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resumo  

 

  

Nas últimas décadas tem-se verificado um aumento significativo na taxa 
de sobrevivência em doentes com cancro, principalmente devido ao uso 
de novas modalidades de tratamento, envolvendo a quimioterapia e a 
imunoterapia. No entanto, a utilização de muitos destes tratamentos, 
como os que envolvem a administração de doxorrubicina e trastuzumab, 
é limitada pela sua toxicidade. Com o objetivo de melhor compreender a 
toxicidade associada ao tratamento com doxorrubicina e trastuzumab, na 
primeira parte desta dissertação procedeu-se a uma revisão dos 
mecanismos moleculares regulados por estes tratamentos nas diferentes 
células que constituem o coração. Enfase é dado ao envolvimento da 
sinalização mediada por ROS e HER2 na cardiotoxicidade induzida por 
esta abordagem terapêutica, mas outras vias moleculares são 
criticamente analisadas. 
Para além do impacto negativo que exerce na função cardíaca, o 
tratamento com doxorrubicina também pode comprometer a função do 
músculo esquelético, afetando a qualidade de vida dos pacientes 
oncológicos. Com o objetivo de compreender melhor a toxicidade 
induzida pela doxorrubicina no músculo esquelético, procedeu-se a um 
estudo experimental com ratinhos macho adultos expostos a tratamento 
com doxorrubicina durante 3 semanas (dose cumulativa de 9mg/Kg ou 
18mg/Kg). No final do protocolo animal recolheram-se os músculos soleus 
e gastrocnemius. Uma vez que o músculo soleus foi o que evidenciou 
sinais macroscópicos de atrofia, procedeu-se à sua análise bioquímica, 
com particular destaque para as adaptações metabólicas e mecanismos 
regulatórios envolvidos. De facto, os nossos resultados revelaram um 
aumento significativo dos níveis das enzimas glicolíticas GAPDH e PFK1, 
após a administração de doxorrubicina, indicando uma maior 
dependência metabólica do músculo soleus pela glicólise para fins 
energéticos. Curiosamente, esta adaptação metabólica não foi 
acompanhada por alterações na dinâmica mitocondrial e na via ubiquitina 
proteassoma. Em conclusão, o nosso estudo mostra que o tratamento 
com doxorrubicina promove a remodelação do músculo soleus, 
principalmente a nível metabólico. No entanto, serão necessárias mais 
análises para melhor compreender os mecanismos reguladores 
subjacentes à remodelação molecular promovida pela doxorrubicina no 
músculo esquelético. 

Cardiotoxicidade; Doxorrubicina; Trastuzumab; Remodelação do 
músculo esquelético; Metabolismo. 
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abstract  

 

  

In the last few decades, there has been a significant increase in the survival 
rate of cancer patients, mainly due to the use of ever-improving treatment 
modalities, such as chemotherapy and immunotherapy. However, the use 
of these treatments, such as the ones involving doxorubicin and 
trastuzumab, have been accompanied by severe toxicity, especially with 
serious cardiac toxicity. To better understand the toxicity induced by 
doxorubicin plus trastuzumab, in the first part of this thesis, it is presented a 
review integrating the molecular mechanisms harbored in the different 
cardiac cell types and regulated by these therapeutic approaches. This 
analysis emphasizes the involvement of ROS and HER2 signaling in the 
damaging effect of this combined treatment, but other pathways intervene. 
In addition to cardiotoxicity, doxorubicin may also impact skeletal muscle 
function, consequently affecting the quality of life of cancer patients. Thus, 
to better understand the toxicity induced by doxorubicin in skeletal muscle, 
adult male mice were exposed to treatment with doxorubicin for 3 weeks 
(cumulative dose of 9mg/Kg or 18mg/Kg). At the end of the protocol, soleus 
and gastrocnemius muscles were collected. Our study focused on the 
molecular remodeling of the soleus muscle  since macroscopic signs of 
atrophy induced by doxorubicin were observed. The biochemical analysis 
focused on the effect of doxorubicin on soleus metabolic adaptations and 
regulatory mechanisms involved. Data revealed a significant increase in 
GAPDH and PFK1 levels, after doxorubicin administration, indicating a 
metabolic shift in favor of glycolysis for energetic purposes. This metabolic 
adaptation was not accompanied by changes in mitochondrial dynamics 
and in the regulation of ubiquitin-proteasome pathway. In conclusion, our 
study shows that doxorubicin treatment in mice promotes the remodeling of 
soleus muscle, mainly at the metabolic level; however, more pathways 
should be evaluated to better comprehend the molecular adaptations 
promoted by doxorubicin in skeletal muscle and their functional impact. 

