and growth, as well 

as cardiac valve interstitial cell repair [156-159]. 

I.4.2.3 Cardioprotective signaling pathways 

The protective effects of FGF-2 have been linked to PKC-dependent cascades, the ERK 

as well as the PI3K-Akt signaling pathways [160, 161]. In addiotion, other signaling 

pathways like nitric oxide and the nitric oxide synthases are involved in preconditioning 

cardioprotection by FGF-2 [162]. 

PKC is a family of serine/threonine kinases that have emerged as important regulators of 

cardiac contraction, hypertrophy, and signaling pathways that influence 

ischemia/reperfusion injury [163]. There are multiple PKC isoforms and some of the 

isoforms have specific actions in the heart [163] (Table 1). This specific activation and 

action offers potential development of PKC-targeted therapeutics [163]. For example, 

PKC  is the predominant isoform in most cardiac myocytes. The expression and activity 

of PKC  increases in models of cardiac injury, hypertrophy or heart failure [163]. The 
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expression and activity of PKC  are increased in end-stage heart failure, while PKC  is 

activated or increased in many models of cardiac ischemia or hypertrophy [163]. PKC  is 

also activated or increased in models of hypertrophy, but recent studies have focused on 

the cardioprotective effects of PKC  in ischemia pre-conditioning or ischemia 

reperfusion injuries [163, 164].  

 

Table 1: List of PKC isoforms and mechanisms of activation  

PKC-  
PKC-  

Conventional 

PKC-  

Requires DAG, Ca2+, and 
phospholipids for activation 

PKC-  
PKC- 1 
PKC- 2 
PKC- 3 
PKC-  
PKC-  

Novel 

PKC-  

Require DAG but not Ca2+ 
for activation 

PKC-  
PKC-  

PKC-N1 
PKC-N2 

Atypical 

PKC-N3 

Require neither DAG nor 
Ca2+ for activation 
 

 

Ischemic preconditioning and protection from ischemia-reperfusion by FGF-2 are both 

sensitive to PKC activation, and especially to the episolon ( ) isoform [17]. PKC  is the 

principal, but not the only PKC isozyme to be expressed in the rat heart [165]. PKC  is a 

central contributor to cardiac injury resistance by modifying targets at the plasma 

membrane, mitochondria, and other subcellular sites [154, 166]. PKC  is also involved in 

the phosphorylation of connexin-43 within gap junctions at the intercalated discs in vitro 
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and in the adult perfused heart [159, 167]. This modification was shown to contribute to 

an injury resistant cardiac phenotype [159, 167]. Lo-FGF-2 overexpression in transgenic 

mouse hearts resulted in increased levels of membrane associated and total PKC  and 

PKC  activity, which would be expected to elicit cardiac protection [132]. Chelerythrine, 

a PKC inhibitor, can interact with the catalytic domain of PKC, and is a competitive 

inhibitor with respect to the phosphate acceptor (histone IIIS) and a non-competitive 

inhibitor with respect to ATP. Chelerythrine blocks the cardioprotective effects of FGF-2 

from ischemia-reperfusion damage in isolated rat heart [155]. Bisindolylmaleimide I 

(BIM-1), an ATP-competitive PKC inhibitor, can suppress FGF-mediated activation of 

Erk MAP kinase in chondrocytes, further supporting the involvement of PKC in FGF-2 

biological activities [168].  

Activation of mitogen-activated protein kinase kinase (MEK) with consequent 

phosphorylation of extracellular signal-regulated kinases (ERKs) has been reported to 

mediate a pro-survival and mitogenesis phenotype that contributes to FGF-2-induced 

protection [169, 170]. In addition, cardioprotection induced by overexpression of cardiac 

specific FGF-2 in a transgenic mouse model was reported to be dependent on the ERK 

signaling pathway [171]. Cardiac specific overexpression of FGF-2 in a transgenic mouse 

resulted in increased recovery of contractile function and decreased infarct size after 

ischemia-reperfusion injury [171]. Inhibition of the MEK-ERK pathway with U-0126 (a 

MEK1 and MEK2 inhibitor) reversed the protective effects of FGF-2 against the injury 

[171]. In addition, western blot analysis of FGF-2 transgenic and wild type mouse hearts 

during early ischemia or reperfusion injury revealed signaling alterations in ERK 

activation [171].  
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In the myocardium, FGF-2 is upregulated in response to ischemia-reperfusion injury at 

both the transcriptional and translational level [126]. Exposure to a short period of 

ischemia triggers regulation of FGF-2 gene expression and/or post-translational 

modification resulting in an increased level of endogenous FGF-2 that, presumably, can 

offer protection in the event of a second ischemic event or perfusion injury [17, 150, 154]. 

Efforts have been made to identify possible mediators that trigger this �“pre-conditioning�” 

from FGF-2 [17]. Exogenous administration of FGF-2 can also confer protection from 

cardiac injury, including from H2O2�–induced damage to neonatal rat cardiac myocyte 

cultures and ischemia-reperfusion injury in a Langendorff isolated heart model [17, 172]. 

However, the effect of FGF-2 with regard to doxorubicin-induced damage of cardiac 

myocytes has not been reported. 

I.4.3 FGF-2 and efflux drug transporters  

As suggested earlier, there is an effort to identify factors other than efflux drug 

transporter inhibitors that can regulate drug transporter expression or function for the 

purpose of modulating drug resistance of different cell types. Recent examples include 

epidermal growth factor (EGF) and insulin-like growth factor II (IGF-II) increase the 

levels and function of another type of efflux drug transporter, breast cancer resistance 

protein (BCRP) that specifically expressed in breast cancer cells, resulting in increased 

efflux activity. On the other hand, tumor necrosis factor  and interleukin-1  (IL-1 ) 

decreases MDR-1 level and function, resulting in decreased efflux activity in placental 

trophoblasts and as a consequence increases fetal susceptibility to toxic xenobiotics 

[173].  
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Interestingly, FGF-2 has also emerged as a growth factor that is capable of modifying the 

sensitivity of normal and tumor cells to anti-cancer drugs [174-176]. FGF-2 can induce 

both drug resistance and drug sensitization in different cell types treated with a variety of 

cytotoxic agents. For example, recent advances suggest that expression of FGF-2 in 

tumor cells is involved with the loss of response to chemotherapy in vivo [177]. FGF-2 is 

also capable of modifying the sensitivity of cells to anti-cancer drugs, resulting in either 

increased drug resistance or sensitivity by affecting efflux ATP-binding cassette (ABC) 

drug transporters, including MDR-1 and MRP-1 [175, 177, 178]. In addition, FGF-2 has 

also been reported to enhance MDR-1 expression in human colorectal (HCT-15, SW620-

14) cancer cells and human breast (MCF-7/MDR, MDA-MB-231/MDR) cancer cells 

[175]. Thus, the manipulation of FGF-2 activity in this model to increase the 

effectiveness of chemotherapeutic agents may have important clinical implications in 

cancer cells [177]. 

Increased drug resistance to anti-cancer drugs might be beneficial to the heart by offering 

cardioprotection, but at the cost of promoting cancer by decreasing its susceptibility to 

chemotherapy. This of course might vary between cancer types or stages of development. 

For example, this could reflect type and/or number of FGFRs as well as the major 

signaling pathways at play in the cell. Thus, an understanding of the differential cellular 

trafficking and biological activities of the multiple FGF-2 isoforms may help to 

determine the circumstances under which FGF-2 acts to inhibit versus potentiate drug 

action. A first step before addressing effects in cancer cells is to establish a beneficial 

effect of FGF-2 in terms of protection of cardiac cells from a chemotherapeutic agent like 

doxorubicin, and a role for efflux transport in the mechanism of cardioprotection. To 
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date, however, there is no report on the cardioprotective effects of FGF-2 against 

doxorubicin-induced injury in cardiac myocytes involving efflux drug transporters.  

Thus, the effects of exogenous FGF-2 on cardiac myocyte survival and on efflux drug 

transporter levels or function in the context of doxorubicin treatment, as well as the link 

between these two aspects were pursued as the subject of my project and thesis.  
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CHAPTER II. HYPOTHESIS AND OBJECTIVES 

 
 Rationale 

Doxorubicin is an effective anti-cancer drug used in chemotherapy, however, the cardiac 

side effects that can lead to death complicate and limit its clinical application [179]. FGF-

2 protects cardiac myocytes from ischemia-reperfusion injury and PKC, especially PKC , 

has been implicated in the signaling pathway [154]. There is no report, however, as to 

whether exogenous FGF-2 treatment can offer protection against doxorubicin-induced 

damage in cardiac myocytes, including neonatal rat cardiac myocyte cultures. 

Besides cardiac side effects, drug resistance is another obstacle that limits its application 

to chemotherapy. It has been reported that about 50% of doxorubicin is extruded by 

efflux drug transporters without metabolism in cancer cells. FGF-2 has, however, been 

linked with the increased drug resistance of tumor cells to anti-cancer drugs by increasing 

efflux ABC drug transporters, including MDR and MRP1 [175, 177, 178]. By contrast, 

neonatal rat cardiac myocytes also express relatively high levels of MDR1b that has been 

reported to contribute to MDR-1-based drug extrusion in the heart that is beneficial [180]. 

There is no evidence, however, of whether FGF-2 can regulate drug transporters in the 

presence of doxorubicin in cardiac myocytes, including in neonatal rat cardiac myocyte 

cultures.  

Hypothesis 

FGF-2 protects neonatal rat cardiac myocytes from doxorubicin damage via protein 

kinase C- dependent effects on efflux transporters. 
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Objectives 

1. To establish a �“model�” of doxorubicin-induced injury in neonatal rat cardiac myocyte 

cultures. 

The effect of doxorubicin will be assessed: (a) on LDH release as an indicator of plasma 

membrane damage; (b) on DNA fragmentation; (c) on fluorescent markers of cell death, 

annexin-V for apoptosis and ethidium homodimer III for necrosis; and (d) on lysosome 

activity. 

2: To identify the half maximal effective concentration (EC50) of FGF-2 in preventing 

doxorubicin-induced LDH release at 24 hours. 

Neonatal rat cardiac myocytes will be pretreated with 0.2 nM, 1 nM, 2.5 nM, 10 nM and 

20 nM FGF-2 before doxorubicin treatment for 24 hours and culture medium will be 

collected for assessment of LDH activity.  

3. To assess the ability of exogenous FGF-2 (10 nM) treatment to protect against 

doxorubicin-induced injury in neonatal rat cardiac myocytes. 

(a) Endogenous FGF-2 RNA levels with doxorubicin treatment will be assessed; then the 

ability of exogenous FGF-2 treatment to protect against doxorubicin-induced injury will 

be assessed (b) on LDH release as an indicator of plasma membrane damage, (c) on DNA 

fragmentation and (d) on fluorescent markers of cell death, annexin-V for apoptosis and 

ethidium homodimer III for necrosis. 
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4: To investigate a role for FGFR on any beneficial effects of FGF-2 observed in relation 

to doxorubicin-induced injury, using an FGFR inhibitor. 

A FGF receptor tyrosine kinase inhibitor, SU5402, will be added before FGF-2 and 

doxorubicin, and culture medium will be collected for the LDH activity assay.  

5. To investigate a role for PKC activation on any beneficial effects of FGF-2 observed in 

relation to doxorubicin-induced injury, using multiple PKC inhibitors. 

Two different PKC inhibitors, chelerythrine and BIM-1 will be used for pre-treatment 

and inhibition. Culture medium will then be collected and tested for LDH activity and 

compared to doxorubicin alone or pre-treatment with FGF-2 before doxorubicin. 

6. To test the ability of FGF-2 to regulate multi-drug resistance gene RNA levels in 

neonatal rat cardiac myocyte cultures. 

Total RNA will be isolated from neonatal rat cardiac myocyte cultures and efflux drug 

transporter (MDR1a, MDR1b, MDR2, MRP1, MRP2) RNA levels will be assessed by 

qPCR for: (a) the ability of doxorubicin and FGF-2 to regulate multi-drug resistance gene 

RNA levels; and (b) assessing whether the regulation of FGF-2 on multi-drug resistance 

gene RNA is PKC dependent (using PKC inhibitors). 

7: To test whether FGF-2 has positive effects on efflux drug transporter levels/function 

measured by doxorubicin retention/extrusion in neonatal rat cardiac myocytes. 
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The ability of FGF-2 to regulate efflux drug transport levels/function (retention or 

extrusion) will be assessed by fluorescence activated cell sorting (FACS) on doxorubicin 

autofluorescence intensity level. Retention of doxorubicin will be assessed to measure the 

effect of FGF-2 and doxorubicin on efflux transporter activity. As positive controls, 

neonatal rat cardiac myocytes will be pretreated with 20 µM CsA, an inhibitor of MDR1 

and MRP2 transporters, or 2 µM verapamil, which blocks MDR1 in neonatal rat cardiac 

myocytes.  

8. To test whether FGF-2 has positive effects on efflux transporter levels/function 

measured by calcein retention/extrusion in neonatal rat cardiac myocyte cultures.  

