


















































































































































































































































































































































































































Chapter Seven 

General Discussion 
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Chapter Seven 

7.1. Summary 

The work presented in this thesis represents the first in-depth characterization of the 

anthracycline doxorubicin and it metabolite, doxOL on Ca2
+ handling in 

cardiomyocytes. The principle findings were as follows: 

1. Anthracyclines modulate RyR2 channel activity. 

Doxorubicin, daunorubicin and their primary metabolites were found to cause a 

pronounced increase in RyR2 P 0 • With higher concentrations of the parent 

compounds and with all concentrations of the metabolites, channel activation 

was followed by sustained inhibition. 

2. Anthracycline-induced activation and inhibition are mediated by different 

mechanisms. 

Anthracycline-induced activation is reversible by washout, suggestive of a 

ligand binding mechanism. In contrast, RyR2 inhibition was not reversed by 
-

washout but was preventable with DTT and NEM, suggesting an oxidative 

mechanism. These thiol modifying reagents had no effect on anthracycline­

induced activation of RyR2 

3. CS02 has a role in the RyR2 response to changes in luminal Ca2
+. 

Selective dissociation of CSQ2 caused RyR2 single channels to become more 

sensitive to activation by luminal Ca2
+ compared to native channels. 

4. Redox active agents modulate RyR2 luminal Ca2
+ sensitivity, 

Pre-treatment with reducing agents and pre-treatment with oxidizing agents had 

different effects on the RyR2 response to luminal Ca2
+. DTT exposure, and 

therefore promotion of unmodified thiols, caused RyR2 activity to decrease as 

the luminal [Ca2+] increased. Conversely, oxidation of RyR2 thiols by 4,4 ' -

DTDP caused channels to have a higher P0 but a dampened response to 

activation by luminal Ca2
+. 
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5. DoxOL abolishes the luminal Ca2
+ response of RyR2 via an interaction with 

CSO2 

DoxOL treatment abolished normal response of RyR2 to changes in the luminal 

[Ca2+]. This response was restored when CSQ2 was dissociated from doxOL­

treated RyR2. 

6. DoxOL inhibits SERCA2A function by thiol oxidation 

Incubation of SR vesicles with doxOL, but not doxorubicin, decreased the Ca2
+ 

uptake rate. With DTT pre-treatment, doxOL actually enhanced Ca2
+ uptake. 

Thus, doxOL inhibits SERCA2A via thiol oxidation but can also activate 

SERCA2A, most likely by a ligand binding interaction. Inhibition of SERCA2A 

is also evident in intact cardiomyocytes, where there was an increase in the 

decline of the cytoplasmic Ca2
+ transient. 

7. DoxOL alters whole cell Ca2
+ signalling and reduces cardiomyocyte 

contractility. 

In adult mouse cardiomyocytes , doxOL pre-treatment reduced the amplitude of 

Ca2
+ transients and prolonged the time to peak and decay time compared to 

untreated myocytes. DoxOL treated myocytes also had a reduced SR Ca2
+ load, 

impaired NCX function, and a higher cytoplasmic [Ca2+] then control myocytes. 

These effects were likely to cause the aberrant diastolic Ca2
+ release and reduced 

contractile function exhibited by doxOL treated myocytes. 

DoxOL was found to interact with multiple proteins that are important for SR Ca2
+ 

handling, including RyR2, SERCA2A and CSQ2. 

7 .2. Consideration of whole cell Ca2
+ handling 

Intact cardiomyocytes treated with doxOL showed reduced Ca2
+ transients, a decrease 

in store load and prolonged decay time of both the twitch transient and caffeine-induced 

transient, suggesting impaired SERCA2A and NCX function , respectively. These 

alterations in myocyte Ca2
+ handling were consistent with the effects of doxOL 

identified in the isolated single channels and in SR vesicles. These functional effects in 

the isolated preparations included changes in RyR2 channel gating, SERCA function 
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and response of the channel to luminal Ca2
+. The long-term, sustained effect of doxOL 

in each of these cases was inhibitory and therefore consistent with the effect of doxOL 

in the whole cell in dampening Ca2
+ signalling and impairing contractile function. 

