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SUMMARY 

 

Doxorubicin (dox) is one of the most potent chemotherapeutic drugs nowadays. However, dox 

use in clinics is limited by its high myocardial toxicity. Recent evidence suggests that dox-induced 

early disturbance of metabolic pathways in cardiomyocytes conditions the later development 

of chronic heart failure (CHF) in patients. Interestingly, circulating levels of neuregulin-1β (NRG-

1) are correlated with the development of chronic heart failure in cancer patients after dox-

therapy. Moreover, inhibition of the NRG-1 co-receptor ErbB2 worsens cardiac outcomes, 

indicating a cardioprotective role of NRG-1 in these patients. In the present study, our aim was 

to 1) characterize an in vivo model of dox-induced cardiac dysfunction in male and female 

mice, and 2) investigate whether NRG-1 protects against dox-induced cardiotoxicity by 

modulating acute metabolic mechanisms, especially autophagy. 

C57BL/6J male and female mice were assigned to a CTL, dox or NRG/dox group. Mice were 

injected intraperitoneally with vehicle or dox (4 mg/kg) at day 0, 2, 5, 8, 10, 12 yielding a 

cumulative dose of 24 mg/kg. NRG-1 (20 µg/kg) or vehicle (PBS) were injected 30 min before 

each dox injection and continued every other day until sacrifice. Heart function and architecture 

were measured using echocardiography at multiple timepoints before sacrifice. Body weight 

loss was observed in males and females, indicative of systemic toxicity. These effects were 

stronger in males than in females. In males, dox increased cardiac ejection fractions and left 

ventricular wall thickness at 2 weeks after treatment-begin and NRG-1 prevented this. In 

contrast, in females dox did not modulate cardiac function, however, dox decreased LV wall 

thickness and NRG-1 did not affect this at 3 weeks. These results were associated with increased 

GLUT1 and β-MHC mRNA in dox-treated males, while dox-treated females only showed an 

increase in β-MHC mRNA levels. Yet, NRG-1 did not modify any of these molecular responses 

neither in males nor in females. Our data show that dox-induced cardiac remodeling is sex-

dependent: males respond with stronger cardiac compensation to dox than females at the 

functional and molecular level.  

For our mechanistic studies, additional mice were sacrificed at day 1 after the dox injection, 1 

h after NRG-1 stimulation. In males, the single dox injection was enough to decrease the cardiac 

LC3II/I ratios. On the other hand, female mice did not show any dox-induced cardiac modulation 

of the LC3II/I ratios at day 1. While NRG-1 had no effects in males, in females it significantly 

decreased LC3II/I and enhanced the phosphorylation of ULK1 at its inhibitory S757 site, 

suggesting that NRG-1 reduces autophagy in dox-treated females. 
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To investigate underlying mechanisms, neonatal rat ventricular myocytes (NRVM) were used as 

a model. NRVM were pre-treated in serum-free medium with E64D/pepstatin A inhibitors to 

study autophagic flux, or directly stimulated with NRG-1. After NRG-1 stimulation, NRVM were 

treated with dox (1 µM). At 16 h the NRVM model mimicked the molecular response observed 

in females at 24 h. At 1 h, NRG-1 alleviated a dox-induced increase of LC3II protein, and this 

was associated with increased ULK1-pS757 as well as decreased FoxO1 nuclear location. 

Consistently, at 6 h, NRG/dox-treated NRVM showed decreased expression of the FoxO1 

target genes LC3 and ULK1 in comparison to dox-treated cells. Furthermore, our preliminary 

data obtained with MTT and luciferin-based CELL TITER GLO assays showed that dox induced 

an increase in succinate synthetase activity, without changing ATP content at 3 h. Interestingly, 

this was associated with decreased mitochondrial/nuclear DNA ratios at 3 and 16 h, and NRG-

1 alleviated it at 3 h. 

 

In conclusion, our study showed that the NRG-1 treatment regimen that we used might not be 

suitable for males to alleviate dox-induced early cardiac autophagy disturbances. In females, 

evidence for NRG-1 inhibition of the autophagic pathway were uncovered upon dox-therapy 

and surprisingly, might be independent of the mTORC1 pathway. Our study highlighted the 

need to characterize sex-differences upon dox-therapy and NRG-1 preventive treatment to 

promote personalized medicine. 
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1. INTRODUCTION 

 

1.1. CARDIAC METABOLISM IN ADULTHOOD 

 

1.1.1. ENERGY METABOLISM IN THE HEALTHY HEART  

The role of the heart is to pump blood through the body in order to ensure oxygen and nutrient 

distribution, inter-organ communication as well as metabolic debris elimination/removal. To 

ensure the heart's contractile function, large amounts of ATP need to be continuously produced, 

and this all day long, whatever the feeding status and subsequent nutrients availability, the 

occurrence of exercise activity or hormonal stimulation are 1. For instance, the heart daily 

produces about 6 kg of ATP, which are by 95% produced by the mitochondrial oxidative 

phosphorylation. The mitochondrial phosphorylation consists in generating ATP directly through 

the Krebs cycle and indirectly through mitochondrial respiratory chain activity 2.  

In the healthy heart, 60-90% of the mitochondrial oxidation relies on the fatty acid oxidation 

(FAO) which leads to acetyl-coenzyme A (acetyl-CoA) formation. 10-40% rely on pyruvate 

oxidation coming from glycolysis and lactate oxidation 3. Interestingly, the heart is also able to 

metabolize other fuels to stimulate mitochondrial oxidation including ketone bodies or branched 

chain amino acids to a lower extent 4. The last 5 percent of ATP which are not produced by 

mitochondrial oxidative phosphorylation is directly produced by the glycolysis reaction. The 

ability of the healthy heart to use so many different substrates according to their availability to 

produce ATP with the best yields is called metabolic flexibility 5. 

Lipid metabolism 

Briefly, FA are delivered to the heart either as free FA bound to albumin or as triacylglycerols 

(TAG) in lipoproteins by diffusion or CD36-dependent transport, respectively 6. TAG are 

sequentially hydrolyzed by the adipose triglyceride lipase, the hormone-sensitive lipase, and 

monoacylglycerol lipase, which sequentially hydrolyze TAGs, diacylglycerols, and 

monoacylglycerols to liberate FA, which thereafter are acylated to form fatty acyl-CoA by the 

acyl-CoA synthetase 7. Fatty acyl-CoA are addressed to the mitochondrial matrix by the L-

carnitine-dependent translocation carnitine palmitoyl transferase system CPT1-CPT2.  

In the mitochondrial matrix, the fatty acyl-CoA enter the FAO also called β-oxidation pathway 

multiple times to produce acetyl-CoA, which will enter the Krebs cycle to produce ATP in 

presence of oxygen. Additionally, FAO and Krebs cycle reactions lead to the production NADH 
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and FADH2, which will afterwards contribute to the mitochondrial proton gradient by getting 

oxidized by the mitochondrial electron transport chain.  

Glucose metabolism  

In the adult heart, GLUT1 and GLUT4 transporters are responsible for glucose uptake. GLUT4 

is addressed to the cell membrane upon insulin stimulation or myocardial contraction to transport 

glucose into the cytoplasm 8. The glucose is then phosphorylated to G6P by hexokinases and 

addressed to the glycolysis pathway to form ATP, NADH and pyruvate. The obtained pyruvate 

is mainly transported to the mitochondrial matrix by the mitochondrial carriers 1 and 2 proteins 

and is converted to acetyl-CoA by the pyruvate dehydrogenase complex to enter the Krebs 

cycle as described above.  

 

1.1.2. IMPORTANCE OF AMPK, ULK1 AND LC3 IN THE HEART 

The AMP-activated protein kinase (AMPK) is a central actor in energy sensing and a modulator 

of energy homeostasis within the cell 9. The activation of AMPK in cardiac stress conditions, after 

energy depletion, or during exercise leads to inhibition of the ATP-consuming anabolic pathways 

in favour of catabolic pathways known to increase ATP production (Fig. 1).  

AMPK is a protein constituted of 3 subunits: the catalytic subunit α and the 2 regulatory subunits 

β and γ. In a situation of limited energy supply, cellular concentrations of ADP and AMP are 

increased, and the latter binds the AMPKγ subunit with strong affinity. This results in the allosteric 

activation of the AMPKα at the Thr172 site 10. The catalytic activity of the AMPK depends on 

the Thr172 phosphorylated levels 11. Upstream activators can in presence of AMP increase 

AMPK catalytic subunit activation by increasing its Thr172 phosphorylation. This is the case for 

the calmodulin kinase II which is activated by increased cytoplasmic calcium concentrations, or 

also for the liver kinase B1 protein. Oppositely, phosphatases can inhibit AMPK activity by 

decreasing the Thr172 phosphorylation.  

The AMPK acts at the transcriptional and post-translational levels to maintain the energy 

balance. At the post-translational level, AMPK activation has been reported to enhance GLUT4 

and CD36 translocation to the membrane in order to facilitate glucose and FA uptake, 

respectively 12-14. Moreover, AMPK has been shown to promote on one hand the glycolysis 

through the activation of phosphofructokinase 2 and on the other hand to indirectly promote 

FAO via acetyl-CoA carboxylase (ACC) inhibition 15, 16. Indeed, ACC plays multiple roles in lipid 

metabolism regulation. Firstly, when activated, ACC induces de novo lipid biogenesis. To this 
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end, ACCβ, (later abbreviated ACC) carboxylates acetyl-CoA to malonyl-CoA. Yet, malonyl-

CoA inhibits CPT1 which is needed to transport long chain FA to the mitochondrial matrix. 

Therefore, by inhibiting ACC, AMPK enhances the long chain FA translocation to the 

mitochondria, where it could get oxidized to produce ATP.  

Furthermore, AMPK enhances at the transcriptional level mitochondrial biogenesis and fatty acid 

oxidative metabolism via its interaction with PGC1α or PPARα 17, 18. AMPK, in addition to 

inhibiting the de novo lipid synthesis, also inhibits the protein synthesis pathway. More precisely, 

AMPK modulates mTORC1 activity by inhibiting RAPTOR and activating the TSC1/TSC2. Finally, 

AMPK enhances autophagy by 1) alleviating the mTORC1 inhibitory phosphorylation of ULK1 

at the Ser757 site, 2) activating ULK1 through phosphorylation of its Ser317 site, and 3) 

inducing the transcription of autophagy genes through FoxO activation 19, 20.  

 

Figure 1. The cardiac AMPK is activated upon energy stress conditions, increased cellular concentrations of ROS, 

calcium or upstream kinases. The activation of the AMPK leads to the induction of pathways implied in ATP 
production such as FAO, glycolysis or autophagy, while it inhibits pathways implied in cell growth, protein synthesis 

and de novo lipid synthesis. Beauloye et al. 2011 21. 

 

Autophagy is a necessary process in all cells as it aims to ensure proper turnover of the 

organelles, avoid misfolded protein accumulation and keep functional and healthy cells, notably 

upon stress conditions to limit cell damages and stress-induced cell death 22, 23. The autophagy 

pathway is therefore especially important in cardiomyocytes as in the adult heart no or limited 

regeneration exists 24. Additionally, in the heart, the mitochondrial turnover and quality 

maintenance are of high importance to allow sufficient ATP production, avoid excessive ROS 

formation, and therefore promote cardiomyocytes survival. This quality control relies on a 

specific form of autophagy which is called mitophagy 25.  
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Briefly, the autophagy process can be split in 6 steps: 1) ULK1 once activated forms a complex 

with the protein (autophagy-related 13) ATG13, the focal adhesion kinases FIP200 and 

ATG101 to recruit some pieces of membrane from the endoplasmic reticulum in most of the 

cases, or mitochondria and Golgi to a lesser extent. 2) The ULK1 complex next phosphorylates 

Beclin1 which will recruit and activate the Vsp34 protein and form a second complex with the 

Vsp15, ATG14L to induce nucleation of the membrane and 3) contribute to the phagophore 

elongation by producing PI3P. Multiple proteins are then recruited during the elongation step 

in the lumen of the phagophore, such as the chaperone protein p62, or at the membrane such 

as the LC3II. The LC3II is obtained by conjugation of the cytosolic LC3I to a phosphatidyl 

ethanolamine by ATG7. After that, the LC3II is addressed to the phagophore by the ATG3. 4)  

  

 

Figure 2. The autophagy process can be divided in 6 steps: 1) the initiation, 2) the nucleation and 3) the elongation 

of a phagophore from a piece of membrane originated from ER in most of the cases, or mitochondria/Golgi to a 
lower extent. This leads to the formation of the autophagosome. The autophagosome 4) matures and 5) fuses with 

the lysosome to form the autophagolysosome. The acid vesicular environment leads to the 6) digestion of the 

contents by acid hydrolases. Aman et al. 2021 26. 

 

The phagophore is fully matured to a complete vesicle called autophagosome. 5) The 

autophagosome fuses with the lysosome: the autophagolysosome contents are degraded by 

acid hydrolases and proteases after acidification of the vesicle by H+ pumps. 6) The degraded 

products can be used again to produce proteins, or in the case of energy stress, ATP. 

AMPK activation was shown to be protective in mouse models of cardiac ischemia or pressure 

overload-induced cardiac hypertrophy 14, 27. Moreover, autophagy was described as a 

cardioprotective mechanism and its inhibition tends to be deleterious during ageing in the heart 

as an example 28. On the contrary, excessive activation of the autophagic pathway could lead 

to cardiac atrophy 29. Doxorubicin has been showed to increase autophagic flux in cancerous 
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cells, it is therefore of high importance to characterize its effects in the heart to prevent 

cardiotoxic events as described below 30.  

 

1.1.3. MALADAPTIVE CARDIAC METABOLISM AND HEART FAILURE DEVELOPMENT   

Heart failure has been reported to be associated with decreased metabolic flexibility: the heart 

becomes energy deficient due to decreased mitochondrial oxidative efficiency and decreased 

ATP contents 1, 31. As a matter of fact, in proportion to the heart failure severity, the FAO is 

decreased and the acetyl-CoA amounts entering the Krebs cycle are reduced as well 2, 31. To 

compensate for this loss in ATP contents, increased glycolysis is observed, in spite of decreased 

GLUT4 translocation capacity, thanks to a compensatory increase of GLUT1 expression 32. 

However, the compensatory increase of glycolysis is uncoupled from the mitochondrial oxidative 

pathway: this compensatory increase of glycolysis is not sufficient to maintain normal ATP 

amounts 33. This metabolic inflexibility leads to the cardiac contractile machinery remodeling by 

re-expressing neonatal contractile proteins such as the β-isoform of the myosin heavy chain, 

which has less efficient contractile properties (velocity) than the adult α -isoforms, but require 3 

times less ATP 34.  

In the beginning, this shift of metabolism and contractile machinery is needed to ensure cardiac 

contraction, however, when these adaptations are long-lasting, they are deleterious and induce 

cardiomyocyte cell death, cardiac fibrosis, decrease in contractile function and finally leads to 

the development of heart failure.  

 

 

1.2. DOXORUBICIN-INDUCED HEART FAILURE 

 

1.2.1. DOXORUBICIN USE IN CLINICS AND ASSOCIATED MOLECULAR MECHANISMS  

Doxorubicin (dox) is one of the most potent chemotherapeutic drugs nowadays, however, 

because of its strong myocardial toxicity, dox use in clinics is limited 35, 36. Dox belongs to the 

anthracycline family and is categorized as an antitumor antibiotic agent, meaning that dox will 

be efficient, regardless of the proliferative state of the cell, and would target the healthy tissues 

as the cancerous tissues 37. Therefore, dox is used to treat a wide range of tumor malignancies 

in adult and pediatric patients (e.g. breast, gastric, ovarian cancer, or leukemia) 38, 39. Still, as 

the main side effect, dox-induced cardiotoxicity has been broadly described and is definitely 
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dose-dependent. Over time, dosing has been optimized to reduce the dox-induced 

cardiotoxicity as much as possible to maintain a positive benefit-to-risk ratio. Acute 

cardiotoxicity has been first reported right after dox entry in clinics, and includes different 

complications such as arrhythmias, decrease in left ventricular function, myocarditis or 

hypotension and are accompanied by increased plasma cardiac stress markers including 

troponins and BNP. These severe acute cardiotoxic complications concern about 1% of the 

patients nowadays thanks to dosage refinement and they are usually reversible after an 

imminent stop of the dox-therapy 36, 40. 

On top of this, the more challenging dox-induced cardiotoxic effect consists on the development 

of chronic and irreversible dilated cardiomyopathy and congestive heart failure 41, which can 

be diagnosed in 1.6-5% of the patients from 1 up to 30 years after the dox-therapy completion 

40, 42. Briefly, the dox-treated cancer survivors have 15 times more chances to develop 

congestive heart failure than their siblings, and 5 to 30% of them will suffer from diverse cardiac 

outcomes 35, 40, 43. When developed this kind of heart disease is usually refractive to the common 

medications and has a poor prognosis 40, 44. Currently, the strategy to prevent the development 

of the late stages of dox-induced CHF is very expensive for the health care systems 40, 45, 46. 

Indeed, to detect dox-induced heart disease, patient’s heart function and cardiac stress markers 

are monitored after the dox-therapy completion every 3 years by echocardiography and blood 

analysis. When the decreased heart function is detected in these patients, they are then given 

treatments they will respond to for a few years (ß-blockers, ACE inhibitors, and others 42), 

however, their life quality will be strongly reduced from then. The prognosis of cancer patients 

is, fortunately, getting better and better over the years, but consequently, the number of dox-

induced CHF patients too. Therefore, it is a high priority to understand the underlying 

mechanisms of dox-induced CHF development, to be able to prevent it. 

Few studies have focused on defining dox-induced cardiac outcomes risk factors in the patients. 