The ability of FGF-2 to regulate efflux drug transport levels/function (retention or 

extrusion) will be assessed by FACS after pre-loading neonatal rat cardiac myocytes with 

fluorescent calcein. The rentention/extrusion of calcein provides an average calcein 

fluorescence intensity level that can be compared between each untreated and treated 

groups of cells. 

9. To test whether the positive effects of FGF-2 on efflux drug transport contributes to the 

increased resistance of neonatal rat cardiac myocytes to doxorubicin-induced plasma 

membrane damage. 

The possible relationship between the stimulation in efflux transporter and increase in 

resistance to doxorubicin-induced cell injury with FGF-2, as measured by LDH release, 

will be examined by the addition of the transport inhibitors CsA, verapamil or XR9576 to 
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neonatal rat cardiac myocyte cultures before treatment without or with FGF-2 and/or 

doxorubicin. 

A diagram of the hypothesis and experimental design is shown in Figure 2.1. Each 

objective and observations made, and how they relate to the hypothesis, as well as the 

consequences of the observations made and resulting claims, will be discussed in Chapter 

IV. 

 

 

.   

 

 

 

 

 

 

FGF-2 protects cardiac myocytes from doxorubicin damage via protein kinase C- 

dependent effects on efflux transporters. Abbreviations: cyclosporine A, CsA; 

doxorubicin, DOX.

CsA 
Verapamil  + FGF-2 + DOX 
XR9576 

Control 

FGF-2 + DOX 
CsA 
Verapamil  + FGF-2 + DOX 
XR9576 

Chel 
BIM-1   + FGF-2 + DOX 
SU5402 

Chel 
BIM-1   + FGF-2 + DOX 
SU5402 

DOX 

DOX FGF-2 + DOX 

Figure 2.1 - Hypothesis and Objective 
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CHAPTER III. MATERIALS AND METHODS 
Animals 

All animals were housed and treated according to standards and guidelines set by the 

Canadian Council for Animal Care. The investigation conforms to the Guide for the Care 

and Use of Laboratory Animals published by the US National Institutes of Health (NIH 

Publication, 8th Edition, 2011). The protocol for primary culture of neonatal rat 

ventricular myocytes was approved by the Bannatyne Campus Protocol Management and 

Review Committee at the University of Manitoba. 

Neonatal rat cardiac myocyte primary cultures 

One-day-old Sprague-Dawley rat neonates were decapitated and heart ventricles were 

isolated by excision and digested with collagenase (5180 units), trypsin (2590 units) and 

DNase (15960 units, Worthington Biochemical Corporation, Lakewood, NJ, USA) at 37 

oC for 10 minutes each digestion and repeating 6 times. Cells were fractionated by 

centrifugation (2,000 xg using an Avanti JE, Beckman Coulter, Ontario, Canada) on a 

Percoll (GE Healthcare, SE-75184, Uppsala Sweden) gradient with an upper layer and 

lower layer, 55% and 45% of the total volume, respectively.  

Myocytes (lower layer) were counted using a hemocytometer and plated on collagen-

coated culture plates at a density of 1.3 million cells/60-mm diameter plate or 0.45 

million/35-mm plate with coverslips in medium consisting of Ham�’s F-10 (Sigma-

Aldrich, Oakville, ON, Canada) supplemented with 10% fetal bovine serum (FBS), 10% 

horse serum (GIBCO, Life Technologies, Burlington, ON, Canada), and 1% Penstrep 

(GIBCO, Life Technologies, Burlington, ON, Canada) for 24 hours. Culture plates with 
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or without coverslips were coated with 0.25% w/v rat tail collagen, type I, (BD Sciences, 

Mississauga, ON, Canada), and then dried under ultraviolet light in a culture hood with 

constant air flow for 12 hours.  

Doxorubicin and growth factor treatments 

Cells were maintained for 24 hours in defined medium consisting of DMEM/F-12 

(GIBCO, Life technologies, Burlington, ON, Canada), supplemented with 0.5% FBS, 

0.66% Albumin (Sigma-Aldrich, Oakville, ON, Canada), 1% Penstrep, 0.02% Ascorbic 

Acid (Sigma-Aldrich, Oakville, ON, Canada), and 1% Insulin-Transferrin-Selenium 

(GIBCO) for 24 hours. For doxorubicin or FGF-2 treatment alone, cultures were refed 

with medium supplemented with either 0.5 µM doxorubicin (Sigma-Aldrich) or 

recombinant rat FGF-2 (10 nM) for 6 or 24 hours. For pretreatment with FGF-2, cultures 

were refed and treated with FGF-2 for 30 minutes and then supplemented with 0.5 µM 

doxorubicin treatment for up to 24 hours. For FGFR and PKC inhibition, 20 µM SU5402 

and 5 µM chelerythrine or 20 nM bisindolylmaleimide (BIM-1) were added for 15 

minutes before without or with FGF-2 and doxorubicin. For treatment with efflux drug 

transporter inhibitors, cyclosporine A (CsA, 20 µM), verapamil (2 µM) or XR 9576 

(Tariquidar, 1 µM) were added 15 minutes before with or without FGF-2 and 

doxorubicin (Figure 3.1).  

RNA isolation and quantitative real-time reverse transcriptase-polymerase chain 

reaction (qPCR) 

Total RNA from neonatal rat cardiac myocytes was isolated using the RNeasy Plus Mini 

Kit (Qiagen Inc, Mississauga, Ontario, Canada) and assessed for quality on 1% agarose 
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gel (Bio-Rad, Mississauga, Ontario, Canada) with ethidium bromide (0.4%, Sigma-

Aldrich) staining. Cell cultures were washed three times with phosphate-buffered saline 

(PBS) (GIBCO, Life technologies, Burlington, ON, Canada). Five hundred µl Buffer 

RLT Plus with 1% beta-mercaptoethanol (Sigma-Aldrich, Oakville, ON, Canada) was 

added to cell culture dishes to disrupt the cells. The lysate was collected with a rubber 

policeman and then transferred by pipette into a QIAshredder spin column placed in a 2 

ml collection tube, and centrifuged for 2 minutes at maximum speed (>10,000 xg). The 

QIAshredder is a unique biopolymer shredding system in a micro-centrifuge spin-column 

format. It homogenizes cell or tissue lysates to reduce viscosity. Homogenization shears 

the high-molecular weight genomic DNA and other high-molecular-weight cellular 

components to create a homogenous lysate. The homogenized lysate was then transferred 

to a genomic DNA Eliminator spin column placed in a 2 ml collection tube, and 

centrifuged for 30 seconds at maximum speed to eliminate genomic DNA. The column 

was discarded, and the flow-through was saved. Five hundred µl of 70% ethanol was 

added to the flow through and mixed well. The sample, including any precipitate that 

may have formed, was then transferred to an RNeasy spin column placed in a 2 ml 

collection tube and centrifuged for 15 seconds at maximum speed. The RNeasy spin 

column can bind to mRNA larger than 200 nucleotides. The flow through was discarded, 

and the RNeasy spin column was washed one time with 700 µl of buffer RW1 and two 

times with Buffer RPE to wash away the contaminants. The RNeasy spin column was 

placed in a new collection tube and spun for 1minute to eliminate any possible carryover 

of Buffer RPE. The RNeasy spin column was placed in a new 1.5 ml collection tube and 

25 µl RNase-free water added directly to the spin column membrane. The column was 
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then spun for 1 minute at maximum speed to elute RNA. The RNA concentration was 

determined with a Nanodrop 200 spectrophotometer (Thermo Scientific, Ontario, 

Canada); an absorbance A260/280 ratio for the RNA sample between 1.8-2.2 was 

considered an indication that the RNA was �“good quality�”. In addition, 2 µl RNA was 

mixed with RNA loading dye (10%) and separated by electrophoresis in a 1% agarose gel 

and stained with ethidium bromide. Three sharp bands corresponding to 28S, 18S and 5S 

RNA provided a further indication of RNA quality.  

Total RNA (1 µg) was converted to cDNA using the QuantiTect Reverse Transcription 

Kit (Qiagen). One µg total RNA template, plus 2 µl gDNA Wipeout Buffer, up to 14 µl 

total volume with RNase-free water was incubated at 42 oC for 2 minutes to eliminate 

any genomic DNA. Then 1 µl Quantiscript Reverse Transcriptase (Comprising of 

Quantiscript Reverse Transcriptase and an RNase inhibitor), 1 µl RT primer Mix (oligo-

dT and random primers) and 4 µl Quantiscript RT Buffer (contains dNTPs) were added 

to total of 20 µl. Mixed samples were then were incubated for 45minutes at 42oC for the 

reverse transcript reaction and 3 minutes at 95oC to inactivate Quantiscript Reverse 

Transcriptase. 

PCR amplifications were performed in triplicate in 20 µl using the SYBR green PCR 

Master Mix Kit (10 µl; A&B Applied Biosystems, Warrington, UK), with 33 ng of 

template cDNA and 1 mM each of forward and reverse primers (Invitrogen) in an ABI 

7500 fast Real-Time PCR System; cycle conditions were: incubation 95 oC/10 minute, 

then 40 cycles with denaturation 95 oC/15 seconds, annealing 60 oC/30 seconds, and 

extension 72 oC/1 minute. RNA levels were analyzed using the comparative cycle 
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threshold (CT) method. The average CT values were determined for both the Target gene 

and housekeeping gene Beta-2-microglobulin (B2M) A in each sample from the treated 

and untreated (control) groups (n=3 per group). The average delta CT value (DCT) was 

determined for each group by subtracting the average CT value for the housekeeping 

gene from the average CT value for the target gene. The DDCT value was then 

determined by subtracting the DCT value for the untreated group from the DCT value for 

the treated group. The relative quantity was determined for each group using the RQ 

Study feature within the 7500 fast Real Time PCR System Sequence Detection Software, 

version 2.0.5 (A&B Applied Biosystems).  

Table 2: Rat Primer Sequence (5'-3') of mRNA for qPCR 

Primers Forward Sequence Reverse Sequence 

B2M GACCGTGATCTTTCTGGTGCTT TTCCCATTCTCCGGTGGA 

MRP1 AAGGAGTCCAGTCCTCAGG AGAGGTCACTGCTCTTCAGG 

MDR1b  GAAATAATGCTTATGAATCCCAAAG GGTTTCATGGTCGTCGTCTCTTGA 

MDR1a AGCGGTCAGTGTGCTCACA CTTGGCATATATGTCTGTAGCA 

MDR2 AAGAATTTGAAGTTGAGCTAAGTGA TGGTTTCCACATCCAGCCTAT 

MRP2 GAAGGCATTGACCCTATCT CCACTGAGAATCTCATTCATG 

FGF-2 TCTTCCTGCGCATCCATCCAGA CAGTGCCACATACCAACTGGAG 

 

Immunohistochemistry 

Neonatal rat cardiac myocytes were plated in 35 mm dishes with coverslips coated with 1 

ml 0.05% collagen. At each experimental end time point, coverslips with cells were 
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rinsed 3 times with PBS. Freshly prepared 4% paraformaldehyde (Fisher Scientific, 

Ottawa, Ontario, Canada) was stored at 4 oC to keep it cold before addition to each dish 

containing a coverslip and incubated for 15 minutes at 4 oC for fixation. Cells on 

coverslips were rinsed 3 times with PBS, and 0.1% Triton/PBS were added to each dish 

and incubated for 15 minutes at 4 oC in order to disrupt the membrane to have higher 

permeability to antibodies or staining solutions. Cells on coverslips were rinsed 5 times 

with PBS after permeabilization. Primary antibodies were diluted in 1% bovine serum 

albumin (BSA)/PBS solution and added to completely cover the coverslips in order for 

antibody binding with the target protein structure. Cells on coverslips were covered with 

aluminum foil for protection from light and left overnight at 4 oC. Cells on coverslips 

were rinsed 4 times with PBS. A seconday antibody with a fluorescent tag (Texas-Red 

for red color or fluorescein (FITC) for green color) were diluted in 1% BSA in PBS 

solution and added to cover the cells on coverslips for 1 hour at room temperature for 

binding with the primary antibody. Plates were covered with aluminum foil to protect 

from light. Cells on coverslips were washed 4 times with PBS over 5 minutes and 

mounted on a clean slide using Prolong (Gibco) with DAPI (blue) to stain nuclei. Pictures 

were taken using a confocal laser scanning microscope (ZEISS, LSM5, PASCAL) and 

the Axionvision Rel. 4.8 program was used for further analysis or measurement.  

Cell death quantification 

Cell death quantification was assessed with the LDH assay (In Vitro Toxicology Assay 

Kit, Lactic Dehydrogenase based, Sigma), TUNEL (Terminal Transferase dUTP Nick 

End Labeling) kit (Roche, Mississauga, ON, Canada), Apoptosis & Necrosis & Healthy 
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Cells Quantification kit (Sigma) and ethidium bromide/Acridine Orange staining (Sigma) 

(Figure 3.1).  