 

Cardiotoxicity; Doxorubicin; Trastuzumab; Skeletal muscle remodeling; 
metabolism. 
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1. Introduction 

Cancer is the second leading cause of death worldwide (1); however, over the past few 

decades, the survival rate of cancer patients has significantly increased, regardless of the 

growth and aging of the population (2). This improvement in survival is explained by the 

ever-improving treatment modalities (3). New drugs have been developed, treatments have 

been combined in new ways, and optimal dosing and scheduling have been identified for 

existing treatments. There are many classes of chemotherapy drugs, often used in different 

combinations and strengths (4,5). Among these, anthracyclines represent a highly effective 

option for a wide range of tumors since their discovery in the 1970s (6). The main antitumor 

effect of anthracyclines appears to be the inhibition of topoisomerase II, through 

intercalation in DNA, thus causing both cytotoxicity and apoptotic death of tumor cells (7). 

Unfortunately, their potent antitumor activity has been hampered by severe tissue toxicities, 

especially muscular (cardiac and non-cardiac) toxicity (8). Chemotherapy-related 

cardiovascular (CV) complications include left ventricle ejection fraction (LVEF) 

dysfunction (usually asymptomatic but in some cases associated with clinical heart failure), 

progression of coronary artery disease, hypertension, thromboembolism, arrhythmias, 

among others (9). Indeed, after treatment with Dox, the most widely used anthracycline, the 

occurrence of congestive heart failure is approximately 4% with a dose of 500-550 mg/m2 

but increases to 18% with a dose of 551-600 mg/m2 and 36% with a dose higher than 601 

mg/m2 (10). Although the toxicity induced by Dox is related to the cumulative dose, toxicity 

is often found in patients with low doses, which reveals that a lower dose of this drug does 

not prevent the toxicity induced by it (11). 

The precise molecular mechanisms by which Dox induces cardiac dysfunction are still 

not completely elucidated (12). Despite various and interconnected intracellular signaling 

pathways have been described, several studies indicate reactive oxygen species (ROS) 

production as the major mechanism underlying Dox-induced cardiotoxicity (12,13). 

Excessive ROS lead to the damage of mitochondria, which in turn, produces more ROS, 

forming a vicious cycle (14). Given the high quantity of mitochondria present in 

cardiomyocytes, the heart is especially harmed by Dox (15). Nevertheless, other molecular 

pathways were implicated in Dox toxicity, such as neuroregulin-1 and endothelin-1 mediated 

ones (16,17). 
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The likelihood of developing Dox-induced cardiotoxicity increases when combined with 

other potentially cardiotoxic drugs like trastuzumab (18). Trastuzumab is a recombinant 

humanized monoclonal antibody, developed to treat patients with overexpression of human 

epidermal growth factor receptor 2 (HER2) oncogene, which happens in approximately 25% 

of breast cancer (BC) patients (18) and in about of 17.9% of gastric and gastroesophageal 

cancer patients (19). In the setting of BC, it is estimated that 1% to 4% of patients treated 

with trastuzumab develop overt heart failure, and nearly 10% to 23% experience LVEF 

reduction; however, this cardiotoxicity is often reversible (20). Several studies suggest that 

when trastuzumab and anthracyclines are concomitantly used, the incidence of trastuzumab-

induced cardiotoxicity is significantly increased (21,22). Even so, the combination of Dox 

and trastuzumab is used as standard care in the treatment of patients with BC (20,23). 

Nevertheless, the molecular mechanisms behind the cardiotoxicity associated with this 

treatment combination remain elusive (24).  