For the moment, access to dox-therapy is limited for patients presenting a cardiovascular 

disease history 35. Dox-induced CHF has been linked to different factors such as obesity/high-

fat content, type 2 diabetes, high arterial tension, radiotherapy-treated patients, and 

young/elder age 35, 43. Surprisingly, clinical trials have shown that sex is also a risk factor, 

depending on the patient’s age at the start of the dox-therapy. Indeed, pediatric studies 

showed that before 12 years old no differences between males and females were observed 

on dox-induced cardiac outcomes, but, from 12 years old to 18 years old, females are more at 

risk to develop dilated CHF (rr=1.9)35. In adult patients, the sex differences in dox-induced CHF 

are less clear, as first of all, dox-induced CHF seems to depend on the cancer type, and 

secondly, most of the dox-treated patients suffer from breast cancer. However, the few studies 
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comparing sex differences on dox-induced cardiac outcomes in adult patients either identified 

male sex as a risk factor for cardiac hospitalization or protective effects of the female sex on 

the development of dox-induced left ventricle dysfunction. Further studies need to be led in 

clinics to validate these data, however, preclinical studies support that female sex is protective 

toward dox-induced CHF 47, 48. Interestingly, the protective effect observed in female adult 

patients is not observed anymore when patients started their therapy after 65 years old 49.  

Dox efficiency on tumor regression has been broadly studied and can be attributed to several 

mechanisms. The main mechanism which has been extensively described in the last decades is 

the ability of dox to inhibit cell growth and proliferation through genotoxicity. As a matter of 

fact, on the one hand, dox accumulates in the nuclear as well as the mitochondrial compartment 

where it inhibits DNA replication and repair processes. Indeed, after passively entering the cell, 

dox is shuttled either to the nucleus or to the mitochondria where it will intercalate to the DNA 

due to high affinity for it 37. There dox will inhibit DNA-associated proteins such as helicases 

implied in DNA replication, and more importantly, the topoisomerase II (topII) which is essential 

for DNA replication, RNA transcription, or DNA repair processes 50. On the other hand, dox 

induces ROS production through the interaction of its semiquinone group with iron, but also 

through its binding to the mitochondrial respiratory chain complex I protein 51. This dox-induced 

ROS production subsequently leads to DNA damage induction, which cannot be repaired and 

is even worsened because of the topII protein inhibition. When DNA damages are important 

enough, the ATM/ATR pathway leads to apoptosis of the cell or senescence. Sometimes, the 

damaged cells could come back from senescence with more or less damages and altered 

contractile function and could contribute to the development of dox-induced CHF 52.  

Doxorubicin also induces cellular toxicity to a larger extent. As explained above, dox interacts 

with iron to produce ROS. Interestingly, in patients and in vivo, the hearts from individuals who 

developed dox-induced heart disease were overloaded with iron, and this accumulation has 

been shown to happen within the cytosol, and (preferentially) in the mitochondria 53. Also, dox 

has been shown to acutely lead to the release of the calcium endoplasmic reticulum stocks in the 

cytoplasm through alteration of RyR and SERCA expression as well as other actors of the calcium 

metabolism, and lead to long term calcium storage incapacity 54. All of the non-exhaustive 

events described above converge to dox-induced cell death and cardiomyocytes disrupted 

contractility. 
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1.2.2. DOXORUBICIN-INDUCED DISRUPTION OF METABOLISM AS EARLY CARDIOTOXIC MECHANISM  

Cardiomyocytes represent 35% of the total cardiac cell population, yet they represent 80% of 

the heart volume, and ensure the heart's contractile function 55. The cardiomyocyte’s contractility 

is highly dependent on fuel production, that’s why their mitochondrial compartment is highly 

developed and occupies about 30% of the cell volume 56, 57. Dox is a cationic drug, and has 

therefore a tropism for the mitochondrial inner membranes which are negatively charged. 

Besides, cardiomyocytes’ mitochondria specifically present at their inner mitochondrial 

membrane cardiolipins, a glycerophospholipid for which dox has a strong affinity. However, 

this dox high affinity for cardiomyocytes mitochondria does not imply a higher accumulation of 

dox in the heart in comparison to any other organ nor the observed dox-induced cardiotoxicity 

in vivo, but it could imply a higher mitochondrial location in comparison to the other cell types 

53, 54, 58, 59. However, and non-surprisingly, genome wide association studies (GWAS) have 

associated variants of the dox-dependent extrusion ABC transporter proteins such as MRP1 or 

MRP2 with higher risks to develop dox-induced heart dysfunction as it is probably causing higher 

intracellular dox concentrations 60. 

In vitro and in vivo, the dox-induced cardiomyocyte cell death pathway by apoptosis has been 

well documented and has been shown until recently to mainly rely on dox-induced DNA damage 

and ROS generation 51, 54. Further studies have investigated the interaction of dox with the 

cytoskeleton proteins. These studies have notably highlighted dox-induced disruption of 

contractile protein organization, so called cardiac myofibrillar disarray and the development 

of myocardial abnormal contractility 61, 62.  

More recent investigations have suggested that it is the early onset of dox-induced metabolic 

disturbances that might condition the development of later dox-induced CHF. Indeed, Torkaska 

and colleagues showed that dox decreases ATP/ADP ratios in the cell by uncoupling the 

mitochondrial respiratory chain oxidative phosphorylation and by downregulating the cell 

energetic sensors and effectors such as the creatine-phosphate shuttle or the AMPKα signaling 

pathway 63, 64. These metabolic disturbances are accompanied by an incapacity of the 

cardiomyocytes to use with full efficacy lipids and glucose to produce ATP. As a matter of fact, 

dox has been showed to inhibit the CPT1 or to deplete the L-carnitine stores, leading to the 

impossibility to translocate and thus use medium and long chain FAs to the mitochondrial 

compartment 65. Moreover, studies demonstrated that dox decreases glucose uptake efficiency 

as well as the phosphofructokinase expression, an essential and limiting enzyme of the glycolysis 

pathway, in neonate rat ventricular myocytes 66, 67. These studies led some people to compare 
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the dox-treated hearts to diabetic cardiomyopathy models due to the development of these 

metabolic inflexibility features 65, 68, 69. 

Besides other important pathways which are implied in the protein homeostasis and sarcomeric 

integrity, in particular the autophagy pathway has been shown to be dysregulated in the 

stressed heart and notably in dox-therapy animal models 22, 70. As a matter of fact, on one 

hand several in vivo and in vitro studies have reported that dox increases LC3II protein levels, 

that is to say autophagosome vesicle number and autophagic process due to genotoxic effects, 

energy depletion and ROS production. On the other hand, dox has been shown to inhibit the 

autophagosome vesicle clearance by inhibiting lysosomal acidification 71, 72. The dox-induced 

disturbances of the autophagic are not fully understood, however, what is sure is that 

autophagosome accumulation in cardiomyocytes or lack of misfolded protein clearance leads 

to contractile disturbances and toxicity in cardiomyocytes. Most of the studies focusing on the 

dox effects on the autophagic pathway are not complete as they did not characterize 

autophagic flux.  

 

1.2.3. DOXORUBICIN STUDIES IN VIVO, RELEVANCE OF THE DOX INJECTION PROTOCOL? 

Numerous investigations have intended to uncover the mechanisms underlying doxorubicin-

induced cardiotoxicity in vivo and in vitro. Most of the studies which have been published using 

in vivo models relied on the use of a single and high dose dox injection protocol in rodents. 

Therefore, these so-called dox-induced acute toxicity models are by definition irrelevant toward 

what is done in the clinics where dosage refinement has been extensively investigated to limit 

dox-induced mortality. As a matter of fact, Bian and colleagues showed that in mice 75% of 

mortality was observed in these kind of experimentations 15 days after the dox single injection 

73. Thus, the results obtained from these studies have to be interpreted cautiously as they are 

mainly reporting cardiac responses to highly toxic dox doses 71.  

More relevant models relying on repeated low dose injections of dox were developed to 

investigate dox-induced chronic effects on cardiac function, physiology, and molecular events 

at later time points 74. Most of the chronic dox models were performed in rodents, but these 

models are numerous and the available data are quite hard to summarize and compare 75. 

Indeed, the use of numerous injection protocols yielding different cumulative doses over shorter 

or longer periods of time, the use of different species (rats, mice, rabbits) or strains presenting 

differences in their metabolic properties (C57BL/6J vs 6N mice as an example) or even the 

differences between the animal facilities and quality of the dox batches are factors that 

contribute to the heterogeneity between the pre-clinical data reported.  
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Surprisingly, whereas cardiovascular disease development has been reported to be sex-

dependent, and unclear sex-prevalence effects have been described in the context of dox-

induced cardiac toxicity in clinical studies, only few animal researchers have investigated sex-

differences upon dox-treatment and therapies. These animal studies all show that dox induces 

more severe cardiac toxicity in male than in female animals. Interestingly, to our knowledge, 

only the Moulin and colleagues’ study have investigated dox-induced changes in cardiac function 

and dimensions over time in male and female rats upon the same dox regimen 76.  

 

 

1.3. NRG-1ß AND THE ERBB SYSTEM IN THE HEART 

 

1.3.1. THE ROLE OF NRG-1ß/ERBB IN THE DEVELOPING AND ADULT HEART 

The neuregulins are growth factors characterized by the presence of an EGF-like domain and 

are encoded by 4 individual genes (NRG1-4) 77. NRG-1 has been shown to have 6 different 

subtypes, which differ by their N terminal region, EGF like domain (α, β) the presence of IgG 

like domain and glycation profile: more than 30 isoforms in total have been reported 78. The 

NRG-1 I and II isoforms can be released to the extracellular space after metalloprotease-

induced cleavage and therefore exert autocrine/paracrine activity. In the heart, mainly NRG-

1 type I is expressed. Moreover, EGF like domains β have been reported to have a 10 to 100 

times higher activity than the EGF like α-isoforms 79. Therefore, in the present study we are 

interested in the NRG-1 type Iβ, abbreviated in this thesis as NRG-1.  

The NRG-1-induced signaling relies on activation of the ErbB receptor tyrosine kinase family. 

Briefly, 4 ErbB receptors have been identified and are encoded by different genes. In 

cardiomyocytes, NRG-1 signal transduction depends on ErbB2, 3 and 4. NRG-1 can bind either 

to ErbB3 or ErbB4, but not to ErbB2 which has no ligand binding domain. Upon NRG-1 binding, 

the ErbB receptor undergoes a conformational change which leads to its hetero or homo 

dimerization. Transactivation of the receptor occurs and allows its full activation and subsequent 

downstream signaling. Yet, the ErbB3 receptor does not have a catalytic domain, therefore, to 

induce downstream signaling it needs to heterodimerize with cardiac ErbB2 or 4. Likewise, as 

ErbB2 does not have a ligand binding domain, it's signaling relies on its heterodimerization 

either with ErbB3 or ErbB4. Therefore, ErbB2/3, ErbB2/4, ErbB3/4 and ErbB4/4 signaling 

exists.  
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NRG-1 plays a critical role in fetal development as it is implied in cardiac trabeculation. As a 

matter of fact, homozygous deletion of NRG-1 leads to fetal death at day 10.5. Likewise, the 

deletion of either ErbB2 or ErbB4 leads similarly to fetal death at 10.5 days, suggesting that 

NRG-1, ErbB4 and ErbB2 are required for the normal heart morphogenesis 80-82. Interestingly, 

the ablation of ErbB3 also results in embryonic lethality, this time related to defective 

endocardial cushion formation 83. Moreover, NRG-1 is also implied in the process of 

differentiation of the embryonic stem cells into cardiomyocytes 84. Later, in the matured heart, 

ErbB expression is reduced and this is believed to be one mechanism by which the heart loses 

its regenerative capacity 85. 

The NRG-1-ErbB signaling is also required for neuronal crest migration and brain maturation, 

for mammary gland maturation and function, and in adulthood for lactation 86, 87.  

 

Figure 3. Schematic representation of NRG-1 classification and structure, and of ErbB receptors. Guma et al. 2010 

77. 

 

Interestingly, ErbB1, 2 and 3 have been shown to be potential proto-oncogenes, while the role 

of ErbB4 in cancer is controversial, probably due to the lack of characterization of its different 

isoforms as described in 3.3.1. 

Hence, 25% of the breast cancers are positive for ErbB2 88. The unexpected increased 

cardiotoxicity after ErbB2 inhibition on dox-treated breast cancer patients has uncovered a 

cardioprotective role of NRG-1-ErbB signaling in the adult heart upon cardiotoxic events. 
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Moreover, dox-treated patients were shown to have transiently increased plasma NRG-1 levels 

that were associated with the later development of chronic heart failure. The upregulation of 

the NRG-1-ErbB system in the context of dox-therapy was suggested to be a cardioprotective 

mechanism. Experimental in vivo studies supported this, as ErbB4 deletion or NRG-1 

heterozygous-KO mice show increased dox-induced cardiotoxicity 89, 90). After these initial 

observations, more studies have investigated the role of the NRG-1-ErbB system in different 

rodent models of heart disease, including ischemic models and overload-induced 

cardiomyopathy models, but also in models of physiological cardiac hypertrophy such as that 

developed during pregnancy 91-93. These studies have highlighted the cardioprotective role of 

NRG-1 during acute cardiac injury and ventricular remodeling responses. It is of note that ErbB4 

expression is needed to maintain cardiac homeostasis as ErbB4 deletion leads to cardiac dilation 

94.  

 

1.3.2. NRG-1 SIGNALING IN CARDIOMYOCYTES 

NRG-1 has been extensively described to activate pro-survival pathways and to enhance 

hypertrophic responses in cardiomyocytes 95, 96. Recent studies have also investigated the effects 

of NRG-1 on the autophagic response 97-100. As a matter of fact, NRG-1 is well known for its 

ability to signal via PI3K/Akt, ERK1/2 and c-Src in cardiomyocytes 101. Indeed, in adult and 

neonatal cardiomyocyte cultures, NRG-1 induces the PI3K/Akt pathway, which has been 

reported to induce pro-survival effects in different models of cardiac stress 61, 102. Briefly, after 

ligand binding ErbB4 or ErbB2 activate PI3K at the membrane by phosphorylating it. PI3K then 

produces phosphatidyl inositol (3,4,5)-triphosphate (PIP3). PIP3 will then activate PI3K (3-

phosphoinositide-dependent kinase), which in turn causes the phosphorylation of Akt on Thr308. 

The activated Akt will then transduce the signal by alleviating mTORC1 inhibition via TSC2 

complex phosphorylation. The activated mTORC1 induces protein synthesis and other anabolic 

pathways and inhibits catabolic pathways as well as autophagy by increasing ULK1-pS757.  

A second effector of NRG-1 signaling is ERK1/2 MAPK (extracellular signal-regulated kinase 

1/2; mitogen activated protein kinase). Briefly, ErbB2 and ErbB4 activation leads to the Grb2- 

Sos recruitment to the membrane (Growth factor receptor-bound protein2, nucleotide exchange 

factor son of sevenless) 103, 104. There, Sos activates the MAPKKK-MAPKK-MAPK cascade Ras-

RAF-MEK-ERK1/2 by exchanging Ras a GDP to a GTP. ERK1/2 is known to phosphorylate and 

thus activate numerous transcription factors such as Myc or c-fos, and thereby causes the 

expression of survival and proliferative genes 105. Moreover, while Ras activates PI3K, ERK1/2 

supports mTORC1 activation by inhibiting TSC2 and activating raptor by phosphorylation 106. 
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Therefore, ERK1/2 activates mTORC1 and participates in the development of the NRG-1 

induced cardiac hypertrophic response 107, 108.  

A third well known pathway to be triggered in cardiomyocytes upon NRG-1 stimulation is the 

c-Src-FAK pathway (steroid receptor coactivator; focal adhesion kinase) 109. The c-Src is directly 

phosphorylated by the ErbB2 receptors at Tyr215 or Tyr416. Then, the activated c-Src 

phosphorylates FAK at Tyr861 in cardiomyocytes 109. This leads to formation of the focal 

adhesion complex, which induces myocyte to myocyte connectivity, cytoskeleton remodeling and 

cell survival 109-111. As FAK is essential for the integrity and function of cardiomyocytes, multiple 

tyrosine kinase receptors can trigger its activation 109, 112. 

Finally, few studies have investigated the effects of NRG-1 on the autophagic pathway. In 

skeletal muscle, Yin and colleagues showed that NRG-1 inhibits sepsis-induced autophagy in an 

Akt-mTOR-dependent manner 99. Schmukler claimed that in a prostate cancer cell line, NRG-1 

inhibited autophagy in an mTOR-independent manner 98. As explained above, inhibition of dox-

induced autophagy may be protective toward the development of cardiotoxicity 113, 114. An et 

al. studied in neonatal rat ventricular myocytes whether NRG-1 stimulation affects dox-induced 

autophagy 100. Their study suggests that NRG-1 inhibits Beclin1 and thereby the dox-induced 

autophagy. However, An et al. neither studied the effects of NRG-1on autophagic flux nor its 

in vivo effects in dox-treated animals. Thus, it has not been fully investigated whether the 

cardioprotective effect of NRG-1 against dox-toxicity is mediated by modulation of autophagic 

flux. 

 

 

1.4. AIMS OF THE STUDY 

This study aimed to: 

1. Establish a clinically relevant model of dox-treatment using male and female mice. 

2. Assess whether NRG-1 is cardioprotective in this model when injected every other day. 

3. Characterize the early mechanisms whereby NRG-1β exerts its cardioprotective role in vivo 

and in vitro. 
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2. MATERIALS AND METHODS 

 

2.1. IN VIVO METHODS 

 

2.1.1. MOUSE HOUSING AND HANDLING, ECHOCARDIOGRAPHY AND TAIL-CUFF MEASUREMENTS 

Animal background and housing 

Firstly, inbred C57BL/6J wild-type male and female mice from 10 to 12 weeks (weeks) old 

were used to study the effects of dox on cardiac function.  