The changes in Ca2
+ transient kinetics coexisted with an increase in spontaneous 

Ca2
+ release and an increase in resting Ca2

+. The findings suggest that doxOL causes 

RyR2 to be more active during diastole than untreated channels. This is in contrast to 

the results of the single channel experiments, as the same concentration and incubation 

time with doxOL caused pronounced inhibition of RyR2. It must be remembered though 

that the majority of single channel studies were done under conditions more likely to be 

encountered during systole (i.e. with 1 µM cis Ca2+ and 1 mM trans Ca2+). Although the 

measurements of RyR2 luminal Ca2
+ response did temporarily use 0.1 mM trans ca2+, 

these were still done in the presence of 1 µM cis Ca2
+ and so are not a true 

representation of diastolic conditions where cytoplasmic Ca2
+ drops to -l00nM (Bers, 

2008). Future experiments using 1 µM cis Ca2
+ and 0.1 mM trans Ca2

+ would be a more 

accurate way of characterizing the effects of anthracyclines on RyR2 under diastolic 

conditions. As discussed in Chapter 6 however, experiments conducted at these [Ca2+] 

are likely to have low levels of activity making it difficult to accurately measure Pa. 

Based on the finding that doxOL a) inhibited RyR2 and b) abolished luminal Ca2
+ 

sensing it would be expected that the effects of anthracyclines in whole cell systems 

would be arrhythmogenic. There are studies identifying RyR2 inhibition (Diaz et al., 

2002; Braund et al., 2012) or a loss of luminal Ca2
+ sensing (Thomas et al., 2004; Jiang 

et al., 2007; Qin et al., 2008) as a factor in arrhythmogenic Ca2
+ release. This 

phenomenon was most quantitatively explored in intact cardiomyocytes by Diaz and 

colleagues (2002). Inhibition of RyR2 by tetracaine caused spatial and temporal 

desynchronisation of SR Ca2
+ release and prolonged the rise and decay of the Ca2

+ 

transients (Diaz et al. , 2002). In the current study, spontaneous Ca2
+ release occurred 

more frequently in doxOL treated cells (2.5 µM) then in control cells. These 

spontaneous Ca2
+ transients would be expected to cause afterdepolarisations (Pogwizd 

and Bers, 2004), however, due to technical limitations it was not possible to monitor 

changes in membrane potential. It was observed however, that doxOL inhibited NCX 

function, as indicated by the prolonged decay of the caffeine transient. Therefore it is 

more likely that anthracyclines would induce EADs rather than DADs, since the latter 

are more often associated with enhanced NCX function (Pogwizd et al., 2001). 
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However, the present results do not exclude either mechanism. Further explorations of 

these processes may give valuable insight into the mechanisms of anthracycline induced 

arrh ythrno genesis. 

The spontaneous Ca2
+ transients and decreased amplitude and kinetics of the twitch 

transient could be due to altered RyR2 gating or the abolition of luminal Ca2
+ sensing. 

Therefore it is difficult to ascertain whether the loss of luminal Ca2
+ sensing caused by 

doxOL in single channels was translated to the whole cell environment. This would best 

be explored by simultaneous quantitative measurement of the SR Ca2
+ load and 

cytoplasmic Ca2
+ release in intact myocytes to determine if there was a relationship 

between RyR2 function (e.g. fractional release or propensity for spontaneous Ca2
+ 

release) and the SR load, as measured in (Shannon et al., 2000, 2002; Jiang et al., 2005; 

Guo et al., 2007). The absence of such a relationship may indicate that doxOL could 

effectively block RyR2 luminal Ca2
+ sensitivity in a cellular environment. While such 

measurements have been used to confirm an increase in luminal Ca2
+ sensitivity (Guo et 

al., 2007), there are few studies that have quantified such changes in a loss-of-function 

situation (Jiang et al., 2007). This can be attributed to the prevalence of gain-of-function 

mutations associated with arrhythmia, sudden cardiac death and heart failure, compared 

to loss-of-function mutations (reviewed in (Gomez and Richard, 2004). 

Hence, the mechanisms responsible for loss of luminal Ca2
+ sensing remain ambiguous. 

In one example, RyR2 channels carrying a mutation associated with catecholaminergic 

idiopathic ventricular fibrillation had lost the ability to respond to activation by luminal, 

but not cytoplasmic Ca2
+ (Jiang et al., 2007). The mutated residue (A4860G) was 

located in the pore inner helix, a region associated with activation and gating of RyR2. 