(1) LDH assay 

The LDH assay was performed with an In Vitro Toxicology Assay Kit, Lactic 

Dehydrogenase based (Sigma). The assay is based on the reduction of NAD by LDH. The 

resulting reduced NAD (NADH) is utilized in the stoichiometric conversion of a 

tetrazolium dye. One of the LDH control group cultures was treated with 1/10 volume of 

LDH assay Lysis Solution per well and incubated for 45 minutes to lyse cells to release 

large amount of LDH for a positive control. Cell culture medium was collected and 

centrifuged to pellet the debris before using the LDH release assay. Fifty µl medium from 

the LDH control group, 50 µl medium from each control and treatment group, and a 

blank sample with all the solutions but without any cells, were added to a 96-well culture 

dishes. A negative control containing only culture medium was used as the blank sample. 

One hundred µl Lactate Dehydrogenase Assay Mixture (by mixing equal volume of LDH 

Assay Substrate Solution, LDH Assay dye solution, and 1x LDH Assay Co-factor 

Preparation) was then added to each well. Culture dishes were then covered with 

aluminum foil for protection from light and incubated at room temperature for 30 

minutes. The reaction was terminated by the addition of 15 µl 1M hydrochloric acid to 

each well. Absorbance was measured spectrophotometrically at a wavelengh of 490 nm. 

The background absorbance of the multiwall plates was measured at 690 nm and this 

value was subtracted from the primary wavelength measurement (490 nm). The amount 

of LDH release from the treatment and control groups were then measured in comparison 
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(2) TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling) - In situ 

Cell Death Detection Kit, TMR red 

Neonatal rat cardiac myocytes were plated in 35 mm dishes with coverslips coated with 1 

ml of 0.05% Collagen. Cell damage was induced with doxorubicin treatment. At each 

experimental end time point, coverslips with cells were rinsed 3 times with PBS. Four 

percent paraformaldehyde (Fisher Scientific, Ottawa, Ontario, Canada) was stored at 4 oC 

before addition to each dish containing a coverslip and incubated for 15 minutes at 4 oC 

for fixation. Cells on coverslips were rinsed 3 times with PBS, and 0.1% Triton/PBS was 

added to each dish and incubated for 15 minutes at 4 oC in order to disrupt the membrane 

for higher permeability to the staining solutions. Cells on coverslips were rinsed 5 times 

with PBS again. Fifty µl of TUNEL reaction mixture was prepared and added to each 

coverslip with cells, in a ratio of Enzyme solution (Terminal deoxynucleotidyl 

transferase): Label solution (Nucleotide mixture in reaction buffer) = 1:9. Coverslips with 

cells were then incubated in a humidified atmosphere for 60 minutes at 37 oC in the dark. 

Cells on coverslips were rinsed 3 times with PBS. Pictures of the slides were taken using 

a confocal laser scanning microscope (ZEISS LSM5 PASCAL) and the Axionvision Rel. 

4.8 program was used for further analysis and measurement.  

(3) Apoptosis, necrosis and �“healthy�” cell quantification  

Evidence of programmed cell death was also assessed using the Apoptosis & Necrosis 

Quantification Kit (Biotium Inc., CA, USA). In apoptotic cell death, phosphatidylserine 

is translocated from the inner to the outer surface of the cell for phagocytic cell 

recognition [181]. The human anticoagulant, annexin V, is a 35 kD Ca
2+

-dependent 

phospholipid protein with a high affinity for phosphatidylserine. Annexin V labeled with 
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fluorescein isothiocyanate (FITC, 
abs

/
em

= 492/ 514 nm) that can identify apoptotic cells 

in green by binding to phosphatidylserine exposed on the outer membrane [182]. In 

necrotic cell death, both internal organelle and plasma membrane integrity are lost, 

resulting in spilling of cytosolic and organellar contents into the surrounding environment 

[183]. Ethidium homodimer III is a highly positively charged nucleic acid probe, which is 

impermeant to live cells or apoptotic cells, but stains necrotic cells with red fluorescence 

(
abs

/
em 

= 528/617 nm) [184]. Ethidium Homodimer III has high affinity for DNA and 

high fluorescence quantum yield. Hoechst 33342 is a cell membrane-permeant, minor 

groove-binding DNA stain that emits bright blue fluorescence upon binding to DNA 

(
abs

/
em 

= 350/461 nm). It has been used for staining the nuclei of cells [184]. 

Neonatal rat cardiac myocytes were plated in 35 mm dishes with coverslips coated with 1 

ml 0.05% collagen. Cell damage was induced using doxorubicin treatment. For 

microscope viewing, cells on coverslips were washed twice with 1X Binding Buffer. Five 

µl FITC-Annexin V (binding to the pSer exposed on the outer membrane), 5 µl EthD-III 

(impermeable for apoptotic cells but can bind to DNA of necrotic cells) and 5 µl 

Hoechest 33342 (binding to DNA) were added into 100 µl 1X Binding buffer for staining 

the cells on coverslips. Cells were washed two times with 1X Binding Buffer. Cells on 

coverslips were fixed with 2% paraformaldehyde in 1X Binding Buffer. Cells were then 

washed 2 times with 1X Binding Buffer and mounted onto a slide with 1X Binding 

Buffer. Pictures were taken and analyzed using a confocal laser scanning microscope 

(ZEISS LSM5 PASCAL) with the Axionvision Rel. 4.8 program. 
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For flow cytometry, cells were washed with PBS twice and detached from the culture 

plate by 1 ml Accutase (Invitrogen). Four ml culture medium was added to stop the 

accutase reaction. The total 5 ml solution was collected and centrifuged at 600 xg for 5 

minutes. Supernatants were discarded and pellets were resuspended with 100 µl 1X 

Binding Buffer. Five µl FITC-Annexin V, 5 µl EthD-III and 5 µl Hoechst 33342 

solutions were added to each 100 µl 1X Binding Buffer. An additional three samples, one 

for each of the staining dyes (FITC-Annexin V, ethidium homodimer III or Hoechst 

33342) control was also included. All samples were incubated at room temperature for 15 

minutes in the dark. Four hundred µl 1X Binding Buffer was then added to each tube. All 

cells were analyzed by FACS according to the manufacturer�’s instructions (MoFloXDP, 

Beckman Coulter, Mississauga, Canada) within 1 hour of staining. Data were analyzed 

using the Summit v.5.2 program (Beckman). Gating for the analysis was based on 

determinations for untreated cells, as well as annexin V and/or ethidium homodimer III 

positive cells. 

(4) Acridine orange staining 

Acridine orange is a slightly cationic, lipophilic, weak base capable of permeating cell 

and organelle membrane structure. Acridine orange can also be protonated and trapped 

on the low pH side of the membrane barrier leading to its accumulation in acidic 

organelle structures, such as lysosomes. Proton pump driven lysosomal acidity generates 

a significant pH gradient resulting in the efficient concentration of acridine orange within 

the lysosome organelles. The effectiveness of this acridine orange concentrating process 

is sufficient to create intra-lysosomal concentrations leading to precipitation of the 
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acridine orange into aggregated granules. These oligomeric structures exhibit a red shift 

(640 nm) compared to the monomeric acridine orange (525 nm).  

Neonatal rat cardiac myocytes were plated in 35 mm dishes with coverslips coated with 1 

ml 0.05% collagen. Cell damage was induced using doxorubicin treatment for 6 and 24 

hours. Cells were washed three times with PBS, and then stained with 100 µl acridine 

orange staining solution (2 mg/ml acridine orange in double distilled water). Pictures of 

the slides were taken within 20 minutes of staining with a confocal laser scanning 

microscope (ZEISS LSM5 PASCAL) and the Axionvision Rel. 4.8 program was used for 

further analysis and measurement. 

Efflux drug transporter function quantification 

(1) Doxorubicin autofluorescence quantification 

Doxorubicin is a substrate for efflux drug transporters and has a fluorescent hydroxy-

substituted anthraquinone chromophore structure that enables us to detect an average 

fluorescence intensity level that can be compared between each groups [185].  

Cells were processed according to growth factor and doxorubicin treatment regimen, and 

a positive control treated with CsA (20 µM), verapamil (2 µM) were included. Cells were 

then pelleted and resuspended with DMEM/F-12 (without phenol red) and analyzed by 

FACS according to the manufacturer�’s instructions (MoFloXDP, Beckman Coulter, 

Mississauga, Canada) within 1 hour of staining. Data were analyzed using the Summit 

v.5.2 program (Beckman). Gating for the analysis was based on determinations for no 

treatment (doxorubicin) cells. 



CHAPTER III: MATERIALS AND METHODS 

 44

(2) Multi-Drug Resistance Assay Kit (Calcein AM quantification) 

For studying MDR proteins (including P-gp and MRP) modulators, neonatal rat cardiac 

myocyte cultures were assessed with a Multi-Drug Resistance Assay Kit (Calcein AM) 

according to the manufacturer�’s instructions (Cayman Chemical Company, Ann Arbor, 

Michigan, USA). Cells were treated with or without FGF-2 and doxorubicin, and a 

positive controls reflecting treatment with CsA (1:1000, 20 µM), verapamil (2 µM) or 

XR 9576 (Tariquidar) were included. To load cells with calcein, cultures were treated 

with cell-permeable non-fluorescent substrate calcein AM solution 25 minutes prior to 

harvesting. Cells were then pelleted and resuspended in 400 µl of Assay Buffer and 

analyzed with a flow cytometer. Following intracellular esterase activity that removes the 

acetomethoxy (AM) group, calcein AM is converted to fluorescent calcein, which is 

retained in the cytoplasm [186]. Cells were pelleted and resuspended with Assay Buffer.  

All cells were analyzed by FACS according to manufacturer�’s instructions (MoFloXDP) 

within 1 hour of staining. Data were analyzed using the Summit v.5.2 program 

(Beckman). Gating for the analysis was based on determinations for calcein AM positive 

cells. 

Statistical analysis 

For single comparisons, paired t-tests were applied, and two-way analysis of variance 

(ANOVA) with a post-hoc Bonferonni test or one-way ANOVA with a post-hoc Tukey 

test were used for multiple (treatments and time) and single group (treatments) analyses, 

respectively. Mean values were considered significantly different if p<0.05. Unless stated 

otherwise, all studies were done in triplicate (n=3). In figures, comparisons made relative 
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to a �‘control�’ and arbitrarily set to 1.0 or 100%, are represented as * p<0.05, ** p<0.01 

and *** p<0.001. For comparisons made between treatment groups (and not arbitrarily 

set to 1.0 or 100%), these are represented as # p<0.05, ## p<0.01 and ### p<0.001. 

A summary of the methods used is illustrated schematically in Figure 3.1. 
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Abbreviations: Chelerythrine, Chel; bisindolylmaleimide I, BIM-1; cyclosporine A, CsA; 

doxorubicin, DOX; real time polymerase chain reaction, qPCR; fluorescence activated 

cell sorting, FACS. 
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Figure 3. 1 - Methods and Treatment Regimen 
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CHAPTER IV: RESULTS 

 
4.1 Establish a �“model�” of doxorubicin-induced injury in neonatal rat cardiac 

myocyte cultures 

Rationale 

Primary cell cultures have the advantage over whole organism studies of being less 

expensive, often more convenient, and certainly offer greater versatility, particularly 

when it comes to applying a broad spectrum of experimental approaches [187]. Neonatal 

rat cardiac myocyte cultures have been used as a model in many studies looking at 

morphological, biochemical and electrophysiological characteristics of the heart; this 

includes the study of transport and toxicity of drugs [188-191]. More importantly, 

doxorubicin is cytotoxic and has been reported to induce cell death, transient 

electrocardiographic changes and cardiomyopathy in neonatal rat cardiac myocyte 

cultures [56-60]. The protocol used for isolation and culture of neonatal rat cardiac 

mycoytes has been used successfully and produces a high yield (40 million cells/36 

neonatal rat hearts) and high quality functional cells that was used in many publications 

in our lab [192, 193]. In addition, some studies have shown that neonatal rat cardiac 

myocyte primary cultures maintain a similar stable contractile profile during hypoxia-

reoxygenation compared with in vivo hearts during ischemia-reperfusion [194]. This 

contrasts with adult cardiac myocyte cultures, where the profile is different [194].  

Observations suggest that a concentration of between 0.1-1.0 µM doxorubicin is 

sufficient to induce plasma membrane damage in neonatal rat cardiac myocytes, as 

indicated by the presence of LDH in the medium [58]. LDH is usually stored in 
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cytoplasm inside of the cells, however, when cell membrane integrity is disrupted, LDH 

leaks from the inside to the outside of the cells. In this case, LDH was released from the 

cell to the culture medium that is measurable by the LDH assay. A doxorubicin 

concentration in the range of 0.1-1.0 µM has been used in multiple studies to demonstrate 

cytotoxic effects as well as in studies to look at prevention of these effects [195-197]. 

Thus, a concentration of 0.5 µM doxorubicin was pursued initially.  