Secondly, to study whether mTORC1 or mTORC2 are implicated in the NRG-1-induced effects 

on cardiac autophagy, 10 weeks old C57BL/6J mice positive for α-MHC-MerCreMer and 

carrying either 2 raptor or 2 rictor floxed alleles (α-MHC-MerCreMer/raptorfl/fl or α-MHC-

MerCreMer/rictorfl/fl) were compared to control mice, positive for α-MHC-MerCreMer carrying 

the wild-type raptor and rictor alleles. To avoid heart size and weight effects in our study, mice 

were distributed to the different experimental groups with the condition to get similar 

bodyweight averages for each group. Mice were injected with tamoxifen as described 115. 

Experiments started 2 weeks after the last tamoxifen injection was given, that is to say in 13 

weeks-old animals. 

The mice were housed in a 12 h light/12 h dark cycle, at a temperature of 20-25°C. Ad libitum 

access to water and a chow diet was assured. Mice were handled by only 2 female 

experimenters (including the weekly cages change), and odor exposure was minimized. To avoid 

the stress from new environment or cage changing, mice were moved to the experimental room 

at least one week before the study started and no cage changing was assured within 48 h prior 

to each data acquisition or sacrifice.  

Animals’ body weight (BW) and well-being scoring were performed every second day around 

1 PM, and BW values were used to prepare the injection to come 2 h later on average. It is of 

note that mice were assigned to the different groups with one only condition that each group 

had a similar body weight distribution. 

Echocardiography 

Transthoracic echocardiography was performed on anesthetized animal using the Vevo 2100 

ultrasound system (VisualSonics, Toronto, ON Canada) equipped with a MS-550 linear-array 

probe working at a central frequency of 40 MHz. General anesthesia was induced in an 



 24 

induction chamber with 3% isoflurane (Abbvie®) carried by air. Then the anesthetized animal 

was placed at supine position on a pre-warmed imaging platform and 1.5 % air carried 

isoflurane was used to maintain the anesthesia during the whole imaging procedure. The animal 

body temperature was controlled at around 37 °C with a rectal thermocouple probe. Eye gel 

(Lacrinorm®) was applied to prevent ocular dehydration. Subcutaneous needle probes were 

inserted in the mouse limbs and attached to ECG leads embedded in the imaging platform for 

ECG recording. Hair removal cream (Nair©) was applied on the chest to remove hairs from 

imaging area. 2-D guided M-mode at the mid-papillary muscle level from parasternal short-

axis view was used to access the cardiac geometry and function. Left ventricular anterior 

(LVAW) and posterior (LVPW) wall thickness and internal dimensions (LVID) were measured at 

the end of systole (s) and end of diastole (d) from three cardiac cycles. Values were averaged 

and used to calculate the LV volumes (Vol), ejection fraction (EF) and mass (LV Vol;d = (7.0 / 

(2.4 + LVID;d)) × LVID;d3, LV Vol;s = (7.0 / (2.4 + LVID;s)) × LVID;s3), LVEF % = 100 × ((LV 

Vol;d – LV Vol;s) / LV Vol;d), LVmass = 1.053 × ((LVAW;d + LVID;d + LVPW;d)3 – LVID;d3) × 

0.8).  

Some mice underwent tail-cuff measurements. Previous experiments performed in the laboratory 

showed that tail-cuff experiment-induced stress was modulating EF. Therefore, these animals 

underwent baseline echocardiography measurement before the tail-cuff measurements as 

explained in 2.1.2.  

Tail-cuff measurements 

To determine whether the dox-therapy modulates peripheral blood pressures, (BP) and heart 

rates, the non-invasive tail-cuff method was used. Animals were displayed in a restrainer, on 

top of the heating pad (maintained at a temperature of 37°C) integrated into the blood 

pressure analysis systemTM BP-Series 2000 II Visitech systems. Out of the restrainer, the mouse 

tail was passed in a cuff followed by a pulse oximeter captor before being fixed on the support. 

After pressure calibration of the device, the cuff was swelled up to 20 mmHg to block the tail 

artery blood flow. The cuff pressure was gradually decreased in a controlled manner by the 

device until pulsation was detected by the captor. The higher pressure at which the artery 

pulsation was detected corresponds to the peripheral systolic BP. 

The platform could welcome 6 animals in the meantime, and the acquisition consisted of 20 

cycles of BP measurements (tail-cuff swelling/release). The 10 first cycles were considered as 

adaptation, and the following 10 were recorded as the daily data. To avoid handling bias, 

animals were trained in batches of 6 for 5 days in a row and displayed at a different spot on 

the platform each day. Each batch of animals underwent the BP and heart rate measurement at 
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the same time of the day between 9 AM and 12 AM during the animals’ inactive phase, and 

the platform was disinfected between each batch to avoid odor exposure.  

 

2.1.2. LONG-TERM DOXORUBICIN-THERAPY MOUSE MODEL  

Mice C57BL/6J underwent a doxorubicin-therapy previously described by Milano et al. 70, 116. 

This protocol aimed to yield a cumulative dose of 24mg/kg of dox (Pfizer©) with repeated 

intraperitoneal (IP) low dose injections at day (d) 0, 2, 5, 8, 10, 12 (dox), versus NaCl (CTL), to 

mimic the subacute and chronic cardiotoxicity induced by dox-therapies observed in patients. 

To study whether NRG-1ß pretreatment might have protective effects on the dox-induced 

(cardio)toxicity, a 3rd group of mice was preinjected IP with 20µg/kg rhNRG-1ß (Peprotech®, 

NRG/dox) while the CTL and dox groups were injected PBS as control 30 mins before the dox-

injection. Heart geometry and function were assessed with echocardiography always in the 

mornings (between 9 AM to 12 AM) before and 14, 21, and 35 days after the dox injection. 

Animals were sacrificed the day after or the second day after the last echocardiography. 

For the sub-group of animals underwent tail-cuff BP measurements, baseline echocardiography 

was performed at least 1-3 days before the 5-days tail-cuff training for baseline blood 

pressure measurement. The animals were allowed to recover for 2 days prior to receiving the 

first dose of dox. Second echocardiography and blood pressure measurement were performed 

at d14 and d15-20, respectively. Last echocardiography was done on d21 and the animals 

were sacrificed 1-2 days after.  

 

2.1.3. SHORT-TERM DOXORUBICIN-TREATED MOUSE MODEL 

To study the early metabolic modulations induced by dox and the expected preventive effect 

of our NRG-1β pretreatment at the molecular level, mice were injected intraperitoneally NRG-

1ß 20µg/kg in the case of the NRG/dox group or PBS in dox and CTL groups 30 mins before 

receiving the control or dox treatment (4mg/kg). Mice were sacrificed as described in 2.1.4 

and no other measurements than BW were done in these mice.  

 

2.1.4. NRG-1 MODULATION OF THE AUTOPHAGIC PATHWAY: ROLE OF RAPTOR IN THE HEART  

To study the raptor contribution in NRG-1 induced modulation of LC3II/I ratios, cardiac-specific 

deficient raptor mice vs their wild-type littermate controls were fasted from ZT23 and sacrificed 
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at ZT31 as described below. At ZT30, mice were injected either with NRG-1 (20µg/kg) or PBS 

control. Considering ZT0-ZT12 the active phase and ZT-13-ZT24 their resting phase. 

 

2.1.5. SACRIFICE AND TISSUES COLLECTION 

Concerning the dox long-term model, animals were fasted for 6h before sacrifice whereas in 

the dox short-term model animals were not. 30 mins before getting sacrificed, animals were 

stimulated either with PBS for the CTL and dox group, or with NRG-1β 20µg/kg for the 

NRG/dox. 

For the sacrifice and samples collection, deep anesthesia was introduced in an induction chamber 

then maintained with a nose cone with 5% isoflurane carried by pure oxygen. After the complete 

unconsciousness was confirm by toe pinching, the chest of the animal was carefully cut open with 

scissors to expose a beating heart. A 27 G needle attached to a 1 ml syringe was inserted into 

the right ventricle quickly to collect maximum volume of blood from the heart. The blood was 

transferred immediately to an EDTA coated tube on the ice for later plasma collection. The heart 

was excited and washed briefly in ice-cold saline to stop the heart beating and remove the 

left-over of blood. The atria were discarded and the right ventricle was carefully separated. 

The weights of left ventricle and right ventricle were measured. The left ventricle was sliced into 

three pieces according to different purposes: the base of the heart was preserved in OCT for 

histology or immune-histology, the middle heart and the apex were snap-frozen in liquid 

nitrogen for protein and RNA respectively. Liver, kidney and gastrocnemius muscle were also 

collected and snap-frozen in liquid nitrogen. The tibias from both legs were collected to measure 

the length for the normalization of the heart weight. The whole lung and a piece of 

gastrocnemius muscle were collected and weighted, then they were naturally dried at room 

temperature for three weeks to assess the wet/dry ratios for the potential lung edema or 

general hydration  
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2.2. IN VITRO METHODS 

 

2.2.1. CELL CULTURE GENERAL MATERIALS 

Cells were incubated at 37°C, 5% CO2 in a HERAcell 150 incubator. They were plated in 60mm 

Ø culture dishes purchased from Milian© All the media and media components were purchased 

from GIBCO when nothing else is indicated. Culture media were supplemented with L-Glutamine 

(2 mM), penicillin (100 units/ml), streptomycin (100µg/mL), and HEPES (25mM).  

 

Complete medium 

DMEM 1g/L D-glucose, 10% FBS, 25mM HEPES, 10µM ARAC +pyruvate 

 

Fasting medium 

DMEM 1g/L D-glucose, ACCT (0.2% bovine serum albumin, 2mM L-carnitine, 3mM creatine, 

3.2mM taurine), 25mM HEPES -pyruvate 

 

2.2.2. ISOLATION OF NEONATAL RAT VENTRICULAR MYOCYTES (NRVMS) 

1 to 2 days old Sprague Dawley rats were sacrificed by decapitation (d1). Hearts were 

dissected and atria and big vessels, enriched in fibroblasts, were discarded. The Remaining 

ventricles were pre-digested in a 0.05% trypsin-EDTA solution overnight (ON) at 4°C. The next 

day (d2), the ventricles were washed with some complete medium before getting digested in 

Hank’s balanced salt solution (HBSS) supplemented with 0.83mg/mL collagenase type II 

(purchased from Worthington) under gentle agitation at 37°C for 2 to 5 mins. The supernatant 

containing the digested cells was collected and fresh collagenase solution was added back on 

the ventricles for additional digestion steps. Ventricles were digested that way 4 to 5 times. 

Supernatants were all collected in complete medium and finally centrifugated (500RPM, 6 mins, 

RT) to collect the cells. The debris were then filtered away with a strain of 100µm. To reduce 

the number of non-cardiomyocytes, the cellular suspension was pre-plated twice in T75 culture 

Flasks for 1h at 37°C (Corning®), as the non-cardiomyocyte cells from the preparation adhere 

quicker to the surface than cardiomyocytes. The enriched cardiomyocyte fraction was counted 

with a Neubauer cell, using Trypan blue to discriminate the living cells from the dead ones, and 
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seeded at a 2.5x106 cells/petri dish in complete medium. On d3, in the morning, the medium 

was changed to remove the dead cells. 

 

2.2.3. NRVM TRANSFECTION 

After isolation on d2, NRVM were electroporated using the AmaxaTM Rat Cardiomyocyte Neo 

NucleofectorTM Kit and Nucleofector II device. Briefly, 3 million cells were transfected with 6µg 

of either pEGFP-LC3 vector (Addgene 11546) or pEGFP-N1 using the AMAXA Neonatal Rat 

Cardiomyocytes Nucleofector kit according to the manufacturer’s instructions. 2*105 cells were 

plated per laminin-coated glass cover-slips in complete DMEM, after a recovery step of 20 mins 

in RPMI supplemented with 10% FBS at 37°C.  

 

2.2.4. NRVM CULTURE FOR AUTOPHAGY MONITORING 

On d4, cells were washed 2 times with warm PBS heated at 37°C and fasting medium was 

added. A first stimulation step consisted of pepstatin+E64D vs vehicle or NRG-1 vs PBS. 30 

minutes later, a second stimulation step consisted of NRG-1 vs PBS or dox vs DMEM. In the case 

of autophagic flux inhibition, a third stimulus was done 30 mins after the second one (dox vs 

DMEM). 

Hormones and inhibitor 

Stimulus company concentration target 

Cycloheximide Merck 10 g/ml Translational machinery 

Doxorubicin LC Laboratories 1µM / 

E64d Sigma 10 g/ml Cathepsins 

MG-132 APExBIO 20 M proteasome 

Pepstatin A Sigma 10 g/ml cathepsins 

rhNRG-1ß R&D 10 nM ErbB3 and ErbB4 
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2.3. MOLECULAR ANALYSIS 

 

2.3.1. RNA ISOLATION 

RNAse free materials and solutions were used for the whole procedure. Total RNA was 

extracted by the phenol/chloroform method, using the TRI-reagent solution from Sigma. In the 

case of cell culture, Petri dishes were washed with cold PBS (4°C), and the cells were lysed with 

750µL of TRI-reagent. The lysates were collected and centrifugated to eliminate cellular debris 

(10 mins, 13 000RPM, 4°C), and the supernatants transferred into new microtubes. In the case 

of organs, a small piece of tissue (the apex for the heart) was homogenized thanks to a 

polytron® device in 1 ml of ice-cold TRI-reagent. The homogenates were centrifuged (10mins, 

13 000RPM) and the supernatants collected. After adding 150µL (cell lysate) or 200µL(organs) 

of chloroform to the phenolic fraction, tubes were vortexed and incubated 5 mins at room 

temperature (RT) before undergoing centrifugation (10 mins, 13 000RPM, 4°C). The aqueous 

phase, containing the RNA, was transferred to a new microtube and 1 volume of isopropanol 

was added to precipitate the nucleic acids. Samples were vortexed, incubated 5 mins at RT, 

and centrifuged again (10mins, 13 000RPM, 4°C). Isopropanol was eliminated, and the pellets 

containing the RNA were washed 2 times with a solution of ethanol 70%. Residual ethanol was 

removed with a pipette and pellets were air-dried before getting resuspended in nuclease-free 

water (Promega). DNAse treatment (Invitrogen) was performed according to the manufacturer’s 

instructions to eliminate potential genomic DNA contaminations. RNA was then aliquoted, snap-

frozen in liquid nitrogen, and stored at -80°C for upcoming reverse transcription. 

The RNA integrity was systematically checked by migration through a 2% agarose gel, in 

presence of ethidium bromide. The RNA 28s and 18s bands integrity were assessed after 

imaging the gel thanks to Fusion Fx (Vilber) device. 

 

2.3.2. DNA ISOLATION 

Nuclease-free materials and solutions were used during the overall procedure. Cells were 

collected in a PBND/proteinase K (160 g/ml) solution and digested for 1h at 37°C. DNA was 

then isolated with the phenol-chloroform method as explained above, using a phenol: 

chloroform: isoamyl alcohol solution 25:24:1. The aqueous phase containing the DNA was 

collected, supplemented with 1mL of chilled isopropanol and stored for 1h at -20°C to 

precipitate the nucleic acid. Samples were centrifuged (10mins, 13 000RPM, 4°C). The 

Isopropanol was discarded, and the pellets containing the DNA were washed 3 times with a 
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solution of ethanol 80%. Residual ethanol was removed with a pipette and pellets were air-

dried before getting resuspended in nuclease-free water. Samples were aliquoted, snap-

frozen, and stored at -80°C. 

 

2.3.3. REVERSE TRANSCRIPTION AND QUANTITATIVE POLYMERASE CHAIN REACTION  

RNA concentration was determined by spectrophotometry, using the NanoDropTM device and 

measuring OD at 260nm. Reverse transcription of 1µg of mRNA to cDNA was performed using 

the High-capacity cDNA Reverse Transcription kit (appliedbiosystems) and Biometra® 

thermocycler. The obtained cDNAs were either stored at -20°C, or diluted right away 1/50 in 

nuclease-free water. Diluted cDNA was amplified by quantitative polymerase chain reaction 

with the GoTaq qPCR master mix kit from Promega, according to the manufacturer’s instruction, 

to quantify the expression of the genes of interest.  

For DNA samples, concentration was determined as previously described. 1µg of DNA was then 

pre-diluted in 20µL, and further diluted 1/20 in nuclease-free water. The diluted DNA samples 

underwent qPCR exactly as described above. 

The following primers were purchased from Microsynth®.  