In this case, the loss of luminal Ca2
+ sensing was attributed to the location of the 

mutated residue. The effects of anthracyclines on luminal Ca2
+ sensing, on the other 

hand, could be attributed to an interaction between doxOL and CSQ2. This result 

underlines the importance of CSQ2 in determining the characteristics of the RyR2 

response to changes in luminal Ca2
+. How the CSQ2 interaction abolished the ability of 

RyR2 to be activated by luminal ca2 + is unclear from the present experiments. It is 

possible that doxOL modifies the interaction between CSQ2 and another protein like 

triadin and junctin, preventing the communication of the luminal [Ca2+] to RyR2. 

Disruption to this communication pathway was suggested by Qin and colleagues (2008) 

to account for the loss of luminal Ca2
+ sensitivity in RyR2 associated with a CPVT-
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linked CSQ2 mutant. That CSQ2 null myocytes (Knollmann et al., 2006) and CSQ2 

stripped channels (this study, and (Qin et al., 2008) show evidence of luminal Ca2
+ 

sensitivity but that an interaction between doxOL and CSQ2, and a CSQ2 mutant (Qin 

et al., 2008) can abolish luminal Ca2
+ sensitivity demonstrates the necessity of optimal 

protein function and emphasizes the complexity of the luminal Ca2
+ sensing process. 

7.3. 

7.3.1. 

Anthracyclines and protein modifications 

Thiol modification 

It is evident from the results of Chapters 4 and 5 that anthracycline-induced oxidation 

causes substantial modification of SR Ca2
+ handling, inhibiting both RyR2 and 

SERCA2A function. It should be considered what the consequences of anthracycline 

induced ROS and RNS formation might be in the intact cell. The effects characterized 

in this thesis as a result of thiol modification by anthracyclines are likely to (a) be 

additive with additional ROS and RNS-induced effects and (b) could constitute the 

cardiotoxicity pathway in patients treated with dexrazoxane to suppress oxidative 

dysfunction. ROS induced thiol modifications including S-glutathionylation and S­

nitrosylation promote arrhythmogenesis and heart failure via RyR2 dysregulation (Yano 

et al., 2005b; Belevych et al., 2009; Donoso et al., 201 lb). Further work is needed to 

elucidate the precise effects of anthracycline-induced ROS/RNS formation on 

cardiomyocyte Ca2
+ handling. This includes determining what reactive species are 

produced in response to anthracycline exposure, the site of production, the specific 

targets of these reactive species and the functional outcome of these interactions. The 

compounded dysregulation induced by production of ROS and RNS may be a 

significant cause of the cardiotoxic side effects observed in patients treated with 

anthracyclines and warrants better characterization. 

Although doxOL could enhance SERCA2A Ca2
+ uptake, this effect was only evident 

when DTT pre-treatment blocked doxOL-induced oxidation of SERCA2A. Therefore, 

physiologically it would be expected that doxOL' s inhibitory effect would mask any 

activation. This is supported by the finding that in cardiomyocytes , doxOL pretreatment 

prolonged the decay of the twitch Ca2
+ transient, a measure of SERCA2A function 

(Bassani et al., 1995b). 
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7.3.2. Anthracyclines and phosphorylation 

RyR2 is also susceptible to phosphorylation by PKA and CaMKII. Evidence from the 

Cardiac and Skeletal Muscle Proteomics Group shows that doxorubicin treated mice 

exhibit a significant! y higher level of phosphorylation at serine residues 2808 and 2814 

(personal communication, Dr Nicole Beard) than untreated mice. While the functional 

role of anthracycline-induced RyR2 phosphorylation is unknown, the detrimental 

effects of hyperphosphorylation in other cardiac pathologies is well documented. In 

several models of heart failure, sudden cardiac death and arrhythmia, RyR2 is 

hyperphosphorylated, usually due to enhanced or chronic ~-adrenergic stimulation. 