Approaches 

To establish a �“model�” of doxorubicin-induced injury in neonatal rat cardiac myocyte 

cultures, the effect of 0.5 µM doxorubicin was assessed: (a) on LDH release as an 

indicator of plasma membrane damage; (b) on DNA fragmentation as indicated by 

TUNEL; (c) on fluorescent markers of cell death (annexin-V for apoptosis and ethidium 

homodimer III for necrosis); and (d) on lysosome activity.  

Results 

 

4.1a 0.5 µM doxorubicin treatment causes plasma membrane damage in neonatal rat 

cardiac mycoyte cultures 

 Neonatal rat cardiac myocyte cultures were plated at a density of 1.3-million cells/60-

mm diameter plate and were refed with defined medium for 24 hours before treatment 

with 0.5 µM doxorubicin for 1, 2, 6 or 24 hours. The culture medium was collected at 

each time point and assessed by LDH assay as an indication of level of plasma membrane 

disruption.  
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There were no significant effects on LDH release in the presence or absence of 

doxorubicin at 1 and 2 hours doxorubicin treatment, however, there were significant 

increases in LDH activity detected after doxorubicin treatment at 6 and 24 hours 

compared to control (Figure 4.1A). Although a variation in the degree of response (LDH 

activity level) was noted between preparations, significant increases in LDH activity with 

0.5 µM doxorubicin treatment for 24 hours was observed consistently compared to 

controls. This consistent increase in LDH with doxorubicin treatment, in spite of the 

variability in the degree of increase in LDH detected, may reflect differences between 

preparations. This may include differences in the status of cells or even survival, 

especially membrane integrity, following tissue digestion by enzymes, isolation via 

centrifugation through a Percoll gradient, and maintenance in low (0.5%) serum for 24 

hours, prior to treatments. A sense that even the untreated control cells are to some extent 

damaged during isolation and/or culture might be reflected in total cell yield or density, 

but is perhaps best illustrated by the 2.6-fold increase in LDH activity observed in an 

untreated �‘control�’ culture over 24 hours of assessment (Figure 4.1A). It has been 

reported that within the first 2-3 days, about 20�–30% of neonatal rat cardiac myocytes 

were lost in the normal dense culture and can be removed by changing the medium [198]. 

 

4.1b 0.5 µM doxorubicin treatment induces DNA fragmentation in neonatal rat 

cardiac myocytes 

Neonatal rat cardiac myocytes were plated at a density of 0.45-million/35-mm plate 

containing collagen-coated coverslips. Cultures were changed to defined medium for 24 

hours before treatment with 0.5 µM doxorubicin for 1, 2, 6 and 24 hours. Cardiac 
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myocytes were fixed with 4% paraformaldehyde at each time point, and then assessed by 

TUNEL (red) staining to detect DNA fragmentation.  

No TUNEL positive nuclear staining was observed in the control (untreated) group at any 

time point as well as in cultures treated with doxorubicin for 1 hour. TUNEL positive 

(red) nuclei cardiac myocytes were observed at 2 hours doxorubicin treatment, and the 

intensity of positive staining gradually got stronger over the 24 hour period of assessment 

(Figure 4.1B). The identity of cardiac myocytes was confirmed by -actinin (green) 

staining of muscle fibers, and all cells were detected by DAPI (blue) nuclear DNA 

staining (Figure 4.1C). 

The detection of low intensity TUNEL-positive nuclei as early as after 2 hours of 

doxorubicin treatment, suggests an early stage of DNA fragmentation with less DNA 

breaks. At 24 hours, the high intensity positive/staining indicates a late stage of DNA 

fragmentation. More than 85% of the TUNEL positive cardiac myocytes were observed, 

from as early as 2 hours. Thus, it appears that introduction of DNA breaks by 

doxorubicin occurs quite rapidly in the vast majority of cells, and that further DNA 

fragmentation accumulates with time of exposure facilitating more ready detection by 

TUNEL (Figure 4.1B). 
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4.1c 0.5 µM doxorubicin treatment is associated with both apoptosis and necrosis in 

neonatal rat cardiac myocyte cultures 

Neonatal rat cardiac myocytes were plated at a density of 1.3-million cells/60-mm 

diameter collagen-coated culture plate. Cultures were then changed to defined medium 

for 24 hours prior to treatment with 0.5 µM doxorubicin for 6 and 24 hours, then cells 

were pelleted with Accutase and resuspended with 1x annexin-V binding buffer and 

stained for apoptosis (annexin-V, green and necrosis (ethidium homodimer III, red) 

markers by FACS. Cell nuclei were stained with Hoechst 33342 (blue) (Figure 4.1D). At 

6 and 24 hours, damaged (positive) cells were assessed in categories: early apoptosis cells 

-stained green with blue nuclei; late apoptosis and/or necrosis - stained green with red 

nuclei; and early necrosis - red stained nuclei only.  

Examples of each of the positive-staining cells were identified in control cultures. This 

presumably reflects a range of damage (even death) that would be expected from the 

mechanical and enzymic disaggregation of an organ (neonatal heart) as well as 

centrifugation that makes up the cell isolation process, in addition to culture/medium 

conditions (Figure 4.1D). No significant difference in the percentage of each stage of 

apoptosis or necrosis was observed at 6 hours after doxorubicin treatment when 

compared to control group. There was a significant increase in the relative percentage of 

cells positive for markers (apoptotic and/or necrotic) of programmed cell death (total) 

with doxorubicin treatment, when compared to the control group at 24 hours (Figure 

4.1E). Based on the blue staining of the nuclei, a significant decrease in total cell number 

was observed at 24 hours with doxorubicin treatment, but not at 6 hours when compared 

to the control untreated group (Figure 4.1F). 
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Annexin-V staining is very sensitive and quite specific for early apoptotic cell death, but 

at the end stage of cell death, it is very difficult to distinguish between late apoptosis and 

necrosis. As a result, cells at late apoptosis or necrosis might be stained and thus positive 

for both annexin-V and ethidium homodimer III. It is also important to note that this 

method is dependent on the preparation and staining procedure. For example, 

disassociation of cardiac myocytes from collagen-coated plates may tear the cell surface 

marker, including annexin-V, which could cause false positive staining of cells [199]. 

Regardless, however, of whether we consider early or late stage of cell injury, the total 

damage of neonatal rat cardiac myocytes caused by doxorubicin is increased significantly 

compared to the control untreated cells.  

4.1d 0.5 µM doxorubicin increases lysosome activity 

Neonatal rat cardiac myocytes were plated at a density of 0.45-million/35-mm plate 

containing collagen-coated coverslips. Cultures were changed to defined medium for 24 

hours before being treated with 0.5 µM doxorubicin for 6 and 24 hours. Lysosome 

activity was then assessed by acridine orange staining. �“Orange�” staining in the 

cytoplasm (lysosomes) was observed after doxorubicin treatment at 24 hours, but not in 

the control culture (Figure 4.1G). 

Increased lysosome activity was reported to be linked to different types of cell death 

[200, 201] More specifically, rupture of the lysosomes has been reported as a determinant 

for plasma membrane disruption in tumor necrosis factor -induced cell death [202]. 

Thus, the results of the current study support an increase in both lysosome activity and 
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membrane disruption (LDH release), as events associated with doxorubicin-induced 

injury in neonatal rat cardiac myocytes.  

Conclusions 

A �“model�” of 0.5 µM doxorubicin-induced injury has been established in neonatal rat 

cardiac myocyte cultures. Membrane disruption, DNA damage, cell surface markers of 

programmed cell death and lysosome activity are all detectable and/or measurable 

indicators of doxorubicin-induced injury in neonatal rat cardiac myocyte cultures.  

While cell surface markers can be used to indentify individual cells that are damaged by 

doxorubicin, measurement of LDH activity in the culture medium is a more convenient 

method of assessing damage to a culture. More specifically, LDH release is consistently 

and significantly increased by doxorubicin at 24 hours. The assay also requires only a 

small volume of medium without interrupting the experimental treatment of the cells in 

culture. As a result this offers the opportunity to assay the medium of the same culture 

over time. Perhaps most importantly, besides a well estabished measurement of damage 

as indicated by LDH release, the assay allows the cells themselves to be assessed either in 

vitro or in situ (in living cells in culture) for gene expression or protein function. Thus, 

elements of damage and possible mechanism can be assessed from the same culture dish.  
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The effect of 0.5 µM doxorubicin (DOX) was assessed on: (A) LDH release as an 

indicator of plasma membrane damage by LDH assay; (B/C) on DNA fragmentation by 

TUNEL; (D/E) on fluorescent markers of programmed cell death, annexin-V for 

apoptosis and ethidium homodimer III for necrosis; (F) total cell number and (G) on 

lysosome activity by acridine orange staining.  

Cardiomyocytes were treated without or with 0.5 µM doxorubicin for 1, 2, 6 and/or 24 

hours (h). (A) Culture medium was assessed for LDH activity. (B/C) Cells were then 

fixed with 4% paraformaldehyde before staining with TUNEL reaction mix (Enzyme 

solution: Label solution=1:9) at 37 0C for 1 hour. To distinguish between cardiac 

myocyte and fibroblast, DAPI was used to stain nucleus and -actinin antibody was used 

for stain cardiac myocyte muscle fibers. Pictures of the slides were taken using a 

fluorescence microscope (ZEISS LSM5 PASCAL) and the Axionvision Rel. 4.8 program 

was used for further analysis and measurement. (D/E) Cells were harvested, stained with 

programmed cell death (PCD) markers (annexin V and ethidium homodimer III) and the 

proportion of PCD positive (+) cells assessed by FACS. (F) Total cell number was 

counted at 6 and 24 hours by nuclei staining with Hoechst 33342. (G) Cells were 

harvested, stained with acridine orange and pictures were taken within 20 minutes using a 

fluorescence microscope described in (A). Results are expressed as the mean plus or 

minus standard error of the mean (+SEM), relative to the control (untreated) value, which 

is arbitrarily set to 1. Data were assessed by one-way ANOVA with the Tukey-Kramer 

post-test. A value of p<0.05 is considered statistically significant: p<0.05 */#; p<0.01, 

**/##; p<0.001, ***/###.  

Figure 4. 1 - Doxorubicin induces damage in neonatal rat cardiac myocyte cultures 
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4.2: Assess the ability of exogenous FGF-2 (10 nM) treatment to protect against the 

doxorubicin-induced injury in neonatal rat cardiac myocytes. 

Rationale 

FGF-2 has been reported to be cardioprotective to cardiac myocyte injury both in vitro 

and in vivo. Addition of exogenous FGF-2 to neonatal rat cardiac myocyte cultures 

treated with hydrogen peroxide or starved for serum resulted in improved cell survival 

and decreased cardiac myocyte injury as evidenced by preservation of nuclear 

morphology and myofibrillar structure [126]. Administration of exogenous FGF-2 before 

or during ischemic injury in various heart ischemia/reperfusion models was shown to 

increase cardiac myocyte viability and/or functional recovery in the rat or mouse heart 

[126, 132, 150, 203]. Endogenous FGF-2 gene expression alone can be regulated by 

many stress stimuli and injury, including hypoxia, ischemia, as well as in response to 

Ang II and adrenergic stimulation to offer cardioprotection [147]. In addition, local FGF-

2 synthesis at the transcriptional level through adrenergic stimulation, increased 

contraction with increased FGF-2 release and contributed to the cardioprotection during 

injury, as well as in the maintenance of a healthy myocardium [147].  

It has been reported that 2 µM doxorubicin treatment results in a decrease of FGF-2 

expression in neonatal rat cardiac myocyte cultures [120]. If so, any possible benefit 

endogenous FGF-2 might confer in terms of protection of the cardiac myocytes from 

doxorubicin-induced injury would be decreased or lost. Thus, supplementing with 

exogenous FGF-2 might be seen as replacing a �“natural�” or endogenous protective agent. 

Both the effects of doxorubicin on endogenous FGF-2 gene expression, as well as the 

potential protective effect of 10 nM FGF-2 against doxorubicin-induced damage were 
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pursued. 

Approaches 

To assess the (a) effect of doxorubicin on endogenous FGF-2 RNA levels in neonatal rat 

cardiac myocytes; (b) ability of exogenous FGF-2 (10 nM) to protect against 

doxorubicin-induced damage and release of LDH: (c) to determine the half maximal 

effective concentration (EC50) of FGF-2 in protecting from damage and LDH release; (d) 

ability of FGF-2 to protect against DNA fragmentation, and (e) levels of programmed cell 

death (detection of fluorescent markers of cell death, annexin-V for apoptosis and 

ethidium homodimer III for necrosis) in the neonatal rat cardiac myocyte cultures.  

Results 

 

4.2a 0.5 µM doxorubicin decreases endogenous FGF-2 mRNA levels 

Neonatal rat cardiac myocyte cultures were plated at a density of 1.3-million cells/60-mm 

diameter plate and were refed with defined medium for 24 hours before treatment with 

0.5 µM doxorubicin for 6 or 24 hours. Total RNA was isolated and FGF-2 mRNA levels 

were assessed by qPCR and normalized relative to endogeneous B2M mRNA levels. 