In addition to the cardiotoxicity associated with the use of anthracyclines, Dox treatment 

also contributes to the development of body wasting and fatigue in cancer patients, which 

negatively impacts quality-of-life and increases the risk of morbidity and mortality in these 

patients (25). These side-effects are associated, at least in part, to skeletal muscle wasting 

and seem to be dose-dependent, with higher doses of Dox promoting more muscle atrophy 

(26). Several studies have attempted to identify the molecular mechanisms responsible for 

Dox toxicity in skeletal muscle, envisioning to develop strategies to prevent or counteract 

such toxicity (27,28). Although the complete understanding of the mechanisms responsible 

for Dox-related toxicity in muscle remains vague, experimental studies suggest that 

mitochondrial dysfunction plays a central role (28). Dox-induced mitochondrial impairment 

results from a robust increase in ROS production, which seems to occur at several sites. 

Nevertheless, the primary site of ROS production occurs at oxidative phosphorylation 

(OXPHOS) complex I via the single electron reduction of Dox (26). An unstable 

semiquinone is generated and forms a redox cycle, donating an electron to oxygen to form 

the superoxide radical, that in turn enhances ROS production and mitochondrial dysfunction 

(29). This Dox-related increase in ROS production is associated with enhanced myofibrillar 

and cytosolic protein degradation, disrupting muscle contraction and causing fiber atrophy 

(30). Dox seems to induce an imbalance between anabolic and catabolic pathways in skeletal 

muscle towards the inhibition of protein synthesis and acceleration of proteolysis (31). In 
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addition, alterations in fibers metabolism have been demonstrated in skeletal muscle after 

Dox administration. Indeed, this drug has been shown to induce oxidative-to-glycolytic 

metabolic shift in soleus muscle (31,32). Metabolic changes that impair the adequate ATP 

production by OXPHOS and glycolysis and the accumulation of their metabolic by-products 

may lead to skeletal muscle fatigability (33). The mechanisms by which Dox impairs skeletal 

muscle functionality need to be further clarified, envisioning the development of strategies 

to counteract the associated morbidity. 

 

2. Aims 

The precise molecular mechanisms by which Dox and trastuzumab induce cardiac 

dysfunction are still not completely elucidated. To provide additional insight on this topic, 

an integrated and critical overview of the signaling pathways triggered by Dox and 

trastuzumab in cardiac cells is performed in a narrative review presented in chapter II.   

To contribute to the better comprehension of Dox-induced toxicity on skeletal muscle, 

we performed an experimental work (chapter III) using adult male mice exposed to chronic 

treatment with Dox (cumulative dose of 9 mg/Kg or 18 mg/Kg). Our aim was to characterize 

the soleus muscle remodeling induced by Dox, through the biochemical analysis of the 

metabolic adaptations and regulatory mechanisms involved.  
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1. Introduction  

Over the last thirty years, the survival rate of cancer patients has significantly increased 

due, at least in part, to the discovery of novel therapeutic options and the accessibility to 

earlier diagnosis (1,2). However, many of cancer survivors experience long-term side effects 

of treatments (3). For instance, in the set of breast cancer (BC), the most common cancer 

among women, cardiovascular (CV) complications are a major concern (4,5). Indeed, BC 

treatments and CV health have a close relationship, since the existence of previous 

cardiopathy can affect treatment selection, while cancer treatments can result in CV 

toxicities that can influence ongoing treatment and cancer mortality (5). 

The exposure to traditional cytotoxic therapies, particularly anthracyclines, the setting of 

new antitumor agents also with harmful effects towards the heart (i.e. trastuzumab) and 

combined treatments (i.e. anthracyclines and trastuzumab, among other cardiotoxic 

combinations) increased the risk for CV events after cancer treatments (6). Anthracyclines-

related CV complications include left ventricle ejection fraction (LVEF) dysfunction, which 

is mostly asymptomatic but can result in clinical heart failure, progression of coronary artery 

disease, hypertension, thromboembolism, arrhythmias, among others (7). Doxorubicin 

(Dox), the most widely used anthracycline, is highly active against a variety of neoplastic 

diseases. Nonetheless, the use of this drug is limited by the dose-dependent cardiotoxic effect 

(8). While acute toxicity is usually considered reversible, research suggests that 

anthracyclines can originate a progressive injury process that continues over the years (9), 

which can lead to dose-cumulative heart failure (10). The occurrence of congestive heart 

failure is approximately 4% with a cumulative lifelong dose of 500-550 mg Dox/m2 but 

increases to 18% with a cumulative dose of 551-600 mg/m2 and 36% with a dose higher than 

601 mg/m2 (11). It should be noted that the recommended lifetime cumulative dose for 

treatment with Dox should not exceed 550 mg/m2 (12); however, patients who receive 

cumulative doses of 400 mg Dox/m2 also exhibit cardiotoxicity (13), revealing that 

cumulative doses below the recommended limit also promote toxicity. 