Under such conditions RyR2 exhibits a heightened response to Ca2
+, increased diastolic 

leak and spontaneous Ca2
+ waves (Yano et al., 2005a; Belevych et al., 2009; Donoso et 

al., 201 la). The molecular mechanism underlying phosphorylation-induced RyR2 

dysfunction is controversial, hypothesized to involve either a dissociation of FKBP 

(Marx et al., 2000), or a decrease in the threshold for diastolic Ca2
+ release (Jiang et al., 

2005; Venetucci et al., 2007; Curran et al., 2010). Recently _it has been suggested that 

RyR2 oxidation and phosphorylation co-exist, together promoting RyR2 dysfunction. 

Shan and colleagues (2010) found that the oxidation state influenced the extent to which 

PKA phosphorylation was able to dissociate FKBP and cause subsequent spontaneous 

Ca2
+ release. In another study it was found that phosphorylation and oxidation were 

involved at successive stages of heart failure (Belevych et al., 2011). Interestingly, 

CaMKII is itself activated via oxidation in heart failure (Erickson et al., 2008) and in 

cardiomyocytes exposed to doxorubicin (Sag et al., 2011). 

Observations of concurrent or successive RyR2 phosphorylation and/or oxidation are 

consistent with the suggestion that alteration of RyR2 PO alone, by either oxidation or 

phosphorylation for example, may not necessarily induce arrhythmogenic Ca2
+ release 

(Venetucci et al ., 2007; Chelu et al., 2009). In a normal, healthy cardiomyocyte, the 

increase in PO should lead to a decrease in SR Ca2
+ content and thus, reduce PO to lower 

levels (Venetucci et al., 2007). The existence of this autoregulation implies that changes 

in RyR2 P0 may not have a drastic effect on cardiac function under physiological 

conditions. However, it has been suggested that altered RyR2 activity may provide an 

arrhythrnogenic background, which in the presence of an additional insult, could lead to 

spontaneous Ca2
+ waves and arrhythmia (Jiang et al., 2007; Venetucci et al., 2007; 

Chelu et al., 2009; Curran et al., 2010). Additional contributors could include (but are 
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not limited to) changes in protein expression, thiol oxidation and phosphorylation of 

RyR2 or SERCA2A, many of which are seen in heart failure (Shannon et al., 2003a; 

Vest et al., 2005; Curran et al., 2010; Belevych et al., 2011; Shan et al., 2012). An 

analogous situation may occur in people carrying RyR2 mutations associated with 

CPVT, who are asymptomatic without the additional trigger of ~-adrenergic 

stimulation. Such an inter-dependence has been named the "double hit concept" (Chelu 

et al., 2009). 

7.3.3. Nitroso-redox balance 

There is limited evidence indicating that anthracyclines also perturb NO signalling in 

the heart via several pathways (Fogli et al., 2004). Doxorubicin-induced cardiac 

dysfunction has been associated with increased cellular levels of ONOO-, which 

resulted from doxorubicin-induced upregulation of iNOS (Weinstein et al., 2000; 

Pacher et al., 2003). It was also found that doxorubicin can interact with eNOS, which 

promotes redox cycling of the anthracycline quinone moiety with subsequent 0 2-

production (Vasquez-Vivar et al., 1997). In the heart a balance exists between 

nitrosative and oxidative signalling, both of which play important roles in physiological 

Ca2
+ signalling. As shown in Figure 1.11, there is crosstalk between these two systems. 

Superoxide can interact with NO to produce the highly reactive ONOO- which acts as a 

potent oxidant. Additionally, excess oxidation may reduce the number of thiols 

available for S-nitrosylation with subsequent changes in protein function (Fogli et al., 

2004; Hare, 2004). Thus it is likely that anthracyclines severely disrupt the nitroso­

redox balance in the heart by effects either on oxidative or nitrosative signalling, or 

both. 

7 .4. Anthracyclines and skeletal muscle 

Muscle fatigue is a common occurrence in patients undergoing treatment with 

chemotherapeutic drugs, including anthracyclines. Fatigue that is induced by 

chemotherapy differs from general muscle fatigue, in that it is not alleviated by a period 

of rest and is described as a whole body affliction that is unrelated to physical activity 

or exertion (Morrow et al., 2002; Gilliam and St Clair, 2011). A review of studies 

investigating the incidence of fatigue in anthracycline-treated patients found that 47% of 
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patients described disabling fatigue that prevented normal physical activity (Gilliam and 

St Clair, 2011). Animal models have consistently found an impairment of skeletal 

muscle function following doxorubicin administration. These effects include a decrease 

in maximum specific force , prolonged relaxation time, impaired fractional shortening 

and severe ultrastructural changes (Doroshow et al. , 1985; Gilliam et al., 2009; van 

Norren et al., 2009; Gilliam and St Clair, 2011; Hydock et al., 2011). 