Primers table 

gene organism Forward primer Reverse primer 

ANP Mus musculus TGG GAC CCC TCC 

GAT AGA TC 

TCG TGA TAG ATG 

AAG GCA GGA A 

GLUT-1 Mus musculus GGG CAT GTG CTT 

CCA GTA TGT 

ACG AGG AGC 

ACC GTG AAG AT 

ß-MHC Mus musculus TTG AGA ATC CAA 

GGC TCA GC 

CTT CTC AGA CTT 

CCG CAG GA 

POLR2A Mus musculus AAT CCG CAT CAT 

GAA CAG TG 

CAG CAT GTT GGA 

CTC AAT GC 

ACC-𝞫 Rattus Norvegicus CCA CTG GCA GCT 

TAG ATC CG 

AGA CCA TTC AGA 

CAA CTG GG 
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COXIV-i1 Rattus Norvegicus TTC TAC TTC GGT 

GTG CCT TC 

CAC GCC GAT CAA 

CAT AAG ATG G 

HPRT Rattus Norvegicus ATG GGA GGC CAT 

CAC ATT GT 

ATG TAA TCC AGC 

AGG TCA GCA A 

LC3 Rattus Norvegicus   

LONP1 Rattus Norvegicus TCC CGG ATG TGT 

TTC CTC AC 

CCT TCT CAG CAG 

CTC AAC CA 

Mitochondrial  

D-loop 

Rattus Norvegicus GTG AAA TCA ACA 

ACC CGC CC 

ATA GTC ACC CCC 

AGG ACG AA 

Ndufv1 Rattus Norvegicus CAT CCT GGA AGG 

GAA AGT CAC A 

AGG GGC CTT 

GGG AAC TAA AG 

PGC1𝞪 Rattus Norvegicus CAC CGC ACA CAT 

CGC AAT 

ATT CGT CCC TCT 

TGA GCC TTT 

TATA-box  

binding protein 

Rattus Norvegicus CAC AGG AGC CAA 

GAG TGA AGA AC 

GCT TCT GCA CAA 

CTC TAG CGT ATT 

ULK1 Rattus Norvegicus CTA CGA TGG GAA 

GGC TGA CC 

GCA CAG GTG 

GGG ATT TCT TG 

 

2.3.4. PROTEIN EXTRACTION, CYTOSOLIC/NUCLEAR FRACTIONATION AND PROTEIN ASSAY 

Protein extraction 

Radio immunoprecipitation assay (RIPA) lysis buffer containing 50mM Tris pH 7.4, 150mM NaCl, 

1% NP40, 0.25% sodium deoxycholate was supplemented with EDTA 5mM, SDS 0.1%, 1% 

protease inhibitor cocktail, 0.5% phosphatase inhibitor cocktails n°2 and n°3 purchased from 

Sigma, and in the case of tissue samples this lysis buffer was further supplemented with 

additional phosphate donors (10mM Na Glycerophosphate and 10mM Na pyrophosphate). 

In the case of cell culture, cells were washed twice with ice-cold PBS and lysed with 150µL of 

the lysis buffer described above. Cells were scrapped and the protein lysates collected, 

vortexed and incubated 10 min on ice before centrifugation to remove the cellular debris 
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(10mins, 13 000RPM, 4°C). Supernatants were aliquoted, snap-frozen in liquid nitrogen, and 

stored at -80°C. In the case of tissues, a small frozen piece of the tissue of interest (half of the 

LV in the case of the heart) was immersed in 0.9mL of the described ice-cold lysis buffer. The 

tissue was homogenized with a polytron® device. The homogenates were vortexed and 

incubated on ice for 10 mins, and then centrifuged (15mins, 13 000 RPM, 4°C). Supernatants 

were aliquoted, snap-frozen in liquid nitrogen, and stored at -80°C. 

Protein fractionation 

Cells were washed twice in ice-cold PBS and lysed in cytosol extraction buffer (A) supplemented 

with protease and phosphatase inhibitors. Cells were incubated on ice for 10 mins and regularly 

vortexed until Trypan Blue staining showed efficient cell lysis under the microscope. Samples 

were centrifuged (10mins, 3 000 RPM, 4°C) and the cytosolic fraction (supernatant) was 

aliquoted and snap frozen. Nuclear extraction buffer B, supplemented with protease and 

phosphatase inhibitors, was added to resuspend the pellets, and Dounce homogenization was 

performed. Samples were incubated on ice for 30 mins and vortexed every 5 mins before 

getting centrifuged (21 000g, 20 mins, 4°C). Supernatants containing the nuclear fractions were 

aliquoted and snap frozen. 

Buffer  composition 

Cytosol extraction 

buffer A 

10mM HEPES, 1.5mM MgCl2, 10mM KCl, 0.5mM DTT, 0.05% NP40, pH 

7.9 

Nuclear extraction 

buffer B 

5mM HEPES, 1.5mM MgCl2, 0.2mM EDTA, 0.5mM DTT, 26% glycerol, 

300mM NaCl, pH 7.9 

Protein assay 

Micro BCATM protein assay from Thermoscientific© was used to quantify the protein 

concentration of all the samples, according to the manufacturer’s instructions. The optical 

densitometry was read with the Synergy H1 hybrid reader (BioTek®) device. 

 

2.3.5. WESTERN-BLOTTING ANALYSIS AND QUANTIFICATION 

The day preceding the electrophoresis, we poured polyacrylamide gels according to the Biorad 

guidelines and prepared the buffers needed for the electrophoresis and the transfer steps.  

The stacking gel consists of a 125mM Tris-HCl pH6.8 solution, supplemented with 5.1% 

Acrylamide, 0.1% SDS, 0.1% ammonium persulfate (APS), and 0.08% TEMED 
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(tetramethylethylenediamine). The resolving gel consists of a 375mM Tris-HCl pH8.8 solution, 

supplemented with 8 to 15% Acrylamide, 0.1% SDS, 0.1% APS and 0.08% TEMED. Before the 

TEMED was incorporated, both solutions were air-vacuumed to favor a quick and homogenous 

polymerization of the gel. The resolving gel solution was poured first and covered with H2O 

saturated butanol (40%) for 3h to let the gel polymerize, before the butanol got discarded and 

the stacking gel solution poured. Electrophoresis buffer and transfer buffer are composed of 

25mM Tris base, 192mM glycine, and the pH was adjusted to 8.3 by glycine addition. 0.1% 

SDS or 5% methanol was added to the solution to obtain the electrophoresis or the transfer 

buffers, respectively.  

Briefly, 15 to 20µg of the protein lysates were diluted in Laemmli buffer. These proteins were 

then denatured by heating (5mins, 95°C) and loaded on the gel, to undergo electrophoresis 

(110V, 1.5h, RT) and separation by their size. Proteins were then transferred to a methanol-

activated polyvinylidene difluoride (PVDF) membrane (350mA, 2h, 4°C). Protein transfer was 

assessed with the Ponceau Red staining of the membrane. The membrane was then rinsed in 

water and in tris buffer saline (TBS) supplemented with 0.01% of tween detergent (TBST), and 

the non-specific sites were blocked 1h in TBST supplemented with 3% bovine serum albumin 

(BSA). Primary antibodies diluted in TBST + 5% BSA were incubated on a rocking platform (ON, 

4°C). The next day, membranes were washed 3 times with TBST, blocked 30mins in TBST 3% 

BSA, incubated with horseradish peroxidase (HRP)-coupled secondary antibodies in TBST 3% 

BSA (1h, RT). The membranes were finally washed 3 times and the signal was detected using an 

enhanced chemo-luminescence solution (ECL, purchased from Thermoscientific) with the Vilber 

fusion fx device. Quantification was done with the evolution caption edge software®, and 

protein normalization by using the Ponceau staining quantification to correct for loading 

differences. 

 

2.3.6. IMMUNOCYTOCHEMISTRY AND MICROSCOPY 

Cells were plated on 13 mm diameter laminin-coated glass coverslips. After treatment, cells 

were washed in ice-cold PBS and fixed in a 4% paraformaldehyde (PFA, Polysciences), 0.1% 

Triton-X solution. Samples were washed in PBS + 0.1% Tween-20, blocked in PBS + 0.1% 

Tween-20 + 0.1%, BSA, and incubated overnight at 4°C with primary antibodies. The next day 

the fixed cells were washed with PBS supplemented with 0.1% Tween-20 and incubated for 1h 

with secondary antibodies and DAPI. Samples were washed as above and mounted with a 

mounting medium on microscope slides (SuperfrostTM, epredia©). Pictures were acquired with 

Nikon Ti2 microscope. 
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Primary antibodies table 

antibody against company ref. n° dilution 
Host specie & 

clonality 

ACC Cell Signaling 3676 1/1000 rabbit polycl. 

ACC-pS79 Cell Signaling 3661 1/1000 rabbit polycl. 

Akt Cell Signaling 9272 1/4000 rabbit polycl. 

Akt-pT308 (D25E6) Cell Signaling 13038 1/1000 rabbit polycl. 

AMPKα Cell Signaling 2532 1/1000 rabbit polycl. 

AMPKα-pT172 Cell Signaling 2535 1/1000 rabbit polycl. 

Atg1/ULK1 Sigma A-7481 1/1000 rabbit polycl. 

Atg1/ULK1-pS757 Cell Signaling 6888 1/1000 rabbit polycl. 

COX IV Cell Signaling 4844 1/1000 rabbit polycl. 

ErbB2  Santa Cruz sc-284 1/500 rabbit polycl. 

ErbB2-pY1248  Santa Cruz sc-12352-R 1/200 rabbit polycl. 

ErbB4  Santa Cruz sc-283 1/500 rabbit polycl. 

ErbB4-pY1284  Abcam ab61059 1/500 rabbit polycl. 

FoxO1 Santa Cruz sc-11350 1/500 rabbit polycl. 

FoxO1-pS319  Santa Cruz sc-23771-R 1/500 rabbit polycl. 

FoxO1-pT24  Santa Cruz sc-16561-R 1/500 rabbit polycl. 

LC3A/B Abcam ab58610 1/500 rabbit polycl. 

Myosin, skeletal, slow Sigma M-8421 1/1000 mouse monocl. 

p44/42 MAPK  Cell Signaling 9102 1/4000 rabbit polycl. 
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p44/42-pT202/Y204  

MAPK 
Cell Signaling 9101 1/4000 rabbit polycl. 

PDK1 Cell Signaling 3062 1/1000 rabbit polycl. 

Vinculin (N-19) Santa Cruz sc-7649 1/500 mouse monocl. 

 

Secondary antibodies table 

Secondary antibody company ref. n° dilution 
species 

reactivity 

IgG-HRP conjugated Jackson 115-035-003 1/10 000 all mouse IgG 

IgG-HRP conjugated Jackson 111-035-003 1/10 000 all rabbit IgG 

Fab-Alexa 488 conjugated Mol. Probes A11070 1/800 all rabbit IgG 

IgG-Alexa 633 Invitrogen A21050 1/800 all mouse IgG 

 

 

2.3.7. MTT ASSAY 

To measure the mitochondrial dehydrogenase activity, NRVM plated in 24 wells plate were 

treated, and then incubated with 4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) 2.5 h before the experiment ended. At the end of the experiment, the medium was 

discarded, acidified isopropanol was added, and gyratory shaking was performed for 10 mins 

to solubilize the metabolized MTT formazan crystals. The solution was transferred to ELISA plates 

and optical densitometry at 570 and 690nm was read with the Synergy H1 hybrid reader 

(BioTek®) device. MTT activity was determined according to the manufacturer’s instructions 

(sigma CDG1 kit). To correct for cell content, a protein assay was performed in parallel treated 

plates, and final MTT values were corrected accordingly.  
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2.4. STATISTICAL ANALYSIS 

Data are presented as mean ± SD. Differences in means were evaluated either with one-way 

ANOVA, followed by Dunnett’s multiple comparison test when n≥6 or by Krustal-Wallis test 

when n<6. All statistics was performed with GraphPad Prism 9.3.1. P-values of <0.05 were 

considered statistically significant and P-values between 0.05 and 0.2 were considered to show 

a trend. 
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3. RESULTS 

 

3.1. DOXORUBICIN INDUCES CHRONIC SEX-DEPENDENT SYSTEMIC AND CARDIAC 

TOXICITY IN MICE, EFFECTS OF A NEW NRG-1 TREATMENT REGIMEN 

 

3.1.1. EFFECTS OF OUR DOX-TREATMENT PROTOCOL ON BODY AND ORGAN WEIGHTS AT 3 WEEKS  

This study aimed to reproduce and characterize a murine doxorubicin-therapy protocol, 

relevant to what is done in clinics, developed by Milano and colleagues. In the Milano et al. 

study, only female mice were studied 116. In the present work, we intended to compare systemic 

and cardiac effects of doxorubicin-therapy in male and female mice. Secondly, we intended to 

characterize the potential preventive effects of a new NRG-1 regimen in this model. To this end, 

10 to 12 weeks old male and female mice were assigned to 3 groups (vehicle-control (CTL), 

vehicle-doxorubicin (dox), and NRG-1-doxorubicin (NRG/dox), while aiming to obtain an 

identical average body weight for the groups at start of the experiment. Figure 4A shows the 

dox injection and NRG-1 treatment protocol over time. To characterize the systemic effects of 

the therapy in our mice, body weight was measured daily, while heart, gastrocnemius, lung 

weights and lung hydration indexes (wet/dry ratios) were measured at sacrifice.  

Figure 4B shows that dox-treated males' body weight was reduced by 16% in comparison to 

the controls at 3 weeks (p<0.0001). Also, the muscle weight, here represented by the 

gastrocnemius weight, and the cardiac ventricular weight (CVW) were decreased by 16% and 

27%, respectively (p<0.01; p<0.0001) in the dox-treated mice vs the CTL mice. The cardiac 

ventricular weight to total body weight ratio was not different between the dox-treated and 

the CTL group (Fig. 4B). This suggests that male mice underwent strong systemic toxicity, 

accompanied by a cachectic phenotype as well as cardiac toxicity at 3 weeks. Interestingly, the 

lung hydration index (ratio of the fresh vs dehydrated weight of the same piece of lung tissue) 

was increased in the dox group, indicating the development of lung edema and suggesting 

cardiac dysfunction. These data support that in males, dox treatment induced cardiac toxicity 

as the mice showed decreased ventricular weight and evidence for cardiac edema 

development. However, the cardiac ventricular weight/body weight ratio was not different from 

the CTL group, indicating that the Milano et al. protocol that we used is not inducing specifically 

cardiac toxicity, but overall systemic toxicity, including cardiac suffering in male mice (Fig. 4B). 
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Figure 4. Effects of our dox-treatment protocol on body and organ weights at 3 weeks. (A) 10 to 12 weeks old 
male and female C57BL/6J mice were injected intraperitoneally every other day with doxorubicin (dox, 4 mg/kg) 

or the vehicle NaCl (CTL) for 12 days, yielding a cumulative dose of 24 mg/kg. 30 min before each dox injection, 
mice were injected saline (CTL, dox) or NRG-1 (NRG/dox, 20 µg/kg). After completion of the dox-treatments, 

NRG-1 injections continued 3 times/week until sacrifice. At sacrifice, we measured body weight, gastrocnemius 

weight, cardiac ventricular weight (CVW), tibia length and the lung edema index in males (B) and females (C). 
Kaplan Meier analysis for both sexes is shown in (D). Data are expressed as mean ± SD; females n=17 for CTL, 

n=19 for dox, n=22 for NRG/dox; males n=15 for ctl, n=19 for dox, n=16 for nrg/dox. One-way ANOVA with 
Dunnett’s correction was performed versus the dox group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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In females, dox decreased body weight by 9% in comparison to the CTL group, while no 

differences in gastrocnemius mass, cardiac ventricular mass, or lung wet/dry ratio were 

measured at sacrifice. These data suggest that females underwent dox-induced systemic toxicity 

but did not develop cardiac toxicity at 3 weeks (Fig. 4C). 

For both males and females, no preventive effects of our NRG-1 regimen were measured on 

dox-induced systemic and cardiac toxicity. 

Notably, the male mice suffered from mortality from week 2 onwards in the absence of NRG-

treatment and even more so in the NRG/dox-treated mice, while female mice started to die 

later, after week 4, but only in NRG-1 pre-treated mice (Fig. 4D).  

 

3.1.2. DOX INDUCES CHANGES IN CARDIAC ARCHITECTURE AND FUNCTION IN MALES THAT ARE 

PARTIALLY PREVENTED BY NRG-1 

Another aim of this study was to characterize over time the effects of the dox-therapy and the 

new NRG-1 regimen on cardiac function and architecture by echocardiography. At baseline, no 

differences were observed for any of the parameters between the different groups for both 

sexes. 

In males, the time point at which we were able to detect dox-induced effects on cardiac function 

and architecture was 2 weeks after the treatment started, exactly 2 days after the dox-therapy 

was completed. Figure 5A shows that the dox-treatment increased the ejection fraction (EF) and 

left ventricular posterior wall thickness during systole (LVPWs, p<0.01; p<0.05). Interestingly, 

NRG-1 reduced the effect on the EF (p=0.14) and significantly inhibited the LVPWs change 

(p<0.05). Going into the same direction, dox induced a decrease in left ventricular internal 

diameter during diastole and systole (LVIDd p<0.01, LVIDs p<0.001). However, NRG-1 did 

not prevent these decreases in internal diameter (Fig. 5A). Also, while dox-treated animals did 

not show different LVAW during diastole (LVAWd) compared to the CTL mice, NRG/dox 

animals showed thinner LVAWd than the saline-treated dox animals (p<0.05), yielding values 

that were not different from the CTL group anymore. These data suggest that dox-therapy 

induced a compensatory response at 2 weeks in males and that this was prevented by the NRG-

1 regimen.  

Interestingly, at 3 weeks, these effects were not detected anymore (Table I). Briefly, the dox-

treated males showed decreased LVAW during diastole and systole in comparison to the CTL 

group (p<0.05; p=0.08). This was associated with decreased LVIDd and LVIDs (p<0.01; 

p=0.08) as well as a decrease in ventricular weight. Together with unchanged ejection fractions  
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Figure 5. Dox induces compensatory changes in cardiac architecture, function and molecular profile that are 
partially prevented by NRG-1 in males. Echography was performed at baseline (data not shown), 2 weeks (A) 

and 3 weeks (see table I). Mice were sacrificed at day 22 – 23 for molecular analysis 1 h after an injection with 
vehicle (CTL and dox groups) or NRG-1 (NRG/dox group) (B-C). (A) echocardiography data of the left ventricular 

anterior wall and the left ventricle posterior wall thicknesses during diastole and systole (LVAWd, LVAWs, LVPWd, 
LVPWs), left ventricular internal diameter at the end of diastole and systole (LVIDd, LVIDs) and left ventricle ejection 

fractions (LVEF). (B) gene expression of ANP, β-MHC and GLUT1 was measured by real-time PCR, and β-MHC 

protein was measured by immunoblotting of total cardiac protein lysates(C). Data are expressed as mean ± SD; 
n=15 for CTL, n=19 for dox, n=16 for NRG/dox. One-way ANOVA with Dunnett’s correction was performed 

versus dox. *p<0.05, **p<0.01, ***p<0.001. 
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and LVPWs, these data show that at 3 weeks the dox-treated male mice are not in a cardiac 

compensatory phase anymore.  