There was a significant 49% decrease in FGF-2 mRNA levels with doxorubicin treatment 

at 6 hours in the cardiac myocyte cultures. A similar significant decrease was also 

detected at 24 hours (Figure 4.2A). This decrease in FGF-2 mRNA levels with 0.5 µM 

doxorubicin treatment confirms a previous report of a negative effect with 2 µM 

doxorubicin, and extends this observation to include a lower doxorubicin dose [204]. 
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4.2b  FGF-2 increases resistance to doxorubicin-induced plasma membrane damage 

in neonatal rat cardiac myocyte cultures 

Neonatal rat cardiac myocyte cultures were plated at a density of 1.3-million cells/60-mm 

diameter plate and were refed with defined medium for 24 hours before treatment without 

or with 0.5 µM doxorubicin and 10 nM FGF-2, or pre-treated with FGF-2 for 30 minutes 

prior to the addition of doxorubicin. The effect of FGF-2 pre-treatment on plasma 

membrane damage was also assessed by measuring LDH activity in the culture medium 

of cardiac myocytes treated without or with doxorubicin for 1, 2, 6 or 24 hours.  

No significant effects on LDH release were observed with FGF-2 and/or doxorubicin 

treatment at 1 and 2 hours. A significant increase in LDH activity was detected with 

doxorubicin treatment at 6 and 24 hours, but these increases were not observed in 

cultures pre-treated with FGF-2 (Figure 4.2B). There was, however, no significant effect 

of FGF-2 treatment alone on LDH activity at 6 or 24 hours. This indicates exogenous 

administration of FGF-2 increases resistance of neonatal rat cardiac myocytes to 

doxorubicin-induced plasma membrane damage at 6 and 24 hours. 

4.2c  To identify the half maximal effective concentration (EC50) of FGF-2 in 

preventing doxorubicin-induced LDH release at 24 hours 

Neonatal rat cardiac myocytes were pretreated with 0.2, 1.0, 2.5, 10 and 20 nM FGF-2 

before doxorubicin for 24 hours and culture medium was collected for the LDH activity 

assay. EC50 of FGF-2 was calculated based on the standard curve of the FGF-2 

concentration and LDH release. A dose-dependent effect on reducing LDH release was 

observed, and a EC50 of about 1.5 nM FGF-2 was determined. Thus, use of 10 nM FGF-
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2, which was maximal (in the plateau range) under the culture conditions tested (Figure 

4.2C), was used for subsequent studies. 

4.2d FGF-2 increases resistance to doxorubicin-induced DNA fragmentation in 

neonatal rat cardiac myocytes 

Neonatal rat cardiac myocyte primary cultures were repeated and cells were plated at a 

density of 0.45-million/35-mm plate containing collagen-coated coverslips. Cultures were 

changed to defined medium for 24 hours before treatment without or with 0.5 µM 

doxorubicin and 10 nM FGF-2, or pre-treatment with FGF-2 for 30 minutes before 

doxorubicin for 24 hours. Cardiac myocytes were fixed with 4% paraformaldehyde at 

each time point, and then assessed by TUNEL (red) staining to detect DNA 

fragmentation. The identification of cardiac myocytes was confirmed by -actinin 

(green) staining of muscle fibers, and all the cells were detected by DAPI (blue) nuclear 

DNA staining. The -actinin (green) and DAPI (blue) positive cells indicate cardiac 

myocytes and these were assessed for percentage of DNA fragmentation.  

The intensity of the red (TUNEL) staining was lower in the presence of FGF-2 (pre-

treatment) and doxorubicin treatment versus doxorubicin treatment alone at 24 hours. 

This suggests less DNA damage or breaks in the FGF-2 pre-treatment group as discussed 

in section 4.1b (Figure 4.2D).  
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4.2e FGF-2 increases resistance to doxorubicin-induced programmed cell death in 

neonatal rat cardiac myocytes  

Neonatal rat cardiac myocyte cultures were plated at a density of 1.3-million cells/60-mm 

diameter plate and were refed with defined medium for 24 hours before treatment without 

or with 0.5 µM doxorubicin or 10 nM FGF-2, or pre-treatment with FGF-2 for 30 

minutes before doxorubicin. The effect of FGF-2 pre-treatment on programmed cell death 

induced by doxorubicin was assessed by FACS at 24 hours, using a combination of 

staining with fluorescent markers for apoptosis (FITC-annexin-V) and necrosis (ethidium 

homodimer III) with FACS analysis (Figure 4.2E). 

 No effects of FGF-2 treatment alone were observed, however, a significant decrease in 

relative programmed cell death in cultures was detected with FGF-2 pre-treatment with 

doxorubicin compared to no pre-treatment and doxorubicin alone (Figure 4.2F). In 

addition, pre-treatment with FGF-2 was associated with significantly higher total cell 

numbers when compared to doxorubicin treatment alone; this was done by counting 

nuclei staining using Hoechest 33342 staining (Figure 4.2G). These observations are 

consistent with the ability of FGF-2 to increase resistance to doxorubicin-induced 

programmed cell death, including apoptosis and necrosis.  

Conclusions 

The ability of doxorubicin treatment to decrease endogenous FGF-2 mRNA levels in 

neonatal rat cardiac myocytes after (6 or) 24 hours was confirmed, and at a lower dose 

(0.5 µM) than reported previously [120]. Exogenous addition of FGF-2 can increase 

resistance to doxorubicin-induced injury, in regards to plasma membrane damage, DNA 
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fragmentation and cell survival. Although increased protection of cardiac myocytes from 

doxorubicin-induced damage by FGF-2 has not been reported previously, exogenous low 

molecular weight 18 kDa FGF-2 is known to affect sensitivity to anti-cancer drugs 

including doxorubicin [176, 205, 206].  

Although the protective effect of FGF-2 against doxorubicin on total cell number is 

significant, it is not normalized by FGF-2 like programmed cell death (PCD) and LDH 

release compared to control. This might be due to the cell loss that occurs during the 

staining procedure. PCD and LDH measures total cells including cells that are 

compromised, including cells floating in the medium and/or not attached well to the 

coallgen-coated plate; perhaps in the process of lysis. However, most of the compromised 

cells (late stage apoptotic or necrotic cells) might be washed away during DAPI staining, 

and thus, only relatively healthy cells are collected in the DAPI assay.  
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Cardiomyocytes were treated with 10 nM FGF-2 or 0.5 µM doxorubicin (DOX), or 

pretreated with FGF-2 for 30 minutes before doxorubicin addition for 24 hours. (A) The 

effect of doxorubicin on FGF-2 mRNA expression in neonatal rat cardiac myocyte 

cultures was assessed by qPCR after 6 and 24 hours. (B) Culture medium was assessed 

for LDH activity. (C) EC50 for FGF-2 on preventing doxorubicin-induced LDH release 

at 24 hours. Cultures were treated with 0.2 - 20 nM FGF-2 before doxorubicin treatment, 

and culture medium was collected for LDH assessment. Dose dependent curves were 

drawn and analyzed with Graphpad Prism. (D) Cells were fixed with 4% 

paraformaldehyde before staining with TUNEL reaction mix (Enzyme solution: Label 

solution=1:9) at 370C for 1 hour. Pictures of the slides were taken using a fluorescence 

microscope (ZEISS LSM5 PASCAL) and the Axionvision Rel. 4.8 program was used for 

further analysis and measurement. (E/F) Cells were harvested, stained with programmed 

cell death (PCD) markers (annexin V and ethidium homodimer III) and the proportion of 

PCD positive (+) cells assessed by FACS. Gating for the analysis was based on 

determinations for untreated cells, as well as annexin V and ethidium homodimer III. 

Examples of plots for annexin-V and ethidium homodimer III are shown. (G) Total cell 

number was counted at 6 and 24 hours by nuclei staining with Hoechst 33342. The results 

are expressed as the mean+SEM, relative to the control (untreated) value, which is 

arbitrarily set to 1 or 100. Data were assessed by two-way ANOVA with the Bonferonni 

post-test. A value of p<0.05 is considered statistically significant: p<0.05 */#; p<0.01, 

**/##; p<0.001, ***/###. 

Figure 4. 2 - Exogenous FGF-2 increases resistance of neonatal rat cardiac myocytes 

against doxorubicin-induced injury 
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4.3: To investigate a role for FGFR in the beneficial effects of FGF-2 observed in 

relation to doxorubicin-induced injury by using an FGFR inhibitor. 

Rationale 

FGF-2 binds predominantly to one of the four tyrosine kinase FGF receptors (FGFR1) 

and activates a series of signal transduction pathways and cellular events [125]. SU5402 

is a cell-permeable, reversible, and ATP-competitive inhibitor of the tyrosine kinase 

activity of FGFR1 and also inhibits the FGF-induced tyrosine phosphorylation of ERK1 

and ERK2. SU5402 is only a weak inhibitor of tyrosine phosphorylation of the PDGF 

receptor and does not inhibit phosphorylation of the insulin receptor and EGF receptor. 

Thus, SU5402 inhibits tyrosine kinase phosphorylation that would normally occur as a 

result of FGF-2/FGFR1 binding, and thus block the effect of triggering any downstream 

signaling pathways [167, 207].   

Approaches 

To investigate the involvement of FGFR signaling in the protective effect of FGF-2 

against doxorubicin-induced injury, 20 µM SU5402 was added to neonatal rat cardiac 

myocyte cultures before FGF-2 and doxorubicin. Culture medium was then collected and 

LDH activity was assessed.  

Results 

The increased resistance of neonatal rat cardiac myocytes conferred by FGF-2 treatment 

against doxorubicin-induced LDH release was blocked by pretreatment with 20 µM 

SU5402 at 24 hours (Figure 4.3).  
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Conclusions 

The effectiveness of protection offered by FGF-2 in this experiment presumably reflects 

variation in the functional activity of different FGF-2 preparations or loss of activity with 

age. However, the protection by FGF-2 was significant and blocked by the FGFR 

inhibitor SU5402. 

This is consistent with the beneficial effect of FGF-2 being mediated by a mechanism 

involving FGFR signaling. This implicates any signaling pathway triggered by 

FGFR/tyrosine kinase activation and tyrosine phosphorylation that is present in neonatal 

rat cardiac myocytes.  
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4.4: To investigate a role for PKC activation in any beneficial effect of FGF-2 

observed in relation to doxorubicin-induced injury, using multiple PKC inhibitors. 

Rationale 

Increased resistance to doxorubicin-induced injury is observed with FGF-2 treatment of 

neonatal rat cardiac myocytes. The effects of FGF-2 on cardioprotection and ischemic 

preconditioning are associated with similar signal transduction pathways, and particularly 

PKC  [166]. Thus, involvement of PKC signaling was pursued as the prime candidate in 

any beneficial effects of FGF-2 in relation to doxorubicin-induced injury. Effective 

inhibition of PKC signaling pathways would provide further evidence of the direct 

cardioprotection of FGF-2 through the PKC signaling pathway. Chelerythrine, a PKC 

inhibitor, blocks the cardioprotective effects of FGF-2 from ischemia-reperfusion damage 

[155]. Bisindolylmaleimide I (BIM-1), another PKC inhibitor, can also suppress FGF-

mediated activation of Erk MAP kinase in chondrocytes by preventing Shp2 association 

with the Frs2 and Gab1 adaptor proteins, further supporting involvement of PKC [168].  

Approaches 

Neonatal rat cardiac myocyte cultures were plated at a density of 1.3-million cells/60-mm 

diameter plate and were refed with defined medium for 24 hours. The involvement of 

PKC activation in the cytoprotection observed was pursued using independent cultures 

treated with PKC inhibitors, either 5 µM chelerythrine (Figure 4.4A) or 20 nM BIM-1 

(Figure 4.4B), before co-treatment with 10 nM FGF-2, and subsequent addition of 0.5 

µM doxorubicin. Cultures treated with doxorubicin or no pre-treatment were included as 

controls. Medium was then collected and tested for LDH activity and compared with 

doxorubicin alone or pre-treatment with FGF-2 before doxorubicin treatment.   
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Results 

There was no effect of FGF-2 on either chelerythrine or BIM-1 when used alone at 24 

hours, however, there was a significant (2-6.5 fold) increase in LDH activity in the 

presence of doxorubicin. As expected, a significant decrease in LDH activity was 

observed with FGF-2 pre-treatment in the presence of doxorubicin at 24 hours compared 

to doxorubicin treatment alone. This decreased LDH activity associated with FGF-2 

before treatment with doxorubicin, was blunted with either chelerythrine or BIM-1 pre-

treatment (before FGF-2 and doxorubicin), such that LDH levels were not significantly 

different from cultures treated with doxorubicin alone. 