Skeletal muscle fatigue is thought to have many contributing factors . One of the more 

prominent mechanisms is oxidative stress (Allen et al., 2008; Reid, 2008), and this has 

been identified as a potential mechanism in anthracycline-induced skeletal muscle 

fatigue. In animal models, doxorubicin administration increased ROS generation and 

oxidative protein modifications in skeletal muscle, which were associated with 

decreased contractile function (Gilliam et al., 2011; Smuder et al. , 2011). However, in 

these studies the increase in oxidative stress coexisted with an increase in the levels of 

calpain activity (Smuder et al., 2011) and depended on the route of administration, 

occurring with i.p. but not i.v. dosage (Gilliam et al., 2011). Conversely, overnight 

incubation of skeletal myotubes with doxorubicin found that the effects of the drug on 

Ca2
+ handling were not influenced by oxidative stress (van Norren et al. , 2009). These 

studies highlight a need for an improved understanding of the role of oxidative stress in 

skeletal muscle dysfunction caused by anthracyclines. 

It should be remembered that RyRl is similarly susceptible to oxidative modifications 

as RyR2, containing 100 cysteines in total, of which 12 are vulnerable to redox 

modification (Aracena-Parks et al., 2006). Anthracyclines have indeed been shown to 

stimulate RyRl activity (Abramson et al., 1988; Feng et al. , 1999; Marinov et al., 2007). 

In two of these studies, modulation of RyRl was associated with thiol modification 

(Feng et al. , 1999; Marinov et al., 2007). Thus, it would be surprising if oxidative stress 

had no influence since, like cardiac muscle, skeletal muscle function can be negatively 

affected by excess oxidation. Examples of this dysfunction include fatigue and 

Duchenne Muscular Dystrophy, both of which are thought to be at least partially 

influenced by pronounced ROS formation (Reid, 2008). 
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7.5. Future directions 

While the work presented in this thesis has made a great contribution to the present 

knowledge of anthracycline cardiotoxicity, there are still many avenues of research 

worth exploring. Some of these lead on directly from the results presented here, while 

others are aspects that were outside the scope of the current project but are related to 

cardiomyocyte Ca2
+ handling. 

• It is likely that the oxidative modifications observed in single channel studies are 

ROS/RNS independent, while the results in cardiac myocytes are a combination 

of ROS/RNS -dependent and ROS/RNS-independent effects. Mechanistic insight 

could be gained by determining the relative importance of each in the whole cell 

environment, as well as the sites of ROS (and RNS) production and the specific 

targets of these reactive species. 

• In Chapter 5 it was demonstrated that redox agents significantly influence RyR2 

activation by luminal Ca2
+. However, these results were obtained with high 

concentrations of either oxidizing or reducing agents. Experiments in the Muscle 

Research Group laboratory are currently underway to determine the luminal Ca2
+ 

sensitivity in the presence of physiological and pathological redox potentials set 

by relevant amounts of the glutathione redox buffer system. These experiments 

will yield important information on RyR2 Ca2
+ handling and will aid in our 

understanding of changes in Ca2
+ signalling that occur in cardiac disease. 

• DoxOL increased the percentage of myocytes displaying spontaneous 

Ca2+ transients and increased the resting cytoplasmic [Ca2+]. These findings 

suggest that doxOL may have stimulatory effect on RyR2 at a diastolic 

cytoplasmic [Ca2+]. As detailed in Section 7.1, assessing the impact of doxOL on 

single channel activity using diastolic [Ca2+] in the cis and trans solutions will 

clarify the effect of anthracyclines on diastolic Ca2
+ handling, if such experiments 

are possible (see previous comments). 