Regardless the amount of studies referring to classic chemotherapeutics-induced 

cardiotoxicity, the emergence of cancer targeted therapies led to the believe that some of the 

adverse effects of chemotherapy, like cardiotoxicity would decrease (14). Surprisingly, 

cardiotoxicity was more severe and frequent when newer targeted drugs like trastuzumab 

were applied clinically. Trastuzumab is a recombinant humanized monoclonal antibody that 
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was developed to treat patients with overexpression of human epidermal growth factor 

receptor 2 (HER2) oncogene. HER2 is a tyrosine kinase receptor that belongs to the 

superfamily of epidermal growth factor receptors (15). Four isoforms have been documented 

in humans (HER1-HER4). Each receptor consists of a single transmembrane ligand-

activated tyrosine kinase and a carboxyl-terminal regulatory domain. HER2 is the only 

receptor of the ErbB family,  also known as the EGF receptor family, that has no high-affinity 

ligand known; however, it is the most important receptor, because it plays a key role in cell 

survival and dimerizes with the other receptor isoforms (16). HER2 overexpression happens 

in approximately 25% of BC patients (17–20) and in 10-25% of gastric cancers (21). These 

patients experience more aggressive tumors and have a lower survival rate (20,22). The 

trastuzumab is a clinical option on those situations. The cardiotoxicity of trastuzumab varies 

according to the available clinical studies, but a classical report done in the clinical practice 

showed a higher incidence of cardiotoxicity than the initial clinical studies have 

demonstrated (23). Indeed, it was observed that 0.6 to 3.8% of patients treated with 

trastuzumab develop chronic heart failure, and nearly 4.1 to 30.1% experience significant 

LVEF reduction; however, this cardiotoxicity is often reversible (24). Nevertheless, several 

studies suggest that when trastuzumab and anthracyclines are concomitantly used, the 

incidence of trastuzumab-induced cardiotoxicity synergically increases  (20,25). 

Nevertheless, the combination of Dox and trastuzumab is used as standard care in the 

treatment of HER2- positive BC patients (23) and the molecular mechanisms behind the 

cardiotoxicity associated with this treatment combination remain elusive (20). The current 

paper overviews, in an integrated perspective, the signaling pathways harbored in 

cardiomyocytes and in other cardiac cells that are modulated by Dox and trastuzumab and 

that impact the clinical outset of the treated patients.  

 

2. The molecular mechanisms modulated by doxorubicin in cardiomyocytes  

Dox enters cancer cells through passive diffusion, mediated by transporters or by 

endocytosis. Dox may establish electrostatic and hydrophobic interactions with cell 

membranes, enabling Dox to enter cells by passive diffusion (26,27), but Dox uptake may 

also be mediated by solute carrier (SLC) transporters, including SLC22A16 (28). In the 

nucleus, Dox intercalates into the DNA and inhibits topoisomerase IIα (Top IIα) through the 

formation of Top II-Dox-DNA ternary complex (also called the cleavage complex) (29), 
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hindering the proliferation of cancer cells and leading to their death (30). This mechanism is 

key for its anticancer properties. Nonetheless, while Dox can enter into cardiomyocytes 

through the same transport mechanisms, mentioned before (31,32) (Figure 1), Top IIα is 

mainly expressed in proliferating cells, but Top IIβ is expressed in post mitotic cells, such 

as adult cardiomyocytes (33). Indeed, in cardiac cells, DNA Top IIβ is highly expressed, not 

only in the nucleus but also in the mitochondria (34). Dox conjugates with Top IIβ and DNA 

(34,35) and induces topological changes in this biomolecule, the accumulation of protein-