Conclusions 

The increased resistance of neonatal rat cardiac myocytes to doxorubicin-induced injury 

by FGF-2 is linked to the PKC signaling pathway. This is consistent with the 

involvement of PKC in the cardioprotective effects of FGF-2 seen in relation to 

ischemia/reperfusion injury [138]. This does not, of course, exclude other signaling 

pathways, including ERK and Akt. Previous studies showed that FGF-2 induces an 

increase in active MAPK at sarcolemmal and cytosolic sites [155]. The active 

sarcolemmal MAPK remained elevated, when the FGF-2-induced protection was 

prevented by chelerythrine [155]. This suggests the ERK-MAPK pathway may be 

upstream of the PKC signaling pathway [155]. There was no strong rationale to pursue 

the involvement of ERK and/or Akt in the context of FGF-2 protection from doxorubicin-

induced injury, since the PKC inhibitors appear to block the increased resistance to injury 

completely. 
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Figure 4. 4 - PKC inhibitor, (A) chelerythrine and (B) BIM-1, both block the protective 

effects of FGF-2 against doxorubicin-induced LDH release 
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4.5: To test the ability of FGF-2 to regulate multi-drug resistance gene mRNA levels 

in neonatal rat cardiac myocyte cultures  

Rationale 

Having established the concept of the ability of FGF-2 to increase the resistance of 

neonatal rat cardiac myocytes to doxorubicin-induced injury, further investigation into 

the mechanism(s) responsible was warranted. As stated in section I.2.1, �“Doxorubicin 

metabolism�”, efflux of doxorubicin without conversion contributes to 50% of 

doxorubicin metabolism, and is the major reason for cancer cell drug resistance [28, 75]. 

Neonatal rat cardiac myocytes express high levels of MDR1b, MDR2 and MRP1, and 

relatively low MDR1a and MRP2 levels [72, 76]. It has been reported that MDR1b 

contributes to a P-gp/ABCB1-based drug extrusion in the heart [180]. Interestingly, FGF-

2 has also emerged as a factor capable of modifying the sensitivity of normal and tumor 

cells to anti-cancer drugs, resulting in either increased drug resistance or sensitivity by 

affecting efflux ABC drug transporters, including MDR-1 and MRP1 [175, 177, 178]. 

This further increases the possibility of the ability of FGF-2 (as well as doxorubicin) to 

regulate efflux drug transporter level in cardiac myocytes. 

Approaches 

Total RNA was isolated from neonatal rat cardiac myocyte cultures and efflux drug 

transporter (MDR1a, MDR1b, MDR2, MRP1, MRP2) mRNA levels were assessed by 

qPCR to test: (a) the ability of doxorubicin and FGF-2 to regulate multi-drug resistance 

gene mRNA levels; and if regulation by FGF-2 in the presence of doxorubicin is detected 

(b) whether this regulation by FGF-2 on multi-drug resistance gene mRNA is PKC 

dependent. 
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Results 

 

4.5a  The ability of FGF-2 to regulate multi-drug resistance gene mRNA levels in 

neonatal rat cardiac myocyte cultures  

Neonatal rat cardiac myocyte cultures were plated at a density of 1.3-million cells/60-mm 

diameter plate and were refed with defined medium for 24 hours before treatment without 

or with 0.5 µM doxorubicin or 10 nM FGF-2, or pre-treatment with FGF-2 for 30 

minutes before doxorubicin. A possible effect of FGF-2 on efflux (drug) transporter gene 

mRNA (MDR1a, MDR1b, MDR2, MRP1, MRP2) expression in cardiac myocyte 

cultures was assessed by qPCR and compared to endogeneous B2M mRNA levels after 

24 hours treatment (Figure 4.5A). Melting curve for all primers are shown in Figure 4.5B.  

Doxorubicin administration induced a 10 and 9-fold increase in MDR1a and MDR1b 

RNA levels, respectively. By contrast, a 95% decrease in MDR2 and no effect on MRP1 

transcripts were observed. An attempt was also made to assess MRP2 mRNA levels, 

however, although a low signal was detected with doxorubicin treatment, the �‘untreated�’ 

control was below the level of detection relative to MDR1, MDR2 and MRP1 mRNAs. 

An increase in MDR1a mRNA levels was suggested that with FGF-2 treatment alone 

(significant by t-test) but, as with MDR1b and MRP1, the difference was not significant 

by one-way ANOVA. A significant 50% decrease in MDR2 mRNA levels was detected 

with FGF-2 administration (Figure 4.5A). MDR1a, MDR1b, MRP1 and MRP2 mRNA 

levels were all increased significantly with FGF-2 treatment in the presence of 

doxorubicin, when compared to doxorubicin treatment alone (Figure 4.5A); the increase 

in MDR2 mRNA levels was �“just not significant�” by one-way ANOVA, but very 
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significant by a t-test (Figure 4.5A).  

MRP2 mRNA levels were relatively low in the neonatal cardiac myocyte cultures, and 

only detected after doxorubicin treatment, which is consistent with reports by others [76]; 

a further modest increase in mRNA was seen in the presence of FGF-2. By contrast, 

MDR1a and 1b, as well as MDR2 and MRP1 transcripts appear to be relatively more 

abundant, and RNA levels were increased by FGF-2 in the presence of doxorubicin. 

These data suggest FGF-2 might facilitate the extrusion of doxorubicin via increase 

efflux drug transporters level. Increased transporter levels like MDR1a, 1b and MRP2 in 

response to doxorubicin treatment will facilitate extrusion of doxorubicin, which might 

contribute to doxorubicin resistance. FGF-2, when used with doxorubicin to treat 

neonatal cardiac myocytes, further increased the level of MDR1a, 1b, and MRP2 

compared to cultures treated with doxorubicin alone, indicating a possibility of further 

extrusion of doxorubicin. Thus, MDR1a, 1b and MRP2 are relevant to doxorubicin efflux 

and the further increase in doxorubicin extrusion that is facilitated by FGF-2.  

As for MDR2, doxorubicin alone decreases its level indicating a possible retention but 

not extrusion of doxorubicin as compared to the control (untreated). Pre-treatment with 

FGF-2 (before doxorubicin addition) decreases MDR2 levels as compared to the control 

(untreated), but notably increases MDR2 levels when compared to doxorubicin treatment 

alone. In fact, based on the RNA levels, MDR-2 might be involved in the extra 

extrusion/less retention of doxorubicin when FGF-2 was added before doxorubicin, and 

compared to doxorubicin alone.  
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In summary, when FGF-2 was added, all the transporters were increased and thus might 

participate in the protection conferred by FGF-2 against doxorubicin-induced neonatal rat 

cardiac myocyte injury. 

4.5b  Regulation of multi-drug resistance gene mRNA by FGF-2 is PKC dependent 

To assess whether the increases in efflux (drug) transporter gene (MDR1a, MDR1b, 

MRP1, MRP2) mRNAs seen with FGF-2 in the presence of doxorubicin are PKC-

dependent, cultures were treated without or with chelerythrine prior to treatment with 

FGF-2 and doxorubicin or doxorubicin alone for 24 hours. Relative MDR1b, MDR2, 

MRP1 and MRP2 mRNA levels were decreased significantly with treatment prior to 

treatment with FGF-2 and doxorubicin compared to prior treatment of doxorubicin alone, 

while MDR1a transcript levels were unaffected by chelerythrine inhibition (Fig. 4.5D). 

There was also no effect of chelerythrine alone on MDR1a and MDR1b mRNA levels, 

while those of MDR2 and MRP1 were decreased (Figure 4.5E). Chelerythrine alone 

significantly decreases MDR2 mRNA levels about 50% compared to Control, which 

indicates PKC might be involved in MDR2 expression or function. It has been reported 

that PKC is involved in expression and functinon of MDRs, depending on the isoforms of 

PKC and the cell type [208, 209]. For example, PKC  not  is involved in upregulation 

of MDR in BC-19 cells [208, 209]. In addition, MDR serine 661, 667 and 671 residues 

can be phosphrylated in vitro by PKC to increase function activity, which supports a 

possible role for post-translational modification [210].   

MDR1b, MDR2, MRP1 and MRP2 mRNA levels were increased by FGF-2 in the 

presence and absence of doxorubicin in cardiac myocytes, and this increase was blunted 
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by PKC inhibition. While MDR1a mRNA levels were increased by FGF-2 in the 

presence and absence of doxorubicin in cardiac myocytes, they were not significantly 

affected by PKC inhibition. Like PKC, both ERK and Akt are reported downstream 

targets of FGF-2 and FGFR interaction [211]. In this context, MDR1 production was 

increased via the Raf/MEK/ERK signaling cascade in breast cancer cells, and MRP1 

expression was increased by the PI3K/PTEN/Akt pathway in prostate cancer cells [212, 

213]. Different pathways may be involved with this increased efflux transporter by FGF-

2 with doxorubicin treatment. 

Conclusions 

FGF-2 is able to increase multi-drug resistance gene (MDR1a, MDR1b, MDR2, MRP1, 

MRP2) mRNA levels in neonatal rat cardiac myocytes treated with doxorubicin, 

compared to those treated with doxorubicin alone. The results also indicate that this 

regulation by FGF-2 (in the presense of doxorubicin) of multi-drug resistance gene 

mRNAs (except MDR1a) is PKC dependent.  

Additional evidence comes from our observations that the protection of FGF-2 against 

doxorubicin on LDH release from FGF-2 is PKC-dependent, or chelerythrine and BIM-1 

sensitive, and that MDR1b, MRP1, MDR2 and less highly expressed MRP2 mRNA 

levels were also sensitive to chelerythrine pre-treatment. While these data support a role 

for MDRs and even MRPs in the FGF-2-related cytoprotective effects detected in the 

presence of DOX, it does not rule out possible participation of other efflux transporter 

proteins. In addition, a role in the removal of cardiotoxic substances would further 

emphasize the importance of PKC activation in cardioprotection by FGF-2, since this 
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pathway has already been shown to signal increased resistance to ischemia-reperfusion 

injury with FGF-2 treatment [154]. Although the beneficial effect of FGF-2 on plasma 

membrane damage was reduced by PKC inhibition in this study, the results as suggested 

above indicate a role for additional pathways in the regulation of efflux transporters by 

FGF-2. 

Although the increase in MDR1a transcript levels with FGF-2 in the presence of 

doxorubicin was not PKC dependent, PKC inhibition of other drug transporters still 

blunted the protective effects from FGF-2. Furthermore, MDR1a may not be as important, 

relatively, as MDR1b and MDR2 in the heart, based on distribution levels. MDR1a is 

expressed at relatively low levels in the heart (9%), compared to MDR1b (45%) and 

MDR2 (38.5%) [72, 82]. Thus, even decreases of the two more highly expressed efflux 

drug transporters (MDR1b and MDR2) by PKC would be expected to be significant.  

As the melting curve for MRP2 suggested the possibility of a minor primer dimer (Figure 

4.5B), agarose gel electrophoresis was done, and the presence of one major product of the 

expected size (318 bp) for MRP2 was detected (Figure 4.5C). MRP2 is expressed at 

relatively low levels in heart tissue compared to the other transporters tested [214], and 

was not detected in the control or FGF-2 treatment alone samples. The product was 

detected after DOX treatment (with and without FGF-2 treatment), but again at low levels. 
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(A) Cultures were treated with 10 nM FGF-2, 0.5 µM doxorubicin, or pretreated with 

FGF-2 for 30 minutes before treatment with DOX for 24 hours. MDR/MRP mRNA 

levels were assessed by qPCR. (B) Melting curve for all primers used for qPCR. (C) As 

the melting curve for MRP2 suggested the possibility of a minor primer dimer, agarose 

gel electrophoresis was done and the presence of one major product of the expected size 

(318 bp) for MRP2 was detected. MRP2 is expressed at relatively low levels in heart 

tissue compared to the other transporters tested, and was not detected in our control or 

FGF-2 treatment alone samples. The product was detected after doxorubicin treatment 

(with and without FGF-2 treatment), but again at low levels. (D) Cultures were treated 

with 10 nM FGF-2 and 0.5 µM doxorubicin without or with 5 µM chelerythrine (Chel) 

pretreatment, as well as (E) Chel treatment alone as a control. RNA was assessed by 

qPCR at 24 hours. The results are expressed as the mean plus or minus standard error of 

the mean (+SEM), relative to the control (untreated) value, which is arbitrarily set to 1. 

Data were assessed by one-way ANOVA with the Tukey-Kramer post-test except for 

MRP2, where a t-test was used. A value of p<0.05 is considered statistically significant: 

p<0.05 */#; p<0.01, **/##; p<0.001, ***/###. 

 

Figure 4. 5 - FGF-2 up-regulates MDR/MRP mRNA levels in the presence of 

doxorubicin (DOX) and a decrease in MDR/MRP mRNA levels are seen with 

chelerythrine pretreatment, except MDR-1a, in the presence of FGF-2 and 

doxorubicin. 
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4.6: To test if FGF-2 increases efflux drug transporter levels/function measured by 

doxorubicin retention/extrusion in neonatal rat cardiac myocytes 

Rationale 

The ability of FGF-2 to regulate multi-drug resistance gene mRNA levels in neonatal rat 

cardiac myocyte cultures suggested the ability to upregulate efflux drug transporter 

level/function. Doxorubicin has a fluorescent hydroxy-substituted anthraquinone 

chromophore structure that enables detection of an average fluorescence intensity level 

inside the cell that can be compared between untreated and treated groups [185] (Figure 

4.6A). Decreased intensity indicates an increased efflux transporter level/function.   