Molecular analyses of the hearts were performed at 3 weeks when the male mice got sacrificed. 

Figure 5B and C show that the dox-treated animals have increased cardiac mRNA levels of 

ANP and β-MHC, two cardiac stress markers, in comparison to the CTL mice. GLUT-1 mRNA was 

also increased by dox (Fig. 5B). At the protein level, Western blotting analysis also showed 

increased β-MHC in the dox animals compared to controls. However, NRG-1 did not prevent 

any of these dox-induced molecular changes. Yet, cardiac ANP, β-MHC and GLUT-1 are known 

to get induced in the context of heart remodeling and compensatory responses. Therefore, the 

dox-related compensatory response revealed by echocardiography at 2 weeks can still be 

measured at a molecular level one week later. While at 2 weeks, NRG partially reverted the 

effects on cardiac architecture and function, at 3 weeks NRG-1 did not reverse the dox-induced 

molecular markers of compensation anymore. The apparent reduction of β-MHC mRNA in the 

NRG/dox group did not reach significance. 

The dox-treated animals have lighter and smaller hearts than the control-treated animals. The 

body weights of the control mice did not change from baseline to the sacrifice time point, 

showing that our mice were not growing anymore and reached their adult and definitive heart 

weight. This suggests that the dox-treated males developed atrophic hearts in response to the 

dox-induced toxicity, and not because of a stress-induced stop of growing as it is the case in 

the juvenile doxorubicin-treated animal models 117, 118. 
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Figure 6. Dox induces slight changes in cardiac architecture and stress response in females. Transthoracic 
echography was performed in females at baseline, 2 weeks (data not shown), 3 weeks (A) and 5 weeks (see 

table II). Mice were sacrificed at day 22 – 23 for molecular analysis 1 h after an injection with vehicle (CTL and 
dox groups) or nrg-1 (NRG/dox group) (B-C). (A) echocardiography data of the left ventricle anterior wall and 

the left ventricle posterior wall thicknesses during diastole and systole (LVAWd, LVAWs, LVPWd, LVPWs), left 
ventricular internal diameter at the end of diastole and systole (LVIDd, LVIDs), and left ventricle ejection fractions 

(LVEF). (b) gene expression of ANP, β-MHC and GLUT1 was measured by real-time PCR, and β-MHC protein 

was measured by immunoblotting of total cardiac protein lysates. Data are expressed as mean ± SD; n=17 for 
CTL, n=19 for dox, n=22 for NRG/dox. One-way ANOVA with Dunnett’s correction was performed versus dox. 

*P<0.05, **P<0.01, ***P<0.001. 
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3.1.3. THE CARDIAC RESPONSE TO DOX IN FEMALES DIFFERS FROM THAT IN MALES  

In females, only at 3 weeks some effects of dox on cardiac architecture were detectable by 

echocardiography. Figure 6A shows that at 3 weeks, dox induced significant decreases of the 

LVAW and LVPW thicknesses during diastole (p<0.01; p<0.05) in comparison to the CTL-

treated animals. The LVAW was also decreased during the contractile phase (p<0.01), while 

LVPW was not. The wall thickness changes were neither associated with dox-induced changes 

in cardiac function nor with LVID dimensions in females (Fig. 6A). As the dox-induced effects on 

cardiac architecture were mild, no effects of our NRG-1 regimen were revealed in the dox-

treated females. At the molecular level, cardiac mRNA expression of ANP and β-MHC, but not 

that of GLUT-1, was increased in the dox group in comparison to the CTL group. As in males, 

NRG-1 did not prevent the dox-induced molecular stress marker expression in females (Fig. 6B 

and C).  

The dox-induced effects revealed by echocardiography in females at 3 weeks were not 

observed anymore after 5 weeks, while differences in body weight could still be measured 

between the dox and the CTL-treated females (Table II). This suggests that the dox-treated 

females recovered from the dox-induced changes in cardiac dimensions, but not from dox-

induced long-lasting systemic toxicity at 5 weeks. 

Thus, the molecular analyses that we performed in males and females are in line with the 

echocardiographic assessments. In males, the dox-induced compensatory increase in EF and 

LVPWs was associated with ANP, β-MHC and GLUT-1 up-regulation at the mRNA level. On the 

other hand, in females, dox did not increase wall thickness and EF. This was accompanied by a 

more modest increase of β-MHC mRNA (3.3-fold) than in males (9.3-fold) and no increase of 

GLUT-1 mRNA levels. 
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TABLE I. ECHOCARDIOGRAPHIC AND PHYSIOLOGIC PARAMETERS OF MALES AT 3 WEEKS 

 

Three weeks after the dox-therapy was started, ultrasound analysis was performed. One to two days later, body 
weight was measured before sacrifice, and post mortem ventricular cardiac weight was measured and 

standardized to tibia length. Data are expressed as mean ± SD; n=15 for CTL, n=19 for dox, n=16 for NRG/dox. 
One-way ANOVA with Dunnett’s correction was performed versus dox. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

 

  

CTL

(N=15)

DOX 

(N=18)

NRG/DOX 

(N=13)

Body weight (g) 27.9±1.39**** 25.1±2.05 24.8±1.66

Ventricular weight/ tibia length 

(g/mm)
6.22±0.51 5.36±0.61 5.22±0.44

Heart rate (beats/min) 465±52 473±63 420±48*

LV anterior wall thickness (mm)

diastole 0.78±0.08* 0.70±0.07 0.69±0.07

systole 1.07±0.14 
(p=0.08) 0.97±0.12 0.96±0.16

LV posterior wall thickness (mm)

diastole 0.69±0.06 0.66±0.08 0.64±0.04

systole 1.04±0.09 1.06±0.08 1.04±0.03

LV internal diameter (mm)

diastole 3.92±0.20** 3.69±0.20 3.73±0.26

systole
2.71±0.24 
(p=0.08)

2.5±0.29 2.49±0.10

Ejection fraction (%) 59.0±4.88 61.3±7.15 62.6±8.22

Tabl.I
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TABLE II. ECHOCARDIOGRAPHIC AND PHYSIOLOGIC PARAMETERS OF FEMALES AT 5 WEEKS 

 

Five weeks after the dox-therapy was started, ultrasound analysis was performed. One to two days later, body 

weight was measured before sacrifice, and post mortem ventricular cardiac weight was measured and 
standardized to tibia length. Data are expressed as mean ± SD; n=6 for CTL, n=9 for dox, n=7 for NRG/dox. 

One-way ANOVA with Dunnett’s correction was performed versus dox. *p<0.05. 

 

  

CTL

(N=6)

DOX 

(N=9)

NRG/DOX 

(N=7)

Body weight (g) 21.23±1.2* 19.30±0.86 18.96±0.86

Ventricular weight (g) 4.85±1.32 4.96±0.78 4.80±0.39

Heart rate (beats/min) 424±51 425±39 412±58

LV anterior wall thickness (mm)

diastole 0.62±0.04 0.59±0.07 0.58±0.04

systole 0.91±0.10 0.83±0.10 0.85±0.09

LV posterior wall thickness (mm)

diastole 0.64±0.04 0.59±0.08 0.61±0.06

systole 0.99±0.07 0.93±0.08
1.01±0.11 
(p=0.15)

LV internal diameter (mm)

diastole 3.95±0.39* 3.62±0.17 3.74±0.20

systole 2.70±0.33 2.49±0.18 2.48±0.30

Ejection fraction (%) 60.33±6.46 60.07±3.48 63.25±6.81

Tabl.II
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3.1.4. NRG-1 MODULATES AUTOPHAGY IN DOX-TREATED FEMALES AT 5 WEEKS  

As no differences were observed anymore by echocardiography between the dox-treated 

group and the control group at 5 weeks in females, we wanted to determine if some protective 

pathways were activated at that time point in the dox-treated animals and whether the NRG-

1 treatment had an effect on it. Specifically, the autophagic pathway was analyzed as it is 

essential for cardiac homeostasis in general. 

First of all, we measured the ErbB system expression and activation in our female mice at 5 

weeks to characterize the long-term dox effects on it. Secondly, to check whether it was of 

interest to inject mice in the long term with repeated NRG-1 injections every other day, mice 

were injected either with vehicle in the CTL- and dox-treated groups or with NRG-1 in the 

NRG/dox group at 1 h before sacrifice. The hearts were used to characterize which metabolic 

pathways the NRG-1 regimen could trigger in the females in the long term. 

Western blot analysis showed that dox increased ErbB4 total protein levels but not the ErbB2 

protein levels. The ratio of the ErbB4-pY1284/ErbB4 seemed decreased by the dox-therapy 

(p=0.17 due to high variability), while no changes in phosphorylated ErbB2 were measured at 

5 weeks. These results suggest that the female mice overexpress ErbB4 as a protective 

mechanism to the dox-therapy, while not increasing its phosphorylated levels at 5 weeks (Fig. 

7A). 

Although NRG-1 stimulation did not lead to higher phosphorylated ErbB4 levels after 1 h, it 

increased the direct downstream FAK-pY861/FAK as well as its co-receptor ErbB2-

pT1248/ErbB2 in comparison to the vehicle-treated dox mice (p<0.001 and p<0.01, 

respectively; Fig. 7A). Further downstream of ErbB4, ERK1/2-pT202/Y204 was not induced by 

the NRG-1 stimulation in comparison to the dox-treated mice stimulated with vehicle (Fig. 7A). 

The increased FAK phosphorylation shows that the ErbB axis can still be activated in these 

animals at week 5, that is to say, 3 weeks after they completed their dox-therapy. 

 

 

 

 

Figure 7. NRG-1 prevents modulation of autophagy by dox in females. At 5 weeks, CTL and dox-treated mice 

were injected with PBS, while the NRG/dox animals were injected with NRG-1 (20 µg/kg). All mice were sacrificed 

1 h later for molecular analysis. (A, B) representative immunoblots of cardiac protein extracts after incubation with 

antibodies specific for the proteins indicated and quantification of the bands, normalized to Ponceau. (a) shows 
receptor pathway activation, B shows the analysis of autophagy and metabolic regulators. (C) analysis of gene 

expression by quantitative real-time PCR. Data are expressed as mean ± SD; n=6 for CTL, n=9 for dox, n=7 for 
NRG/dox. One-way ANOVA with Dunnett’s correction was performed versus dox. *p<0.05, **p<0.01, 

***p<0.001. 
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We next measured the expression and activation of the adenosine monophosphate kinase α 

(AMPK), ACC and ULK1, as they are known to be critical in the regulation of energy homeostasis 

and autophagy. Figure 7B shows that dox changes neither AMPK nor ACC protein expression 

and phosphorylation, while the NRG-1 co-treated animals showed increased total AMPK and 

decreased AMPK-pT172/AMPK in comparison to the vehicle-treated dox animals (p<0.02; 

p=0.06; Fig. 7B). NRG-1 did not change total and phosphorylated ACC protein levels, although 

it induced a decrease of its mRNA expression vs the vehicle/dox-treated animals (p<0.058, 

Fig. 7C). 

Dox neither changed the ULK total protein amounts nor the ULK1-pS757/ULK1 ratios (p=0.22) 

in comparison to the corresponding controls. Interestingly, the NRG-1/dox co-treated mice 

showed a trend toward decreased ULK1 total protein levels (p=0.16). ULK1 was significantly 

decreased at the mRNA level (p<0.05, Fig. 7C). However, the NRG-1-treated mice had 

unchanged ULK1-pS757/ULK1 ratios in comparison to the mice treated with dox alone (Fig. 

7B). 

Finally, we also assessed total LC3 and LC3 lipidation, related to autophagy activation, by 

Western blotting and LC3 mRNA levels by qPCR. Figure 7 shows that no differences were 

detected between the groups at the protein and mRNA levels. However, the ratio of the 

lipidated (vesicular)/non-lipidated (cytosolic) LC3 tended to be reduced in the dox-treated 

group in comparison to the CTL group (p=0.19). NRG-1 significantly prevented this (p<0.05) 

(Fig. 7C).  

In conclusion, our observation that dox-treated females have a compensatory increase in ErbB4 

expression and ErbB2/FAK phosphorylation in comparison to control mice at 5 weeks suggests 

that dox-mice are still triggering this cardioprotective pathway as a long-term response to the 

dox treatment. While the dox-treated mice do not show any clear regulation of the AMPK or 

the ULK1 signaling pathways, the LC3II/I tended to be decreased in comparison to the CTL-

treated group. Thus, although further work is required to prove significance, our data suggest 

that dox may induce autophagic disturbances in the long-term. Interestingly, our observation 

that the NRG-1 regimen significantly increases LC3II/I in dox-treated mice suggests that it 

enhances autophagy. This is accompanied by increased AMPK protein levels, and decreased 

ULK1 and ACC expression at the mRNA but not at the protein level.  
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3.2. BY WHICH MECHANISMS DOES NRG-1 PREVENT DOX-INDUCED CARDIAC EFFECTS?  

 

3.2.1. NRG-1 MODULATES AUTOPHAGY IN FEMALE HEARTS AT 24 H AFTER DOX INJECTION 

The second main aim of this study was to determine by which mechanisms NRG-1 could exert a 

cardioprotective role in our mouse model. Protein analysis of cardiac tissues from the females 

at the 5 weeks timepoint shown in 3.1.4 highlighted a long-term inhibitory effect of dox on 

autophagy and a preventive role of our NRG-1 regimen on it. This led us to wonder whether 

the preventive effects of NRG-1 observed on dox-induced disturbances of the autophagic 

pathway were a result of a chronic adaptive cardiac event or whether the autophagic pathway 

modulation was already triggered upon the earliest dox and NRG-1 injections given in our 

model. 

To investigate if dox disturbs the autophagic pathway in female mice and if NRG-1 could 

prevent it on the early stages of the treatment, we injected the females at day (d) 0 with the 

first dose of our protocol (CTL, dox, NRG/dox). 24 h later we injected the mice with the vehicle 

for the two first groups or NRG-1 in the NRG/dox group in order to characterize in which 

metabolic state the mice are and to test the effects of NRG-1 at this timepoint. Proteins were 

extracted at d 1 to make the experiment comparable with the cell culture experiments described 

hereafter under 3.2.3-5. 

First of all, we assessed the ErbB system expression and activation in these females. Figure 8A 

shows that at 24 h, dox did not change the total levels of the ErbB2 and ErbB4 receptors, while 

it tended to increase ErbB2-pY1248 (p=0.17). However, dox did not affect ERK1/2 or FAK 

phosphorylation vs CTL. Moreover, NRG/dox-treated animals showed significant increases in 

ERK1/2-pT202/Y204 vs dox-treated animals. Taken together, these data show that some dox-

induced cardiac ErbB2 phosphorylation can be measured 24 h after the first injection set of our 

protocol, but that this is not associated with phosphorylation of the downstream effectors FAK 

and ERK1/2. Moreover, upon dox-treatment NRG-1 stimulation might either not directly induce 

the downstream ERK1/2 activation via ErbB2 or that the stimulation led to the phosphorylation 

of the ErbB2 but somehow couldn’t be measured in our experimental settings.  
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Next, we investigated whether AMPK, ACC, ULK and FoxO1 were affected in our mouse model. 

Figure 8B shows that dox did not change AMPK or its downstream effector ACC compared to 

CTL. Similarly, dox did not change total and phosphorylated levels of ULK1 or FoxO1 in 

comparison to the CTL group. While no effects of NRG were measured for AMPK, the NRG/dox-

treated animals showed a trend towards increased ACC total protein in comparison to the dox-

treated animals (p=0.125). The NRG treatment of dox-injected mice also triggered an increase 

of ULK1-pS757 in comparison to the saline/dox group (p=0.1). On the other hand, NRG-1 did 

not modulate phosphorylated FoxO1 levels (Fig. 8B). 

Given the small effect of NRG-1 on phosphorylated ULK1, a regulator of autophagy, we also 

measured the expression of LC3 and p62, two hallmark proteins of the autophagic process (Fig. 

8C). While dox did not change LC3 total protein levels, LC3II/I ratios or p62 protein levels vs 

CTL, the NRG/dox-treated group showed a significant decrease of the LC3II/I ratios and a 

tendency for increased p62 protein levels (Fig. 8C). These data show that NRG-1 decreases the 

amount of autophagosomes in the female hearts and p62 increased levels suggest increased 

amounts of lysosomes. Further analyses with autophagic flux inhibitors should be used to 

determine whether the autophagic flux was blocked or increased by the NRG-1.  

To summarize, at 24 h dox did not change AMPK, ACC, ULK1 and LC3II/I vs CTL. Our data also 

show that NRG-1 reduces autophagosomes and leads to lysosome accumulation in the hearts of 

dox-treated females. Consistently, the effects of NRG-1 were associated with slightly increased 

ULK1-pS757, which is known to inhibit the autophagy initiation step 26. 

 

 

 

 

 

 

 

Figure 8. NRG-1 increases ULK1-pS757 and reduces LC3II/I ratios in females at 24 h. Female mice were injected 

with vehicle or NRG-1 (20 µg/kg) 30 min before receiving control- or dox-treatment (4 mg/kg). 24 h later, the 
mice were injected intraperitoneally with vehicle (CTL, dox) or NRG-1 (NRG/dox) and sacrificed 1 h later. (A-C) 

cardiac lysates were analyzed by immunoblotting using antibodies against phosphorylated and total proteins as 

indicated. (A) shows receptor pathway activation. (B) shows the analysis of metabolic and autophagy regulators. 
(C) shows two key markers of autophagy. Protein expression was standardized to the corresponding Ponceau-

stained bands. Data are expressed as mean ± SD; n=6 for CTL, n=9 for dox, n=7 for NRG/dox. One-way 

ANOVA with Dunnett’s correction was performed versus dox. *p<0.05, **p<0.01. 
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Figure 9. Dox decreases LC3II/I at 24 h in males, NRG-1 does not prevent this. Male mice were injected with 

vehicle or NRG-1 (20 µg/kg) 30 min before receiving control or dox-treatment (4 mg/kg). 24 h later, mice were 
injected intraperitoneally with vehicle (CTL, dox) or NRG-1 (NRG/dox) and sacrificed 1 h later. (A-C) cardiac 

lysates were analyzed by immunoblotting using antibodies against phosphorylated and total proteins as indicated. 