• The arrhythmogenic effects of anthracyclines could be better understood using 

voltage clamped cardiomyocytes. In the current project, technical limitations 

prevented measurement of changes in sarcolemmal membrane potential upon 

myocyte stimulation. Thus, while it can be predicted that the spontaneous Ca2
+ 

transients would be arrhythmogenic, such events were not recorded. It would also 
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be beneficial to experiment with different pacing frequencies as the propensity for 

arrhythmogenic activity can increase as pacing frequency in accelerated (Liu et 

al., 2011). 

• Anthracyclines have been shown to activate calpains, Ca2
+ dependent proteases 

which degrade multiple targets in striated muscle. Two proteins that have been 

shown to be affected following doxorubicin-induced calpain activation include 

titin (Lim et al., 2004) and dystrophin (Campos et al., 2011). Calpain induced 

proteolysis of titin was associated with severe disruption of myofilament 

ultrastructure and cellular necrosis, (Lim et al., 2004) whilst delocalization of 

dystrophin occurred with left ventricular contractile impairment (Campos et al. , 

2011). In skeletal muscle, calpain activation is implicated in exercise-induced 

muscle injury (Belcastro et al., 1998), muscle atrophy (Bartoli and Richard, 2005) 

and in muscular dystrophies (Richard et al., 1995; Tidball and Spencer, 2000). 

Furthermore, it has recently been shown that calpain activation degrades 

junctophilin, a protein thought to be important for triad formation in both skeletal 

and cardiac muscle (Murphy et al. , 2013) . These studies suggest that 

anthracycline-induced calpain activation (in either skeletal or cardiac muscle) 

could have as yet unrecognized detrimental effects on muscle function. 

• Finally, preliminary evidence from the Cardiac and Skeletal Muscle Proteomics 

Group indicates that anthracyclines can increase RyR2 phosphorylation at S2808 

and S2814 and reduce FKBP association with RyR2 (personal communication, Dr 

Nicole Beard). Either individually or in combination, these effects have been 

implicated in various forms of cardiac pathology (Marx et al. , 2000; Wehrens et 

al., 2003; Shan et al., 2012), however neither phosphorylation nor FKBP 

dissociation has been implicated in the effects of anthracyclines on the heart. 

Further investigation of these modifications in anthracycline-induced 

cardiotoxicity will give valuable new mechanistic insight. 

7 .6. Conclusion 

This project has provided novel information on the cellular mechanisms underlying 

anthracycline-induced cardiotoxicity. Over the course of this thesis, the focus 

progressed from the effects of the drugs on single RyR2 channels and on the SERCA2A 

pump, to the sensitivity of the channel to luminal Ca2
+. Finally, intact cardiomyocytes 
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were used to assess the effect of doxOL in a whole cell environment. Hence the drugs 

were tested in systems of increasing complexity, from the single channel, to the SR, to 

the intact cardiomyocyte. In each case the drugs dampened proper Ca2
+ movement 

which promoted aberrant, spontaneous Ca2
+ release and reduced myocyte contractile 

function. The results, while representing acute effects of the drugs, are consistent with 

the clinical manifestation of anthracycline-induced cardiotoxicity, which include 

reduced contractility and arrhythmogenesis (Barrett-Lee et al., 2009; Menna et al., 

2012). 

In the course of the project important new information regarding mechanisms of 

physiological SR Ca2
+ handling has been revealed. Of particular interest is the role of 

CSQ2 and redox modifications on the luminal Ca2
+ response of RyR2. These findings 

shed important light on factors affecting RyR2 regulation by luminal Ca2+, building on 

the information already gathered in recent years by others in the field. Knowledge of 

this aspect of cardiac muscle physiology may prove to be important in understanding 

mechanisms of heart failure, sudden cardiac death and arrhythmia and in the subsequent 

design of treatments for these and other cardiac pathologies. 

While there are many aspects of the cellular and whole organ effects of the drugs to be 

elucidated, the present project is the most in-depth characterization of the effects of 

anthracyclines on RyR2 and SR Ca2
+ handling to date. Of particular importance are the 

new details regarding the effects of the metabolite, doxOL. This information may be 

used for future drug design and the testing of better targeted co-treatments which are 

more beneficial in preventing the devastating effects of anthracyclines on the heart 

while allowing their continued use as some of the most efficacious chemotherapeutic 

drugs yet discovered. 
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