Approaches 

The effect of FGF-2 on efflux drug transport levels/function (retention or extrusion) was 

measured by FACS of doxorubicin autofluorescence intensity levels. As positive 

controls, cardiac myocytes were pretreated with 20 µM CsA, an inhibitor of MDR1 and 

MRP2 transporters [215] or 2 µM verapamil, which blocks MDR1 in neonatal rat cardiac 

myocytes [188].  

Results 

No doxorubicin was detected in Control and FGF-2 groups of cardiac myocytes since no 

doxorubicin was added to the culture medium. There is a significant increase in 

fluorescence with doxorubicin treatment, while levels were decreased with FGF-2 

pretreatment with doxorubicin when compared to doxorubicin treatment alone (Figure 

4.6B). Treatment with CsA and verapamil was used as positive controls, and each 

resulted in a significant increase in doxorubicin concentration in cells (Figure 4.6B). 
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Standard curves of autofluorescence levels in relation to doxorubicin concentration were 

analyzed, and the median intracellular concentration of doxorubicin for each treatment 

was calculated using the software Graphpad Prism (Figure 4.6C). Examples of 

histograms of doxorubicin autofluorescence levels are shown (Figure 4.6D).  

Conclusions 

FGF-2 treatment is associated with decreased doxorubicin concentration in neonatal 

cardiac myocytes with doxorubicin treatment.  

Although no phenol red medium was used, there is still a weak false positive signal from 

the autofluorescence backgroud of medium, however, this was not analyzed or included 

in our data. The autofluorescence intensity directly reflects the drug transporter activity 

on doxorubicin, however, there are limitations with this method. The effect of FGF-2 

treatment alone cannot be compared to the control or any other test group, as there is no 

positive doxorubicin signal to detect. In addition, doxorubicin has not been reported as a 

substrate for any specific drug transporter, and our data showed that it had effects on all 

five transporters tested. Thus, the concentration of doxorubicin inside the cell indicates a 

balance of all drug transporters, including potentially any other efflux transporters that 

can be regulated by doxorubicin but are not shown/discussed here. Confirmation of the 

effect on efflux drug transporter by FGF-2 will be explored by inhibiting efflux drug 

transporter activity.  
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Effects on intracellular doxorubicin (DOX) concentration by FGF-2 were also assessed 

by FACS using the autofluorescence property of doxorubicin (A). Briefly, 

cardiomyocytes were treated with doxorubicin and/or FGF-2, or 20 µM CsA or 2 µM 

verapamil as a positive control for efflux inhibition in medium (DMEM/F-12) without 

phenol red. Cells were pelleted and resuspended in the same medium for FACS analysis 

with Ex and Em of 488 and 585 nm as described. (B/C) The median intracellular 

concentration of doxorubicin for each treatment was calculated based on standard curve 

of autofluorescence levels in relation to doxorubicin concentration using the software 

Graphpad Prism. (D) Examples of histograms of doxorubicin autofluorescence levels are 

shown. The results in (B) are expressed as the mean plus or minus standard error of the 

mean (+SEM), relative to the doxorubicin concentration value. Data were assessed by 

one-way ANOVA with the Tukey-Kramer post-test. A value of p<0.05 is considered 

statistically significant: p<0.05 */#; p<0.01, **/##; p<0.001, ***/###.  

 

 

 

 

 

Figure 4. 6 - FGF-2 increases efflux drug transporter levels/function measured by 

doxorubicin retention/extrusion 
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4.7: To test whether FGF-2 increases on efflux transporter levels/function when 

measured by calcein retention/extrusion in neonatal rat cardiac myocytes 

Rationale 

Measuring doxorubicin autofluorescence intensity allowed a direct assessment of the 

effect of some treatments on doxorubicin transport, and more specifically indicated an 

increase in efflux drug transporter function/levels by FGF-2. This study was 

complemented, however, with the use of a cell-permeable non-fluorescent substrate 

calcein AM to �“load�” cardiac myocytes; calcein AM is converted to fluorescent calcein 

and remains in the cell cytoplasm following intracellular esterase activity that removes 

the acetomethoxy (AM) group, thereby converting the hydrophobic to a hydrophilic 

molecule [186] (Figure 4.7A). Calcein AM is a more specific substrate for the five 

transporters pursued. It also has the advantage of allowing the effect of FGF-2 alone to be 

assessed relative to other treatment groups and controls. Calcein AM assay has been used 

to detect drug interactions with multidrug resistance proteins in intact cells, such as anti-

cancer drugs and its interaction with MDR-1 and MRP1 [216]. It can also be used as a 

model for drug-drug interactions, for screening drug transporter substrates and/or 

inhibitors, and also to determine in vitro drug resistance of cells, including samples from 

patients [217]. 

Approaches 

Following treatment and loading of neonatal rat cardiac myocytes with calcein AM, the 

ability of FGF-2 to regulate efflux drug transport levels/function (retention or extrusion) 

was assessed by FACS of retained fluorescent calcein. The rentention/extrusion of 

calcein provides an average calcein fluorescence intensity level that can be compared 
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between each untreated and treated group. Gating for the analysis was based on 

determinations for untreated cells and calcein AM positive cells.  

Results 

Treatment with CsA, verapamil or XR9576 resulted in significant increases in calcein 

retention in the presence and absence of doxorubicin (Figure 4.7B). In contrast, a 

significant decrease in calcein (evidence of increased efflux/removal) was observed with 

FGF-2 treatment in the presence and absence of doxorubicin at 24 hours (Figure 4.7B). 

Examples of histograms of calcein levels are shown (Figure 4.7C). 

FGF-2 alone decreases calcein levels and thus possibly increases calcein efflux, whereas 

it does not increase MDR/MRP expression. In regards to the calcein levels, it is a balance 

of all the transporters, including MDR, MRP and others. The data indicate that 

doxorubicin or FGF-2 alone can increase MDR1a, 1b levels but decrease MDR2 levels. 

This balance of the two transporters levels with one increasing and the other decreasing 

may account for the observation that calcein levels are not changed significantly 

compared to control in the neonatal cardiac myocyte cultures. 

Conclusions 

FGF-2 treatment is associated with increased calcein removal from neonatal cardiac 

myocytes in the presence or absence of doxorubicin treatment. The efflux pump 

inhibitors CsA, verapamil, XR9576, used as positive controls, all promoted calcein 

retention in the cell.  

 Three generations of efflux drug transporter inhibitors have been developed, thus, 
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manipulating efflux drug transporters to modulate the concentration of anti-cancer drugs 

such as doxorubicin offers a new prospect to clinical approaches for breaking through its 

limitations.  
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Efflux of fluorescent calcein was assessed using the Multi-Drug Resistance Assay Kit 

(Calcein AM) according to the manufacturer�’s instructions (Cayman Chemical Company, 

Ann Arbor, USA). (A) Briefly, following intracellular esterase activity that removes the 

acetomethoxy (AM) group, calcein AM is converted to fluorescent calcein, which is 

retained in the cytoplasm. Cells were pelleted, resuspended in Assay Buffer and analyzed 

by FACS as described within 1 hour of staining. (B) Cultures were treated with 

doxorubicin (DOX) and/or FGF-2, or transporter inhibitors (e.g., 20 µM CsA, 2 µM 

verapamil or 1 µM XR9576) as a positive control for efflux inhibition. To load cells with 

calcein, cultures were treated with cell-permeable non-fluorescent substrate calcein AM 

solution 25 minutes prior to harvesting. Data were analyzed using the Summit v.5.2 

program (Beckman). Gating for the analysis was based on determinations for untreated 

cells and calcein AM positive cells. (C) Examples of histograms of calcein levels are 

shown. Results are expressed as the mean plus or minus standard error of which is 

arbitrarily set to 1. Data were assessed by one-way ANOVA with the Tukey-Kramer 

post-test. A value of p<0.05 is considered statistically significant: p<0.05 */#; p<0.01, 

**/##; p<0.001, ***/###. 

 

 

 

Figure 4. 7 - FGF-2 increases efflux transporter levels/function when measured by 

calcein retention/extrusion 



CHAPTER IV: RESULTS 

 87

4.8 To test whether the positive effects of FGF-2 on efflux drug transport 

contributes to the increased resistance of neonatal rat cardiac myocytes to 

doxorubicin-induced plasma membrane damage 

Rationale 

The observations made are consistent with an increase in efflux drug transporter 

expression and function in response to FGF-2 pre-treatment in the presence of 

doxorubicin and, as a result, an expected increase in doxorubicin extrusion. A decrease in 

intracellular doxorubicin concentration in cardiac myocytes stimulated by FGF-2 may be 

a major reason for the increased resistance to doxorubicin-induced plasma membrane 

damage seen in the presence of FGF-2. As previously discussed (Chapter I.2.1) the major 

pathway for doxorubicin metabolism is not modification or breakdown to metabolites but 

rather extrusion or efflux of �‘intact�’ doxorubicin. 

Approaches 

The possible relationship between the stimulation in efflux transport and an increase in 

resistance to doxorubicin-induced cell injury with FGF-2, as measured by LDH release, 

was examined by adding the transport inhibitors CsA, verapamil or XR9576 to neonatal 

rat cardiac myocyte cultures before treatment without or with FGF-2 and/or doxorubicin.  

Results 

There was no effect of CsA, verapamil or XR9576 alone on LDH release, but when each 

one was used in combination with doxorubicin, there was a significant increase in LDH 

release compared to doxorubicin treatment alone (Figure 4.8). This is consistent with 

retention of doxorubicin, and presumably increased neonatal rat cardiac myocyte 
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membrane damage and LDH release resulting from the higher intracellular doxorubicin 

concentrations. As expected, a significant decrease in LDH release, approaching �‘control�’ 

levels was observed with combined FGF-2 and doxorubicin treatments (Figure 4.8A-C). 

By contrast, this beneficial effect of FGF-2 was not observed in the presence of CsA, 

verapamil or XR9576 pre-treatment (Figure 4.8A-C). The extent of doxorubicin-induced 

LDH release was however significantly reduced in cells treated with FGF-2 and CsA (or 

XR9576) compared to those treated with FGF-2 and verapamil, suggesting a partial 

'rescue' by FGF-2. (Figure 4.8A-C). This partial rescue of the effect of CsA and XR9576 

on increased retention and sensitivity to doxorubicin did not go beyond doxorubicin 

treatment alone and approach �‘control�’ levels of LDH activity.  

CsA is an effective immunosuppressant, and is also reported to be cardioprotective in the 

isolated rat heart in a dose-dependent manner [218]. While protection against ischemia-

reperfusion-induced damage was seen at a low dose (0.2 µM), the protection was 

reversed when a high dose (1 µM) was used [218]. No effect on cell damage/LDH 

activity was seen when a higher dose (20 µM) of CsA was used alone on cardiac myocyte 

cultures, but LDH activity doubled when CsA was used in combination with doxorubicin 

[215, 219]. This is consistent with the reported role of CsA as an inhibitor and modulator 

of MDR1 and MRP2 efflux transporter function [215, 219], and suggests increased 

retention and sensitivity to the damaging effects of doxorubicin. Thus, the ability of pre-

treatment with CsA to interfere with the cytoprotective effect of FGF-2 in our cultures is 

indicative of a mechanism involving efflux transport. This was supported when the 

beneficial effect of FGF-2, defined as a significant reduction in LDH release compared to 

doxorubicin treatment alone, was also suppressed with the MDR1/P-glycoprotein 
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inhibitors verapamil and XR9576.  

Conclusions 

The possible relationship between the stimulation in efflux transporter by FGF-2 and 

increased resistance to doxorubicin-induced cell injury by FGF-2 was addressed.  

There was an apparent �‘rescue�’ by FGF-2 of the negative effect of CsA and XR9576 in 

the presence of doxorubicin, on LDH release. FGF-2 was however found to be 

completely unable to reverse the verapamil induced potentiation of LDH release. No 

increase in neonatal cardiac myocyte damage was detected with CsA, XR9576 or 

verapamil, but an increase in LDH release was seen with CsA and XR9576 in the 

presence of doxorubicin. This presumably reflects the presence of a negative effect in 

addition to that on efflux transporter function, which is also limited by FGF-2. A partial 

rescue by FGF-2 of the negative effect of CsA and XR9576 on LDH release in the 

presence of doxorubicin was observed. This suggests that FGF-2 activity is not 

completely dependent on the signals targeted by CsA and XR9576, but it is fully 

dependent on signals inhibited by verapamil. There are at least four explanations for the 

lack of a similar effect with verapamil. These include: 

 (1) Specificity �“theory�”: An absence or distinct property of the inhibitor(s), such as the 

specificity of individual drug transporters. CsA is a competitive inhibitor that can block 

the efflux drug transporter and compete with substrates of transporters preventing them 

from coming out of cells, while verapamil is a non-competitive inhibitor. In general, drug 

transporters work in a balance of both efflux and influx drug transporters. For this study, 

five efflux drug transporters were assessed. Although FGF-2 increased all five transporter 
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mRNA levels compared to doxorubicin alone, MDR2 mRNA level were still about 80% 

less compared to control (non-treated) levels, while the other four were all increased 

significantly. The abundance and significance for each efflux transporter in terms of 

efficiency or specificity for different drugs is not well understood. Thus, the blockage of 

transporters by different inhibitors as it relates to different drugs may vary from one to 

another.   