(A) shows receptor pathway activation. (B) shows the analysis of metabolic and autophagy regulators. (C) shows 
two key markers of autophagy. Protein expression was standardized to the corresponding Ponceau-stained bands. 

Data are expressed as mean ± SD; n=6 for CTL, n=9 for dox, n=7 for NRG/dox. One-way ANOVA with Dunnett’s 

correction was performed versus dox. *p<0.05, **p<0.01. 
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3.2.2. DOX DECREASES LC3II/I IN MALES AT 24 H AND NRG-1 DOES NOT CHANGE THIS 

As our data presented in chapter 3.2.1 show that NRG-1 has effects on Erk1/2 and autophagy 

at 24 h, after the first dox injection in females, we wanted to study whether these pathways are 

also modulated in males. Male mice underwent the same experimental protocol as the females 

in chapter 3.2.1. Briefly, at d 0 male mice were given the first injection (CTL, dox, NRG/dox) 

and 24 h later the CTL and the dox-treated group were injected with saline, while the 

NRG/dox-treated group was re-stimulated with NRG-1. Animals were sacrificed 1 h after the 

injection. 

Firstly, Figure 9A shows that no differences in ErbB4 or ErbB2 total proteins were measured 

between the different groups at 24 h. While no effects on ErbB2-pY1248 were observed in 

NRG/dox treated mice in comparison to the dox treated mice, the FAK-pY861/FAK tended to 

be increased (p=0.09). Interestingly, dox by itself tended to increase phosphorylated levels of 

ErbB2 (p=0.15), but not those of FAK and ERK in comparison to CTL in males. These data show 

that as in females, dox-treated males show tendency for increased ErbB2 phosphorylated levels 

but not its downstream effectors vs CTL, while NRG/dox treated animals only have increased 

downstream FAK effector phosphorylation in comparison to the dox-treated animals.  

As in the case of females, this set of data suggests that in males, at 24 h, the NRG-1 stimulation 

either did not induce the cardiac ErbB2 phosphorylation, and the increased FAK-pY861/FAK 

were not triggered by the cardiac ErbB2 activation, or our experimental protocol was not 

optimized (notably on the stimulation timing) to detect NRG-1 induced cardiac ErbB2 

phosphorylation. 

Figure 9B shows that neither the AMPK–ACC axis nor the ULK1-pS757 phosphorylated levels 

were changed in the dox-treated males, similar to what we observed in females. Surprisingly, 

NRG-treated male mice did not show any regulation of the total and phosphorylated levels of 

the proteins reported above to be regulated by NRG-1 in female mice. Moreover, no 

modulation of the total and phosphorylated FoxO neither by the dox nor by NRG/dox 

treatment were detected.  

Finally, analysis of the LC3 and p62 proteins showed that dox tended to decrease the LC3II/I 

ratio (p=0.11) but not of the total LC3 nor p62 proteins in comparison to the CTL-treated males 

at 24 h, and the NRG-1 regimen did not prevent it (Fig. 9C). 

All of these data show that in males dox did not trigger the AMPK-ACC pathway nor the ULK1-

pS757 pathway at 24 h after its first injection. However, contrary to females, dox-treated 

males show slightly decreased LC3II/I while p62 expression levels remained unchanged in 

comparison to the CTL-treated males. Moreover, NRG-1 did not prevent the dox-induced 
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modulation of any of the markers we identified in chapter 3.2.1 for females. Thus, dox induces 

sex-specific cardiac functional and architectural modulation in the long term, but also at the 

molecular level at the beginning of the treatment. Therefore, this suggests that sex differences 

have to be considered for future research focusing on dox-induced cardiotoxic events but also 

NRG-1 effects as therapeutics. 

Sex-differences were also observed in the response of our mice after NRG-1 stimulation, and 

this raises the question as to whether a NRG-1 regimen would be similarly beneficial for both 

sexes? In our model, the NRG-1 inhibition of the autophagic process through the ULK-1-pS757 

was only observed in females, the potential protective mechanisms triggered by NRG-1 in males 

are still to be investigated.  

 

 

Figure 10. Neonatal rat ventricular myocytes mimic the cardiac response to NRG-1 in females. In serum-

free/low glucose medium, NRG-1- (10 ng/ml, 30 min) or vehicle-treated neonatal rat ventricular myocytes (NRVM) 

were exposed to dox (1 µm) for 16 h in presence or absence of autophagic flux inhibitors (pepstatin A and E64D). 
Western blot analysis was performed with antibodies as indicated. Data are expressed as mean ± SD; One-way 

ANOVA with Dunnett’s correction statistical analysis was performed versus dox for the experiments without 
inhibitors n=6 data. Krustal-Wallis analysis was performed versus dox for the experiments with inhibitors, n=3. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0001. 
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3.2.3. NEONATAL RAT VENTRICULAR MYOCYTES MIMIC THE CARDIAC RESPONSE TO NRG-1 

OBSERVED IN FEMALES AT 24 H 

To study in further detail the mechanisms whereby dox changes cardiac metabolic and 

autophagic pathways and how NRG-1 prevents the effects described in 3.2.1, we used a 

neonatal rat ventricular myocyte (NRVM) culture model. As we aimed to measure autophagy 

modulation, NRVM were incubated in serum- and pyruvate-free medium containing 1 g/L 

glucose. This medium has been characterized in our laboratory to favorize autophagy detection. 

Cells were first incubated with the autophagic inhibitors E64D and pepstatin A (pepst) or vehicle 

(DMSO). 30 min later, cells were stimulated with NRG-1 or saline, and 30 min later a 3rd 

incubation step with dox or PBS was done. Proteins were collected after 16 h of treatment. 

Figure 10A shows that after 16 h, dox did not change phosphorylated or total AMPK, ACC, 

ULK1 or LC3 protein. However, NRG-1/dox-treated cells showed higher ACC total protein 

levels (p<0.01) and decreased LC3II/I (p=0.014) in comparison to the dox-treated cells. 

Moreover, NRG/dox-treated cells tend to have higher ULK1-pS757 than the dox-treated cells 

(p=0.09). These results are consistent with the analysis that we performed in females 24 h after 

their first injection: no effects of dox were observed vs CTL, and NRG1 decreased the LC3II/I 

and tended to increase the total ACC protein levels compared to the dox-treated animals. These 

data suggest that our cell culture model is mimicking the females’ response to our NRG treatment 

at 24 h. Our observation that in vitro, the ULK1 phosphorylated levels are still increased at 16 

h after stimulation, suggests that the inhibition of the autophagic process by ULK could be a 

long-lasting effect of NRG-1. 

Another reason to use the NRVM model was to characterize the autophagic flux by 

pharmacologic inhibition. Figure 10B shows that the pepst treatment induced an increase of the 

LC3II/I in CTL conditions. This confirms the efficiency of the pepst to inhibit the 

autophago(lyso)some degradation. The pepst increased the LC3II/I in dox-treated cells in a 

similar manner as in the CTL condition, suggesting that dox does not modulate the autophagic 

flux at 16 h in NRVM. NRG-1 decreased the LC3II/I to a similar extent in the absence or 

presence of dox, suggesting that NRG-1 decreases autophagic flux in both cases. This effect on 

flux is indeed confirmed because in the presence of pepst, both NRG- and NRG/dox-treated 

cells showed an increase in LC3II/I compared to the corresponding vehicle conditions. These 

data also indicate that some autophagic flux is still ongoing after NRG/CTL and NRG/dox 

treatment. Similar to what we found in its absence, in presence of pepst, LC3II/I was significantly 

lower in NRG- and NRG/dox-treated cells in comparison to CTL and dox-treated cells, 

respectively. These data suggest that NRG-1 stimulation inhibits the early autophagic steps in 

the presence and in the absence of dox at 16 h. 
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Figure 11. The effects of dox on autophagy at 1 h are prevented by NRG-1. Role of FoxO1. NRVM were pre-

incubated for 30 min with the autophagic flux inhibitors pepstatin A and E64D or DMSO before being treated 
with NRG-1 (10 ng/ml) or PBS. 30 minutes later, the cells were treated with dox (1 µm) or DMEM. Cell lysates 

were collected 1 h after the NRG-1 stimulation (A), while nuclear protein fraction and RNA were collected at 6 h 
(B-C). (A-B) Western blot analysis was performed with antibodies as indicated. (C) analysis of gene expression by 

quantitative real-time PCR. Data are expressed as mean ± SD; One-way ANOVA test with Dunnett’s correction 
was performed versus dox in (A) n=7. Krustal-Wallis analysis was performed versus dox for the experiment (C), 

n=4. *p<0.05, **p<0.01, ***p<0.001, ****p<0001.  
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3.2.4. NRG-1 MAY MODULATE AUTOPHAGY BY INHIBITING FOXO1-INDUCED EXPRESSION OF 

AUTOPHAGY GENES 

As our protein analysis showed similarities in the regulation of ACC, ULK1-pS757 and LC3II/I 

for NRVM in vitro and for female mice in vivo, we decided to study early metabolic responses 

to NRG-1 and dox in NRVM at 1 h. 

Figure 11A shows that at 1 h, dox increased the LC3II protein levels vs CTL and that NRG-1 

prevented this increase (p<0.01; p<0.0001). Furthermore, data show a clear decrease of the 

LC3II by NRG and NRG/dox in comparison to CTL and dox-treated cells, respectively, both in 

the presence and the absence of pepst. After pharmacological inhibition with pepst, the 

differences between CTL and dox were not revealed anymore, which could be due to high 

variability. Therefore, some more repetitions of these experiments should be performed before 

drawing any conclusion. Yet, no effects of dox were observed on the LC3II/I ratio (data not 

shown). These data show that the decrease of autophagic flux by NRG-1 observed at 16 h can 

already be measured at 1 h and is a very early event. 

Furthermore, dox tended to increase ACC-pS79/ACC vs CTL (p=0.16), while NRG caused a 

significant reduction compared to dox alone (p<0.05). This was not associated with any 

detectable effects on AMPK phosphorylation (not shown). In addition to preventing the dox-

induced ACC-pS79/ACC and LC3II increase, NRG/dox-treated NRVM showed an increase of 

ULK1-pS757/ULK1 (an mTORC1 target site) and phosphorylated FoxO1-pT24 levels in 

comparison to the dox-treated NRVM at 1 h. The NRG-induced increase of FoxO1-pT24 was 

associated with an increase in the cytosolic and a decrease in the nuclear protein amounts of 

FoxO1 (Fig. 11B). This was the case in the absence as well as presence of dox. 

It has been reported that when FoxO1 is phosphorylated at the T24 site, it is retained in the 

cytoplasm, which prevents its transcriptional activity 19. This is why we proceeded to measure 

the expression of some FoxO1 target genes at the mRNA level at 6 h. Figure 11C shows that 

NRG- and NRG/dox-treated samples have significantly decreased mRNA expression of ULK1 

and LC3B in comparison to CTL and dox-treated NRVM, respectively.  

In conclusion, our data suggest that NRG-1 decreases nuclear location of FoxO1 by increasing 

its phosphorylation at the T24 site and that this leads to decreased expression of the FoxO1 

target genes LC3 and ULK1 at 6 h. Interestingly, these effects are associated at the functional 

level with an NRG-1-induced decrease in autophagic flux and suggests a complex and 

orchestrated mechanism to coordinate the NRG-1 induced autophagic modulation at the protein 

and transcriptional levels. 
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Figure 12. Effects of dox on the mitochondrial compartment and activity. NRVM were incubated in a serum-free 
and low glucose medium and immediately stimulated with NRG-1 (10 ng/ml) or vehicle. 30 min later, cells were 

treated with dox (1 µm) versus DMEM. (A) ATP contents were measured at 3 h using cell titer glo, while metabolic 
activity and mitochondrial contents were measured using the MTT method and quantification of the ratio between 

mitochondrial and nuclear DNA amounts at 3 and 16 h (A-B). (C) gene expression of mitochondrial genes and ACC 
was measured by real-time PCR. Data are expressed as mean ± SD; n=2-4; Krustal-Wallis analysis was 

performed versus dox. *P<0.05, **P<0.01, ***P<0.001, ****P<0001. 
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3.2.5. EFFECTS OF DOX ON MITOCHONDRIAL CONTENT AND ACTIVITY  

Dox has been reported to induce mitochondrial dysfunction and decrease cellular ATP content 

63, 119. We aimed to assess whether in our NRVM model the mitochondrial compartment was 

affected by dox and if so, whether NRG-1 changed this, as several studies suggest that NRG-

1 might induce mitochondrial biogenesis 120, 121.  

To this end, we measured the mitochondrial complex II (MCII) activity at two different timepoints, 

using an MTT assay. We also measured ATP cellular contents at 3 h, using the cell titer glo® kit. 

The presented values were standardized for protein content. 

Figure 12A shows that at 3 h, dox induced a modest increase of MCII activity (25%, p=0.06) 

in comparison to the CTL-treated cells. In one experiment, cellular ATP was increased and in the 

other experiment it was decreased, so more experiments are needed to draw the conclusion 

that the observed increase in MCII activity is correlated with higher ATP content. Furthermore, 

NRG-1 stimulation prevented the dox-induced increase in MCII activity at 3 h in 2 independent 

experiments, suggesting that NRG-1 prevents the dox-induced succinate dehydrogenase 

activity. NRG-1 by itself did not change MCII activity, however, NRG-1-treated NRVM 

contained 20% more ATP than the CTL-treated NRVM in two independent experiments. At the 

later timepoint of 16 h, no effects of dox were measured on MCII activity anymore, however, 

in two experiments NRG-1/dox-treated NRVM showed enhanced MCII activity in comparison 

to the dox-treated NRVM. 

The next step was to characterize the effects of dox and NRG-1 on the mitochondrial content 

at 3 and 16 h. Figure 12B shows that dox induced a decrease in the ratio of mitochondrial to 

nuclear DNA content (mt/nu DNA) at 3 and 16 h in comparison to the CTL. While at 3 h 

NRG/dox had higher mt/nu DNA than dox-treated cells in two 2 independent experiments, at 

16 h variability was much higher and did not allow any conclusion about the effects of NRG-1 

in CTL- or dox-treated NRVMs. 

Taken together, our preliminary data show that dox treatment of NRVM causes a decrease in 

mitochondrial content at 3 and 16 h, and that this appears prevented at 3 h by the NRG-1 pre-

treatment. Yet, because of high variability, more experiments are needed to draw conclusions 

on the preventive effect of NRG-1 on dox-induced decrease in mitochondrial contents. 

Since we detected a dox-induced decrease in mitochondrial contents at 16 h, we proceeded to 

analyze at 6 h the mRNA levels of PGC1α, a regulator of mitochondrial biogenesis, cytochrome 

c oxidase subunit IV-i1 (COXIVi1), a subunit of the mitochondrial complex IV, and LONP1, a 

mitochondrial protease implied in mitochondrial quality control and known to regulate COXIVi1 
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at the protein level. Consistent with the decrease in mitochondrial content (Fig. 12B), Figure 12C 

shows that dox induces an 80% decrease of PGC1α mRNA expression vs CTL (p<0.0001). 

NRG-1 decreased PGC1α expression even further in comparison to the dox-treated samples 

(p<0.01). On the other hand, no transcriptional regulation of the COXIVi1 or LONP1 was 

measured at 6 h. Our observation that the dox-induced decrease in mitochondrial content at 16 

h is associated with a decrease of PGC1α mRNA at 6 h suggests that dox reduces mitochondrial 

biogenesis.  

 

 

  

 

Figure 13. Effects of NRG-1 stimulation and cardiac raptor ablation on the autophagic pathway. Raptor 

deletion was induced in 𝞪-MHC-MerCreMer/raptorfl/fl mice at the age of 10 weeks by intraperitoneal injection of 

tamoxifen for 5 consecutive days. Controls consisted of mice homozygous for the wild type raptor gene (α-MHC-

MerCreMer/raptorwt/wt), injected with tamoxifen. At 13 weeks of age, mice were fasted for 8 h from 1 h before 
the lights switched on (ZT23). At ZT30, mice were injected intraperitoneally with NRG-1(20µg/kg) versus PBS, and 

sacrificed at ZT31. Cardiac lysates were analyzed by Western blot. Protein expression was quantified and 
standardized to the related ponceau-stained membrane. Data are expressed relative to the PBS-injected wildtype 

as mean ± SD; N=3. Krustal-Wallis analysis was performed versus dox. *p<0.05, **p<0.01, ***p<0.001, 

****p<0001 
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3.3. PRELIMINARY DATA OF SIDE PROJECTS 

 

3.3.1. NRG-1-INDUCED CARDIAC DECREASES IN LC3II/I ARE MTORC1-INDEPENDENT 

ULK1 is known to be phosphorylated at its S757 site by mTORC1. To investigate whether 

mTORC1 has a role in the NRG-1-induced increase of ULK1-pS757 and autophagy inhibition, 

we generated female mice carrying raptor-specific deletion in cardiomyocytes (raptor-cKO) 

and their littermate controls (ctr) as described in the methods section. Briefly, C57BL/6J female 

mice positive for α-MHC-MerCreMer and carrying either 2 raptor floxed alleles (α-MHC-

MerCreMer/raptorfl/fl) or 2 wildtype raptor alleles were injected with tamoxifen as described 

115. 2 weeks after the last tamoxifen injection, mice were fasted for 8 h from ZT23 to ZT31, that 

is to say from 1 h before the end of the active phase to 7 h after their resting phase started. 1 

h before sacrifice, at ZT30, mice were either injected with NRG-1 or with vehicle. Cardiac 

protein lysates were analyzed by Western blotting (Fig. 13). 

Figure 13 shows that the raptor-cKO mice have reduced cardiac raptor expression by 81% in 

comparison to the ctr mice, thus validating the raptor deletion in our model. Interestingly, the 

raptor deletion was associated with increases in AMPK-pT172, ACC and ULK1 of 34%, 42% 

and 16%, respectively, suggesting a compensatory response. Raptor deletion was also 

associated with increased LC3II/I (by 2-fold), as well as decreased p62 (19%) and decreased 

LC3 total protein (26%), suggesting that raptor-cKO mice have increased activity of the AMPK-

ACC and autophagy pathways in comparison to the ctr mice.  

In ctr mice, NRG-1stimulation induced increased ULK1-pS757 phosphorylated and total protein 

levels (by 18 and 29%, respectively), and surprisingly, this was associated with 57% increased 

AMPK-pT172/AMPK ratios, but not with any ACC-pS79/ACC modulation vs vehicle ctr mice. 

Also, as expected, NRG-1 decreased LC3II/I ratios while p62 protein levels were slightly 

decreased. These data suggest that in ctr mice, NRG-1 inhibited autophagy and this was 

associated with increased ULK1-pS757 levels.  

In the raptor-cKO mice we first of all observed that after NRG-1 stimulation ULK1-pS757 was 

not increased anymore, and that the total ULK1 protein levels were even decreased by 30% vs 

vehicle-injected raptor-cKO mice. These data support that the NRG-1-induced increases in total 

and phosphorylated ULK1 in WT mice are mTORC1-dependent. Secondly, in the raptor-cKO 

mice, NRG-1 stimulation increased AMPK-pT172/AMPK by 21%, while ACC total protein levels 

were decreased by 40% in comparison to the vehicle-injected raptor-cKO mice. Finally NRG-
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1-stimulated mice showed increased p62 protein levels, increased LC3 as well as decreased 

LC3II/I ratio by 27%, 40% and 40%, respectively.  

Thus, although the NRG-1-induced increases in ULK1 are mediated by mTORC1, NRG-1 still 

inhibits the strong increase in LC3II/I after mTORC1 inactivation, indicating that NRG-1 can 

reduce autophagy independently of mTORC1. Further support for mTORC1-independent 

autophagy regulation by NRG-1 comes from the observation that NRG-1 increases LC3II total 

protein in the raptor-cKO mice. 

More experiments should be performed to increase the number of animals and validate these 

data. Moreover, autophagic flux inhibitors could be used in vivo or in vitro to investigate if and 

how NRG-1 modulates autophagy, and at which stage in the context of the raptor deletion. Our 

hypothesis was that NRG-1 was inhibiting autophagy initiation by inducing ULK1-pS757 via 

mTORC1. The mechanisms by which NRG-1 modulates autophagy are still unclear, and are 

probably either dependent on the feeding conditions, or on the cell type. Indeed, NRG-1 has 

been shown to decrease autophagy in a mTORC1-independent manner in PCNA prostate cell 

line, while Yin et al. showed that in skeletal muscle, this autophagy inhibition was dependent on 

the Akt/mTORC1 pathway 98, 99. 

Interestingly, in this experiment, mice showed NRG-1-induced AMPK-pT172, which had never 

been observed in our previous experiments. Repeating this experiment to increase the number 

of animals seems crucial to draw further conclusions. Moreover, in this experiment, the cages 

were changed to avoid fecal feeding, and the fasting lasted for 8 h instead of 6 h, these 

conditions maybe more stressful for the animals, or led to a more efficient fasting and therefore 

might have favorized NRG-1 induced AMPK pathway activation. 
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3.3.2. ERBB4 ISOFORMS IN THE HEART 

As described earlier, ErbB4 is the only member of the ErbB family to have different isoforms. 

ErbB4 isoforms have been first characterized by Elenius and colleagues in 1997 122. As shown 

in Figure 14, 4 isoforms of ErbB4 have been described in healthy tissues. The presence or the 

absence of a TACE and γ-secretase site confers ErbB4 the property to be cleavable (JM-a) or 

not (JM-b). Likewise, the presence or the absence of a 16 amino acid sequence gives ErbB4 the 

property to activate the PI3K-Akt pathway (cyt-1) or not (cyt-2).  

Further analysis by Veikkolainen et al. has revealed that in human adult heart tissue, the non-

cleavable isoform JM-b represents a bit more than 60% of the total ErbB4 isoforms. Moreover, 

80% of the cardiac ErbB4 receptors are the cyt-1 isoform, meaning that they are able to 

activate the PI3K-Akt pathway in the heart 123, 124. However, the heart includes numerous cell 

types, and Icli et al. report that adult rat ventricular myocytes are all expressing the non-

cleavable JM-b isoform and express cyt-1 and cyt-2 isoforms in a 80%/20% ratio 125.  

 

Figure 14. Schematic presentation of the ErbB4 isoforms. The ErbB4 receptor has 2 alternative splicing sites, 
the first one is the juxta-membranal site, which confers the ability of the receptor to get cleaved or not (JM-a, 

JM-b). The second site consist on the translation of a 16 amino acids site containing a WW rich sequence and 

PI3K binding site, or not (cyt1, cyt-2). Paatero et al. 2008 126. 

 

It is known that ErbB4 expression strongly decreases during the heart maturation process, 

however, no studies focused on characterizing ErbB4 isoform expression in the matured vs non-

matured heart, whereas numerous studies either use adult rat ventricular myocytes/adult 
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animals, or NRVM/neonates 127. Moreover, while our dox-therapy model relied on the use of 

adult mice, our mechanistic studies relied on a non-matured rat cardiomyocyte model (NRVM). 

It was therefore to us a very important matter to be aware whether the ErbB4 isoforms were 

similar in neonatal or aged rats. To this end, we sacrificed rats at 1, 8 or 26 days after birth, 

and the left ventricle, which mainly contains cardiomyocytes, was collected for RNA extraction. 

Then, ratios of the obtained cDNA amounts were calculated to check the prevalence of the JM-

b/JM-a and the cyt-2/cyt-1 at the different timepoints. 

Figure 15 shows that the total ErbB4 receptor expression was decreased by 57% from d 1 to 

d 26. Interestingly, the ErbB4 JM-b/JM-a ratio increased by 4-fold from d 1 to d 26. In parallel, 

the cyt-2/cyt-1 ratio was not modulated between the different conditions. These data suggest 

that at d 1, ErbB4 is mainly a JM-a subtype, while at d 26, in the matured heart, ErbB4 is mainly 

JM-b. Concerning the cyt isoforms, no striking differences were measured between d 1 and 26, 

suggesting that there is no switch toward one or the other cyt isoform from non-matured to 

matured cardiac tissue. To characterize more quantitatively the JM-b/JM-a and cyt-2/cyt-1 

expression, primers have been designed to amplify the entire JM or cyt region, and migration 

of the PCR products should be performed.  

Our data show a JM isoform switch during maturation of the rat hearts. Therefore, 

characterization in our cultures of the potential cleavage of the ErbB4-JM-a should be 

investigated. In 2021, Wang et al. addressed the same question as we did, and his results were 

comparable 128. The next step would be to characterize for each cardiac cell type which ErbB4 

isoforms are expressed to have a better understanding of the ErbB4 biology in the heart. 

Moreover, it would be of interest to determine whether under stress conditions, cardiac 

remodeling changes the expression of the ErbB4 isoforms in the cardiomyocytes or not.  

 

Figure 12. Characterization of the ErbB4 isoforms in hearts of rats at 1 to 26 days after birth. ErbB4 has 4 
isoforms. They differ in their Juxta-membrane domain, which can be cleaved or not (JM-a vs. JM-b) and in their 

cytosolic tail, which can contain a PI3K binding domain or not (CYT-1 vs. CYT-2). Rat hearts are not fully matured 

at birth. Therefore, hearts were collected from of 1, 8 and 26 days-old rats and the mRNA expression of the ErbB4 

isoforms was compared over time by real time PCR.  
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4. DISCUSSION  

 

Doxorubicin-induced CHF has been extensively reported, yet, the mechanisms and risk factors 

behind its development are not fully understood and are still to be investigated 51, 52, 129. 

Regrettably, breast cancer patients included in clinical trials combining dox and ErbB2-targeted 

immunotherapy showed increased prevalence to develop dox-induced cardiotoxic side effects 

130. Therefore, the cardiac NRG-1-ErbB2 axis was highlighted as a new potential therapeutic 

target in the prevention of cardiotoxicity after dox-therapy 131.  

What stroke us at the start of this project was that in the available literature, most of the studies 

on dox-induced CHF in vivo are analyzing short term models injected with single or multiple 

highly toxic doses of dox 132, 133. Only few studies established relevant dox-therapy protocols 

aiming to reduce mouse mortality by injecting the animals repeatedly with low doses of dox, 

and following the animals’ cardiac changes and survival to later timepoints than 1 week 70, 74, 

116. Surprisingly, while sex-differences are very well-known to exist in the context of 

cardiovascular disease, they remain unclear in the context of dox-induced cardiotoxicity. Only 

Ventura-Clapier and colleagues compared male and female rats in response to a dox-therapy 

model on the long term 58, 76.  

Several studies have investigated whether NRG-1 protects against dox-induced cardiotoxicity, 

mostly using short-term in vivo experiments or in vitro experiments 73, 100, 134. Only few studies 

aimed to characterize the cardioprotective effects of NRG-1-ErbB2 in a long term in vivo model 

74, 90. Our study therefore aimed to characterize in a long-term doxorubicin-therapy mouse 

model whether a new NRG-1 regimen could exert protective effects against dox-induced 

cardiac and systemic toxicity, and to investigate which mechanisms could be implied in male and 

female mice. 

 

4.1. DOXORUBICIN AND NRG-1-TREATED MICE DEVELOP SEX-SPECIFIC PHYSIOLOGICAL 

AND MOLECULAR CHANGES OVER TIME 

 

4.1.1. MALES ARE MORE SENSITIVE TO DOX-INDUCED TOXICITY THAN FEMALES 

Systemic and cardiac toxicity. Dox-therapy is used in clinics to treat a wide range of tumors 35. 

While the prevalence to develop dox-induced CHF is estimated to be 5% in patients, each 

cancer type is characterized by unique survival rates, metastasis potential, relapse, and last but 
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not least sex prevalence. The heterogeneity between the different tumor types and patient 

features contributes to the difficulty to identify the risk factors associated with the cardiac 

outcomes and CHF. Meiners et al. have summarized the difficulties encountered to constitute 

cohort of patients enabling to study the role of sex as a factor of risk or protection in dox-

induced cardiomyopathy 35. To the best of our knowledge, only Moulin and colleagues have 

rigorously investigated sex-differences in a long term dox-therapy model in rats 76.  

Consistent with Moulin's observations, our dox-therapy induced higher toxicity in males than in 

females: only males showed cardiac atrophy and lung edema. Furthermore, the males had a 

more severe cachectic phenotype at 3 weeks, as they underwent higher body weight loss than 

the females.  

Cardiac architecture and function. While Moulin et al. showed that dox induced a stronger 

decrease in ejection fractions in male than in female rats, our echocardiography measurements 

revealed on the one hand dox-induced compensatory increases in ejection fraction and thickness 

of the left ventricular posterior wall during systole in males at 2 weeks, and on the other hand 

a decrease of total wall thickness with no changes in cardiac function at 3 weeks in the females. 

Interestingly, in males this compensatory response at 2 weeks was accompanied by increased 

expression of β-MHC and GLUT1, two well-known markers of cardiac compensatory responses 

135, 136. The difference between the Moulin study and our own work with respect to the dox-

induced changes in males could be either species dependent, or simply dose dependent 76. 

Concerning the effects of dox in females, the different studies mainly show slight dox-induced 

changes of LVEF or wall thickness. Milano et al. from whom we copied the dox-therapy protocol, 

showed a dox-induced decrease in ejection fraction which lasted up to 6 weeks. At week 6, 

histology analysis showed a dox-induced decrease of the LV and RV free wall thickness, but no 

additional echocardiographic data were presented, suggesting that no changes in wall thickness 

were measured at 3 weeks 116. Similarly, Jay et al. measured in their long term mouse model 

that dox induced a decrease in fractional shortening which was not accompanied by wall 

thickness changes 74. In contrast, in female rats much milder effects of dox have been described 

by Moulin and colleagues, as only a slight decrease in ejection fractions was measured at 8 

weeks 76.  

To partially conclude about our dox-therapy model, few studies have characterized dox-

induced chronic cardiac responses in males. While females have been more studied, the variety 

of dox-therapy protocols described in the literature, as well as the differences between the 

species and mouse strains, make the comparison of studies hard to interpret. Consistent with 

Moulin et al., we showed that male mice undergo a stronger systemic toxicity than females as 
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well as cardiac atrophy. Moulin and colleagues have described dox-induced decreases in 

ejection fractions in male rats, while we showed increased ejection fractions with our protocol in 

male mice. This difference of cardiac function can be explained by the fact that in our 

experiments, male mice were in a cardiac compensatory phase at 2 weeks, while Moulin et al. 

measured decreased ejection fractions at a later time point when compensation was not 

occurring anymore and cardiac dilation could be measured 76. Altogether, our data seem to be 

also in line with what has been observed in clinical studies: Meiners et al. reported that according 

to human studies, male sex was either deleterious or female sex was protective toward dox-

induced cardiac toxicity 35. 

The effects observed in our mice were transient. While no compensatory cardiac effects were 

measured anymore at 3 weeks in males, high body weight losses and mortality were observed. 

According to animal well fare guidelines we were not allowed to follow the males for any 

longer. These data suggest that our dox-therapy protocol might not have been optimal for male 

mice and a dosage refinement should be considered. Concerning the females, no cardiac effects 

were revealed by transthoracic echography at 5 weeks. Since some animals from the NRG/dox 

group started to die, we chose to stop the experiment before the analysis of the 

echocardiography data were done. It is of note that Milano et al. showed in female C57BL/6J 

that dox induced a decrease in LVEF at 3 and 6 weeks. While in our own experiments slight 

effects of dox on cardiac wall thickness were measured at 3 weeks, they were not observed 

anymore at 5 weeks, suggesting that we might have needed to monitor the mice longer to reach 

a state of dox-induced cardiac dilation. 

 

4.1.2. DID NRG-1 PREVENT THE DOX-INDUCED TOXICITY IN MALES? 

Male mice have previously been used to study the protective effects of NRG-1 on dox-induced 

acute cardiac toxicity 74, 134. As explained earlier, studies of acute dox-induced toxicity usually 

rely on the use of highly toxic and clinically irrelevant doses in the range of 20 mg/kg. As a 

matter of fact, Bian and colleagues showed that the injection of a dose of 15 mg/kg dox in 

male mice led to 86% of mortality in males after 2 weeks 73. Therefore, our study is the first to 

characterize the effects of NRG-1 on cardiac parameters in a model of dox-therapy that mimics 

the dox protocols used for patients. Moreover, this is the first time that a new once-every-other-

day NRG-1 regimen was tested in both male and female mice. 

Firstly, our data show that the NRG-1 regimen did not prevent the overall dox-induced toxicity 

in males, namely the loss of body weight, cardiac atrophy and the development of lung edema. 

Still, the NRG-1 regimen tended to prevent the development of a cachectic phenotype in the 
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males at 3 weeks. Interestingly, the trend of our NRG-1regimen to prevent cachexia is in line 

with the Yin study in skeletal muscle or the Galindo study in which it has been reported that 

GGF2, the full length NRG-1β peptide analogue, induces anti-atrophic gene expression and 

prevents atrophic gene expression in intercostal muscles in a model of heart failure in swans 99, 

137. Altogether these data suggest that NRG-1 might indeed have an anti-atrophic effect in 

skeletal muscle, and should encourage more studies to characterize these properties. Secondly, 

our results point toward a protective role of NRG-1 during the dox-induced compensatory 

cardiac response at the functional and architectural level at 2 weeks. Indeed, NRG-1 prevented 

dox-induced increases in ejection fraction and LVPW during systole at 2 weeks. However, no 

differences between the NRG/dox and dox-treated animals were measured for GLUT1 and β-

MHC at the mRNA or protein level at 3 weeks. Consistently, at 3 weeks echocardiography did 

not reveal any significant differences in ejection fraction or wall thickness, suggesting the end 

of the compensatory phase in the dox-treated males. Still, at 3 weeks, the NRG/dox group 

showed lower heart rates than the dox group, hence we couldn’t fully conclude on the NRG-1 

regimen absence of effects on cardiac function at that timepoint, as ejection fractions and heart 

rates are inversely correlated 138.  

Finally, Kaplan-Meier analysis revealed a trend for increased mortality in the NRG/dox group. 

The number of animals in our study was not high enough to draw a final conclusion about any 

effect of the NRG-1regimen on mortality. However, as this is the first time that NRG-1 has been 

tested in a long-term model of dox-therapy, further investigations have to be performed to 

determine the benefit/risk balance of our NRG-1 regimen versus that of alternative NRG-1 

treatment regimens used in the context of dox-therapy. Few studies have highlighted the 

possible deleterious effects of NRG-1 in the context of its use as a curative drug. Zurek et al. 

showed in a rat model of myocardial infarct that rhNRG-1 treatment induced an increase in 

ejection fractions as well as cardiac hypertrophy in a dose-dependent manner. This was 

associated at the highest doses with myocardial contractile disturbances, which were uncovered 

using myocardial strain measurements 95. In our model no hypertrophic response was associated 

with the use of our NRG-1 regimen and we can therefore conclude that NRG-1 did not trigger 

any maladaptive cardiac hypertrophic response. However, strain analysis of our echography 

measurements might be of interest to investigate treatment-induced changes of myocardial 

contractility. Furthermore, clinical trials with GGF2 had to be stopped because of the 

development of hepatic side effects. For this reason, we might want to analyze the collected 

livers in the future 139. 
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4.1.3. IN FEMALES, NRG-1 PREVENTS DOX-INDUCED AUTOPHAGY 

More data are available on females than males concerning dox-therapy in pre-clinical models. 