(2) Concentration �“theory�”: A difference in the effective concentration of each inhibitors 

contributing to the �“full�” or �“half�” inhibition, such that 2 µM verapamil was sufficient to 

negate 10 nM FGF-2 while 20 µM CsA and 1 µM XR9576 were not. In this case, 

increased concentration of inhibitors might increase the percentage of inhibition.  

(3) L-type calcium channel �“theory�”: Besides inhibition of efflux drug transporters, 

verapamil is also an L-type calcium channel blocker. Based on the literature, L-type 

calcium channel blockers that inhibit calcium influx also contribute to multidrug 

resistance independently of MDR protein overexpression [220]. L-type calcium channel 

blockers decrease cardiac myocyte contraction that can also lead to decreased release of 

drugs. This possibility also raises the idea that more than one mechanism might be 

involved in multidrug resistance [221]. Doxorubicin also induces mitochondrial 

dysfunction, possibly by loss of calcium homeostasis [222]. Thus, blocking the influx of 

calcium might interfere maintainance of calcium homeostasis. Further studies to evaluate 

the biological activities of verapamil, in addition to blocking L-type calcium channels, 

may provide further insight into the mechanism of action of cardiac myocyte protection 

by FGF-2.  



CHAPTER IV: RESULTS 

 91

(4) Contraction �“theory�”: Endogenous FGF-2 is released upon cardiac myocyte 

contraction [154]. Verapamil would decrease heart contractility and energy expense 

[223], and thus in the context of neonatal cardiac myocytes might be expected to decrease 

endogenous FGF-2 release and, as a result, the frequency of influx and efflux 

doxorubicin.  
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Inhibition of efflux transport with (A) 20 µM cyclosporine A (CsA), (B) 2 µM verapamil 

and (C) 1 µM XR9576 interferes with the cytoprotective ability of FGF-2 against 

doxorubicin-induced neonatal rat cardiac myocyte damage. Cultures were treated with (i) 

CsA, verapamil, XR9576 or 0.5 µM doxorubicin alone, as well as (ii) CsA, verapamil or 

XR9576 with doxorubicin, and (iii) 10 nM FGF-2, FGF-2 and doxorubicin, and CsA, 

verapamil or XR9576, FGF-2 and doxorubicin. LDH activity in the medium was assessed 

at 24 hours. Results are expressed as the mean plus or minus standard error of the mean 

(+SEM), relative to the control (untreated) value, which is arbitrarily set to 1. Data were 

assessed by one-way ANOVA with the Tukey-Kramer post-test. A value of p<0.05 is 

considered statistically significant: p<0.05 */#; p<0.01, **/##; p<0.001, ***/###. 
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Figure 4. 8 - The FGF-2-induced upregulation of drug efflux transport contributes 

to the increased resistance of neonatal rat cardiac myocytes to doxorubicin-induced 

plasma membrane damage 
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CHAPTER V: DISCUSSION 

The results of this study show for the first time that exogenous FGF-2 increases 

resistance to doxorubicin-induced damage in neonatal rat cardiac myocyte cultures. Pre-

treatment with FGF-2 before doxorubicin resulted in a greater total cell number and a 

lower percentage of programmed cell death compared to doxorubicin treatment alone. 

Pre-treatment with FGF-2 was also able to decrease doxorubicin-induced LDH release 

indicating a significant effect on maintaining plasma membrane integrity. This increased 

resistance to damage was blunted by FGFR inhibition or PKC inhibition with 

chelerythrine or BIM-1, implicating FGFR and PKC activation in the beneficial effect of 

FGF-2. More specifically, pre-treatment with FGF-2 before treatment with doxorubicin 

was shown to increase efflux drug transporter, MDR1a, MDR1b, MDR2 and MRP1 

mRNA levels, when compared to doxorubicin treatment alone. This increased mRNA 

level was sensitive to chelerythrine inhibition with the exception of MDR1a. 

Functionally, pre-treatment with FGF-2 before doxorubicin addition, was shown to 

increase efflux of substrates for drug transporters, specifically, doxorubicin and calcein. 

This indicates an increase in efflux drug transporter function or levels. Finally, the 

cytoprotective effect of FGF-2 was blunted when neonatal rat cardiac myocyte cultures 

were treated with the efflux transport inhibitors CsA, verapamil and XR9576, prior to 

FGF-2 and doxorubicin treatment. These observations implicate for the first time 

regulation of efflux drug transporter production and function as a component of the 

cytoprotective properties of FGF-2 for cardiac myocytes, and this is also linked to PKC 

activation.  
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Here, neonatal rat cardiac myocytes were used as a model, however, with respect to the in 

vivo myocardium, it is preferable to study adult myocytes [224]. During development, 

neonatal rat cardiac mycoytes change the expression of ion channels and contractile 

protein isoforms which make it problematic to extrapolate results to the fully 

differentiated adult myocardium [224]. That said, there are some characteristics that 

make neonatal cardiac myocytes a good choice for study. For example, primary neonatal 

rat cardiac myocyte cultures maintain a similar and stable contractile profile during 

hypoxia-reoxygenation when compared with in vivo hearts during ischemia-reperfusion 

injury [194]. This contrasts with adult cardiac myocyte cultures, where a distinct 

contractile profile is observed compared with hearts in vivo [194]. 

Doxorubicin and its metabolic products are cytotoxic to both cancer and heart cells and as 

a result multiple mechanisms are implicated [28, 29, 50-52]. In addition to side effects 

like cardiotoxicity, cancer cell resistance caused by effects on multidrug resistance 

transporters is also an obstacle that limits the use of chemotherapeutic agents like 

doxorubicin [66] (Figure 5). FGF-2 increases neonatal rat cardiac myocyte resistance to 

doxorubicin-induced injury by increasing efflux drug transporter levels, however, the 

effects of FGF-2 on cancer cell resistance mediated by efflux transporters is not well 

studied. If FGF-2 has similar effects on cancer cells to those on neonatal cardiac 

myocytes, further increased efflux drug transporter levels would be predicted to enhance 

the resistance of cancer to doxorubicin, which might compromise the protective effects 

on heart. If FGF-2 has a reduced or even opposite effect on cancer cells to that seen with 

neonatal cardiac myocytes, then decreased efflux drug transport levels might decrease the 
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resistance of cancer to the drug relative to the heart muscle cells, which would be 

benefical in terms of killing cancer while protecting heart.  

An additional issue when considering FGF-2 as a cardioprotective agent, in the context of 

doxorubicin-based chemotherapy, is that FGF-2 alone has an effect on cancer cells, either 

by promoting cancer cell proliferation or inducing cancer cell death [225, 226]. In 

prostate cancer cells, exogenous administration of FGF-2 promoted proliferation and 

maintained cancer cell viability [225]. This similar beneficial effect on cancer cells 

would, perhaps then, offset any possible benefit of FGF-2 to decrease the vulnerability of 

cardiac myocytes to doxorubicin-induced injury in vivo. There is support, however, for 

differential effects on cardiac myocytes versus cancer cells that comes from data 

suggesting that FGF-2 can induce cancer cell death. In MCF-7 human breast cancer cells, 

overexpression of FGF-2 downregulates BCL-2 and promotes apoptotic cell death [226, 

227]. In the Ewing's sarcoma family of tumors, FGF-2 induced cell death both in vitro 

and in vivo [227]. There is also evidence that FGF-2 can increase the sensitivity of tumor 

cells, including those of breast and ovarian origin, to anti-cancer platinum compounds 

like cisplatin as well as, but to a much lesser degree, doxorubicin [177, 228]. If true, the 

damaging effect on tumor cells may provide a second beneficial effect of FGF-2 to add to 

its ability to decrease the vulnerability of cardiac myocytes to doxorubicin-induced injury 

in vivo.  

In this context, and although not explored, the number and type of FGFRs in the tumor 

cells might also be expected to affect the response of FGF-2 on cancer cell sensitivity. 

FGF-2 binds to FGFR and FGFR signaling has been linked to breast cancer cell growth 
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and death [229-232]. Human A431 skin epidermoid, and estrogen-independent breast 

cancer MDA-MB-231 tumor cells represent cancer cells responsive to doxorubicin 

treatment with low versus high FGFR1 levels and both express MDR1 and MRP1 [233-

235]. Thus, besides cell survival, the differential expression level of FGF receptor in 

different cancer cells might influence the application of FGF-2 to maintain the protective 

effects on heart while provide no more benefit to cancer cells with anti-cancer drug 

treatment like doxorubicin. 

In addition, FGF-2 and FGFR binding triggers multiple signaling pathways that can result 

in chemo-resistance and/or chemo-sensitization depending on dose and/or time of 

exposure [236]. The potential involvement of mutiple FGF-2 induced pathways to affect 

efflux drug transporters raises the possibility that conditions offering different or varying 

degrees of effects on cardiac myocytes versus cancer cells can be identified. As suggested 

by our data, MDR1a is not PKC dependent suggesting possible involvement of other 

signaling pathway(s), such as ERK1/2 and Akt. In addition, the distribution or expression 

level of efflux drug transporters is different in different tissue or cells in rats [214]. Thus, 

it might be important to increase our understanding of the FGF-2 signaling pathways 

regulating efflux drug transport and the major contributing transporters involved in drug 

resistance both in heart and cancer cells. Moreover, targeted inhibition of specific drug 

transporters like MDR1a or MDR1b might offer differential effects on �‘benefits�’ versus 

�‘damage�’ in different cell types. Thus, while complex, cell survival, the inherent 

variability in receptors and signaling pathways might provide the potential to identify 

conditions aimed at stimulating cardiac myocyte chemo-resistance while also increasing 

or maintaining the sensitivity of tumor cells to doxorubicin in vivo.  
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In addition to identifying and controlling differential expression of receptors and 

signaling pathways, it might also be possible to manipulate cancer resistance versus heart 

damage by considering efflux drug transporter substrate and inhibitor specificity. It has 

been reported that the breast cancer drug resistance protein (BCRP), which is a major 

drug transporter that contributes to breast cancer drug resistance, is not expressed in the 

heart [237]. Thus, specifically blocking the BCRP transporter activity may maintain the 

effectiveness in killing breast cancer cells while having less or no significant damaging 

effect on the heart.  

Another aspect of manipulating FGF-2 to become less beneficial to cancer cell 

proliferation comes to manipulating its angiogenic properties. FGF-2 can be modified by 

substituting serine 117 with alanine (S117A) to diminish the ability of activating CK2 

signaling pathway and stimulating cancer cell proliferation [150]. In addition, previous 

studies have shown that S117A-FGF-2 offers acute protective to the ischemic 

myocardium without or with reperfusion [150]. Short-term treatment with S117A-FGF-2 

before or during ischemia occurs without or with perfusion provides protection to cardiac 

injuries [150]. Thus, modification of FGF-2 by diminishing the angiogenic property 

offers less benefit to cancer and still maintains the protection to heart.  

Taken together, multiple aspects of applying FGF-2 as a benefical (endogenous or 

exogenous) growth factor to protect cardiac myocytes and the heart from doxorubicin-

induced damage, while still permitting destruction of cancer cells, suggest this is a 

fruitful avenue worthwhile of further investigation even in a complex in vivo system 

(Figure 5.1). 
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In summary, FGF-2 increases resistance to injury in cardiac cells in vitro and in the 

myocardium in vivo, and positive effects on mitochondrial function, programmed cell 

death and cell-cell communications have been implicated in these events, via FGFR and 

PKC signaling [17, 154, 159]. Increased removal of cytotoxic agents can now be added 

as a potential mechanism of cardiac myocyte protection by FGF-2, and specifically 

increased resistance to doxorubicin-induced damage via an increase in efflux transporter 

production and function. This property would also be consistent with the concept of a 

role for FGF-2 in the �‘self-protection�’ of the cardiac myocyte (and myocardium), which 

was raised previously in regard to autoregulation of FGF-2 in cardiac myocytes [131], 

and the observation that FGF-2 deficient mice are more susceptible to injury [141]. 
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Doxorubicin is among the most effect anti-cancer drugs, but there are two obstacles that 

limit its effectiveness: (i) increased cancer cell drug resistance and (ii) cardiac side 

effects. The observations made suggest FGF-2 may protect cardiac myocytes and the 

heart from doxorubicin damage via protein kinase C-dependent effects on efflux 

transporters. The effects of FGF-2 on cancer cell survival are controversial depending on 

different cancer cell types and may be influenced by FGFR levels/types. 
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Figure 5. 1 - Doxorubicin: the heart versus cancer cell dilemma 
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