Two studies have focused on the preventive effects of NRG-1 during dox-therapy aiming to 

follow up on the animals for more than 2 weeks 73, 74. While both Jay et al. and Bian et al. did 

not show any cardioprotective effects of NRG-1 in female mice, Bian et al. showed increased 

survival rates in the NRG/dox-treated mice vs the dox-treated mice, revealing a protective 

effect of NRG-1 on dox-induced mortality in their female model 73, 74. Consistent with these two 

studies, no preventive effects of our NRG-1 regimen on cardiac architecture and function were 

observed in females in our study at 5 weeks. 

It is known that disturbances in protein homeostasis promote heart dysfunction and disease 

development and several studies have shown that dox-therapy is associated with impaired 

autophagy. Nevertheless, no studies have investigated the role of NRG-1 in dox-induced 

autophagy changes in female mice 28, 41.  

Our data show that our NRG-1 regimen had a preventive effect on dox-induced decreases in 

LC3II/I in females at 5 weeks. Furthermore, NRG-1/dox-treated mice showed significantly 

increased AMPK total protein levels in comparison to the dox-treated mice. This suggests that 

NRG-1 might regulate or enhance the AMPK pathway activation in the context of dox-induced 

chronic cardiotoxicity, while in other models such as myocardial infarction, early activation of 

the AMPK had been showed to be NRG-1-independent. Our study did not characterize in which 

features the autophagic flux was modulated by dox in our model or not, and further experiments 

with autophagy inhibitors would be required to do so. 

Interestingly, only one long-term in vivo study, relying on the use of repeated low doses of dox, 

showed increased cardiac LC3II/I ratios in mice 140, 141. While most of the in vivo short-term and 

in vitro studies also indicated that dox increased cardiac LC3II/I or LC3II, few studies highlighted 

dox-induced decreases in LC3II 71, 113, 114, 133, 141, 142. Nevertheless, whether or not LC3II is 

increased or decreased by dox, the different studies agree on the beneficial effects of reversing 

dox-induced LC3II/I modulation. While some studies induced physiologically (starvation, 

exercise) the autophagic process before dox-injection 114, 133, 143, others intended to block it 

pharmacologically, for example with rapamycin 144. In all of these studies, the prevention of the 

dox-induced changes in autophagy was beneficial toward dox-induced cell death and cardiac 

dysfunction, be it in vivo or in vitro. 

Our results show that NRG-1 prevented the dox-induced decrease in LC3II/I. It is of note that 

some studies have highlighted the property of NRG-1 to inhibit the autophagy pathway in 

different organs and cell types 97-100. NRG-1 might exert long term cardioprotective features 
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through the modulation of the autophagic pathway, by increasing AMPK expression as a 

compensatory mechanism. 

 

 

4.2. DOXORUBICIN AND NRG-1 INDUCE EARLY SEX-SPECIFIC MOLECULAR RESPONSES 

 

4.2.1. DOX CHANGES THE AUTOPHAGY PATHWAY IN MALE, BUT NOT IN FEMALE MICE AT 24 H 

As described in 4.1.3, dox-therapy in females decreased LC3II/I at 5 weeks and this was 

reverted by the NRG-1 treatment regimen. These data suggest that NRG-1 prevents dox-

induced protein homeostasis disturbances occurring after long-term treatment. Interestingly, 

NRG-1 increased cardiac AMPK total protein in dox-treated mice, suggesting that NRG-1 

increases the activity of the AMPK as a compensatory and protective mechanism 145. 

Another aim of this study was to determine by which early mechanisms NRG-1 protects against 

dox-induced toxicity in male and female mice, and especially the autophagy pathway and its 

upstream regulators. Thus, we analyzed which metabolic pathways were modulated at 24 h 

after the first dox injection of our protocol and tested whether NRG-1 changed the effects. 

Firstly, our data show that dox treatment tends to decrease LC3II/I in males but not in females, 

suggesting that cardiac autophagy might be disturbed already 24 h after the first injection of 

our protocol in males. On the other hand, no changes in the upstream regulators of autophagy 

AMPK-ACC, ULK1 and FoxO1 were detected in either gender. In contrast to our own finding, 

studies by Li et al. (female mice, day 3, 4 mg/kg) or Kawagushi et al. (rats, day 5, 10 mg/kg) 

show that dox increases LC3II. Consistently, Dutta et al. showed increased LC3II at 24 h after a 

single injection of 10 mg/kg in rats 70, 114, 146. As for the effects of NRG-1, the NRG/dox-treated 

males were not different from the dox-treated saline-controls at the signaling and LC3II/I levels. 

However, the NRG/dox-treated female mice had increased cardiac ACC and ULK1-pS757 

levels. Moreover, in females we provide some first evidence for decreased autophagic flux as 

the LC3II/I was decreased and p62 protein amounts were increased. These data show a clear 

sex-effect of our NRG-1 regimen on dox-induced early toxicity and raises the following 

questions: are the molecular mechanisms underlying dox-induced cardiotoxicity comparable in 

male and female patients? Would both of them benefit from NRG-1 treatment? Does it make 

sense to have common therapies? 
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Secondly, in males and in females, dox-treated animals tended to have increased ErbB2-

pY1248, suggesting that dox-treatment induces the endogenous NRG-1-ErbB2 cardioprotective 

axis at 24 h, and neither ErbB4 nor ErbB2 were downregulated by dox in contrast to the Horie 

et al. study which showed that in male mice ErbB4 receptor started to get decreased from 12 h 

up to day 5 after a 20 mg/kg dox injection 127, 134. The results described by Horie et al. 

probably reflect the receptor downregulation in response to a highly toxic dox dosage. 

However, our study could not reveal any ErbB activation after NRG-1 stimulation of dox-treated 

mice. Indeed, no differences in phosphorylated ErbB2 levels neither in males nor in females in 

comparison to the dox-treated animals was detected. The lack of an effect of NRG-1 could be 

explained as follows. 1) NRG stimulation couldn’t cause any additional effects on the ErbB2 

activation already induced by dox. 2) The animals were sacrificed 1 h after the stimulation, 

which might be too late to observe receptor phosphorylation, which is a transient event. 3) We 

used total protein extracts, which does not allow us to determine if the receptor was at the 

cellular membrane or internalized.  

Downstream of the receptors, the NRG/dox females showed increased phosphorylated ERK1/2, 

whereas the NRG/dox males showed a trend towards increased FAK-pY861 in comparison to 

the sex-matched dox-treated groups. Previous experiments in our laboratory showed that the 

FAK-pY861could be induced by the NRG-1-ErbB4-src pathway, however, it could also be 

induced by other stimuli such as VEGF 112. Furthermore, the ERK1/2 phosphorylation is not a 

specific readout for ErbB activation neither. We also have to keep in mind that the NRG-1 

injection leads to systemic ErbB stimulation, notably in metabolic organs such as the liver or 

skeletal muscle. 1 h after the NRG-1 stimulation it is not excluded that our analysis might reflect 

indirect effects of the NRG-1 stimulation on the heart. 
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4.2.2. NRVM DO MIMIC FEMALE’S CARDIAC MOLECULAR RESPONSE TO DOX AND NRG-1  

One question which emerged from the field of cardio-oncology is whether the dox-induced 

early metabolic disturbances, few minutes or hs after the dox injection, are conditioning the 

cardiac toxicity in patients 129. We aimed to characterize this early response with focus on 

autophagy, using an NRVM model cultured in a medium optimized to detect autophagy changes. 

At 16 h, our model mimicked the females’ response observed at 24 h described in 4.2.1. That 

is to say, almost no effects of the dox-treatment by itself, but decreased LC3II/I ratios 

associated with increased ULK1-pS757 and increased ACC total protein. The use of autophagic 

flux inhibitors allowed us to conclude that the NRG-1 induced decrease in LC3II/I is the 

consequence of NRG-1-dependent inhibition of autophagic flux, at the initiation step, probably 

by increasing phosphorylation of ULK1 at S757, which is known to be inhibitory 26. 

Interestingly, An et al. showed in a NRVM model at 18 h that dox induced an increase of LC3II 

protein contents, and NRG/dox prevented it by bringing the LC3II protein levels similar to the 

ctl conditions by modulating Beclin1, another key actor of the autophagy process initiation 100. 

Likewise, most of the other studies were able to reveal LC3II or LC3II/I modulation by dox at 

timepoints similar to 16 h 71, 100, 113. These differences in cell responses might be due to cell 

culture conditions. Indeed, we use a serum free medium depleted in pyruvate containing 1 g/L 

glucose in order to optimize the autophagic induction. Moreover, as our mice are injected in the 

late afternoon, this would have mimicked the nutritional state of our mice when they receive their 

treatments. On the contrary, most of the published studies used serum containing media for their 

cell culture experiments, and these studies showed in numerus cell culture models dox-induced 

increase in LC3II at 12 h or later. 71, 100, 113, 147. Interestingly, using H9C2 in serum free conditions, 

Bartlett et al. showed a transient increase of LC3II at 2 h and its later decrease vs ctl at 24 h. 

The variety of cell culture models and medium composition are probably affecting the measured 

dox effects. 

Still, the molecular analysis of our NRVM at 16 h and female cardiac lysates at 24 h showed 

similar results thus suggesting that we might use this in vitro model to analyze early metabolic 

pathways changes. 

 

4.2.3. NRG-1 PREVENTS DOX-INDUCED LC3II, AT 1 H, AND INHIBITS THE FOXO1 TRANSCRIPTIONAL 

ACTIVITY. 

The use of our NRVM model allowed us to show that dox induces increased levels of LC3II 

already 30 min after its addition to cells, highlighting that this dox-induced stress response is an 
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acute event. Yet, few of the available studies investigated the effect of dox on the autophagic 

flux and only settled on the LC3 protein expression and lipidation 148.  

Still, our data show that the NRG-1-induced inhibition of the autophagic flux and the NRG-1-

induced increase of ULK1-pS757 can already be observed at 1 h, in presence or absence of 

dox treatment. This indicates that NRG-1 prevents the early dox-induced increase in LC3II, and 

it could be by this mechanism that NRG-1 exerts cardioprotective effects toward dox. At 1 h, 

the NRG/dox treated cells showed increased FoxO1-pT24 phosphorylated levels and 

cytoplasmic location/exclusion, whereas at 6 h, decreased mRNA expression of LC3 and ULK1, 

2 FoxO1 target genes, was observed. These data suggest that in addition to inhibiting 

autophagy initiation, NRG-1 inhibits the expression of autophagy related genes by 

sequestrating FoxO1 in the cytoplasm in our NRVM model. The NRG/dox effects couldn’t be 

observed in cardiac lysates of male or female mice at 24 h. This difference could be due to 

sacrifice timing issue, or to neonate vs adult models. Still, Ennequin et al. previously showed that 

NRG-1β2a stimulation could trigger FoxO1-pS256 phosphorylation, which has the same 

function as the pT24, in murine liver 19, 149.  

 

4.2.4. DOX DECREASES MITOCHONDRIAL CONTENT AND INDUCES COMPENSATORY SUCCINATE 

DEHYDROGENASE ACTIVITY AT 3 H IN NRVM 

On one hand, dox is known to have mitochondrial tropism. It binds to the mitochondrial complex 

I of the mitochondrial respiratory chain and contributes to decreased production of ATP in the 

cell. Moreover, dox has also been showed by Schlattner and colleagues to disturb the cellular 

energy buffer and transport system based on creatine Cr and phosphocreatine PCr 52, 150. 

Numerous studies have described dox-induced decreases in mitochondrial content and quality, 

notably associated with dox-induced mitophagy disturbances 151. On the other hand, NRG-1 is 

a growth factor known to enhance glucose uptake in skeletal muscle and cardiac myocytes. 

NRG-1 also has been shown to improve complex-II mediated mitochondrial respiration in mouse 

gastrocnemius 77, 120, 152. Furthermore, controversial studies suggest that NRG-1 might induce 

mitochondrial biogenesis 120, 121. Therefore, we addressed the question: does dox change 

mitochondrial content and function in our NRVM model and if so, does NRG-1 prevent this? 

Our results show that at 3 h, dox decreased the mitochondrial content and induced a 

compensatory increase in mitochondrial complex II activity with preserved total ATP amounts, 

while the NRG/dox were not different from the control conditions. This suggesting that at 3 h, 

NRG-1 prevents mitochondrial loss of mass and compensatory respiratory response of NRVM 

to dox treatment. At 16 h, the dox-induced compensatory increase of succinate dehydrogenase 



 74 

was not observed anymore, and the loss of mitochondrial mass was stronger than at 3 h. NRG-

1 effects on dox induced mitochondrial contents at 16 h couldn’t be confirmed as more 

experiments are needed due to high variability.  

However, at 6 h NRG-1 did not prevent dox-induced decreases in PGC-1α mRNA levels, 

suggesting that if NRG-1 prevents dox-induced loss of mitochondrial mass it might not be 

through upregulation of the genes related to mitochondrial biogenesis. Yet, PGC-1α and other 

biogenesis actors have to be quantified at the protein level to draw any conclusion on NRG-1 

induced biogenesis effects. Based on these data, it would be of interest to study whether NRG-

1 prevents mitochondrial compartment loss at 3 h by modulating mitophagy, as NRG-1 has been 

shown to modulate the autophagic pathway in numerus studies and in our present work 97-100. 

 

4.2.5. OUTLOOK FOR IGF AND NRG-1 CROSS TALK?  

IGF-I is known to have cardioprotective properties in the context of heart failure and 

cardiotoxicity 153. The more the IGF-I receptor (IGF-IR) is activated, the more the protective 

mechanisms are activated due to stress. Interestingly, when we analyzed IGF-IR phosphorylation 

in the 3 weeks animals. The IGF-IR-phosphorylation was correlated with the effects of dox. 

When we ranked the animals, the highest phosphorylation rates were in the dox groups, while 

the intermediate ranks were mostly attributed to the nrg/dox group. These data suggest that 

NRG-1 was protective toward dox-induced cardiotoxicity. 

This is of note, because previous experiments in our laboratory have revealed an additive effect 

of the NRG-1 in IGF-I or insulin-stimulated NRVMs. Also, in astrocytes, IGF and NRG-1 co-

treatment have been shown to increase mitochondrial biogenesis 121. Moreover, we have to 

keep in mind that dox-treated mice do secrete endogenous NRG-1. Some more characterization 

of potential cross talk of NRG-1and IGF in the context of heart disease might be considered in 

future studies. 
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5. CONCLUSIONS AND PERSPECTIVES 

 

This study characterized for the first time the effects of a new non-daily NRG-1 regimen in a 

dox-treatment protocol on long term cardiac modulations in male and female mice. Thereby, 

we showed in vivo that dox has a higher toxicity in males than in females, consistent with the 

literature. While dox induced cardiac compensatory response in males, females underwent much 

milder cardiac toxicity event. Our major finding there was the preventive effects of the NRG-1 

treatment on the male’s compensatory response, revealed by ultrasound. Surprisingly, evidences 

for mortality related to the NRG-1 therapy were measured in both sex, and further experiments 

would be required to define whether our NRG-1 regimen was deleterious on the mice survival 

upon dox-treatment.  

Secondly, we aimed to uncover by which mechanisms the NRG-1 could exert cardioprotective 

effects with a special focus on the autophagic pathway. We showed for the first time that 24 h 

after a single injection of our protocol, dox strongly decreased the LC3II/I in males while it did 

not in females. NRG-1 restimulation did not induce any effect in males, while in females NRG-1 

did decrease LC3II/I ratios vs dox. These results highlighted sex-difference in response to dox 

at the molecular levels at 24 h. Similarly, NRG-1 only had effects in females at that time point. 

These data suggest that more investigations of sex-related response to NRG-1 should be 

investigated to address NRG-1 as a preventive treatment with the best benefit-to-risk balance 

as possible.  

Finally, the use of NRVM model allowed us to point the mechanisms whereby NRG-1 could have 

a protective effect in cardiomyocytes at 1 h toward dox-induced autophagy disturbance. In this 

cell culture model, NRG-1 prevented dox-induced autophagy by blocking the autophagic flux 

at the initiation step. This was associated with the inhibition of the ULK1 protein. Moreover, for 

the first time our data show that NRG-1 prevented FoxO1 transcriptional activity by 

sequestering it in the cytoplasm. Therefore, decrease of the ULK1 and LC3B gene expression 

was observed at 6 h. Finally, preliminary data showed that NRG-1 prevented dox-induced 

decrease in mitochondrial contents, it would be of interest to investigate whether it was due to 

a decrease in mitochondrial clearance, or an amelioration of the mitochondrial function by sea 

horse experiments as an example.  

In the future it would be of interest to evaluate ex vivo, in an adult system the observations we 

did in NRVM. Characterizing in further details the sex-differences of NRG-1 single injections 

and regimens on cardiac molecular events would be of highest interests and allow to ensure 

personalized-medicine treatments. Finally, in the laboratory, the establishment of a mice model 
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of xenograft breast tumor would also of interest. In the future we plan to treat the mice with 

dox, and it would be of high interest to assess 1) if the NRG-1 has protective effects toward 

dox-induced cardiac toxicity in this model, and 2) the effects of NRG-1 on the tumor regression. 
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