DNA adducts, double strand breaks of nDNA or mtDNA, activating DNA damage response 

and apoptosis (13,30) (Figure 1). Dox can rapidly intercalate into mtDNA, inhibiting mtDNA 

synthesis and causing mtDNA depletion. Indeed, mtDNA represents an important cellular 

target of Dox, which possible contributes to the mitochondrial and, consequently, to the 

cardiac toxicity associated with Dox use (36). Dox modulates other molecular mechanisms 

in cardiomyocytes beyond Top IIβ inhibition. In fact, the pathophysiology of Dox-related 

cardiotoxicity is recognized to be a multistep process that involves the cross-talk between 

several signaling pathways and between different cell types (37).  
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2.1. Oxidative stress: the “traditional” trigger of Dox cardiotoxicity 

Oxidative stress has been considered for several decades and, therefore, was the most 

described molecular process associated to the complex pathophysiology of Dox-induced 

cardiotoxicity (38). It was believed that reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) produced by the redox cycle of Dox to its semi-quinone radical within the 

cardiomyocytes (39) were not effectively removed/neutralized due to low levels of cardiac 

antioxidant enzymes, such as glutathione peroxidase (GPx), catalase, and superoxide 

dismutase (SOD) (37). In fact, the heart has low levels of antioxidant systems but high 

oxygen consumption rates, with high basal formation of superoxide anion radical. Therefore, 

Figure 1. The signaling pathways modulated by Dox on cardiomyocytes, highlighting 

ROS generation, mitochondrial damage, apoptosis, disruption of calcium homeostasis, 

metabolic changes, auto(mito)phagy dysregulation, sex hormones regulation and 

activation of ET-1-mediated pathway.  (Figure made with Servier Medical Art). 

↑, upregulated; ↓, downregulated; AMPK, AMP-activated protein kinase; ASK1, apoptosis signal-

regulating kinase 1; ATP, adenosine triphosphate; Bnip3, Bcl-2-like19kDa-interacting protein 3; Ca2+, 

calcium ion; Cyt c, cytochrome c; Dox, doxorubicin; Doxol, doxorubicinol; Dox-SQ, doxorubicin 

semiquinone; DR, death receptor; ER, estrogen receptor; ET-1, endothelial-1; ET-A, endothelial receptor 

A; FAO, fatty acid oxidation; Fe2+, ferrous ion; IRP-1, iron regulatory protein 1; JNK, c-Jun NH2-terminal 

kinase; MDR, multiple drug resistance; mPTP, mitochondrial permeability transition pore; Na+, sodium 

ion; NF-kB, nuclear factor kappa B; NRG-1, neuregulin-1; PLC, phospholipase C; ROS, reactive oxygen 

species; TopIIβ, topoisomerase IIβ. 
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cardiomyocytes are particularly prone to oxidative damage (40) (Figure 1). ROS are formed 

by electron exchange between the Dox quinone moiety and oxygen, and through the 

formation of complexes with iron (41). In physiological conditions, iron free levels are 

usually low and are tightly controlled; however, Dox interferes with the activity of proteins 

that transport and bind intracellular iron (42). Dox can interact with iron-responsive elements 

(IREs) of the ferritin heavy and light chains. Ferritin operates as an iron transporter, 

decreasing free iron within the cell. The consequent disruption of this protein expression 

caused by Dox eventually increases free iron (43). Next, Dox can directly bind to iron and, 

in the presence of oxygen, it can cycle between the Fe(II) and Fe(III) state. The reactions 

involved are accompanied by the formation of ROS (44), which ultimately can lead to cell 

death (Figure 1). 

Moreover, doxorubicinol (Doxol), a Dox metabolite formed through the reduction of 

Dox side chain C-13 carbonyl group by NADPH-dependent aldo/ketoses or carbonyl 

reductases (41), seems to be more toxic to cardiac cells than Dox when formed intracellularly 

(45), in opposition to the observed in tumor cells (46). This metabolite, Doxol, removes iron 

from the catalytic Fe-S cluster of the cytoplasmic iron regulatory protein 1 (IRP-1) (47). The 

reduction of IRP-1 causes an increase in free iron, which might lead to ROS production, 

mostly through Fenton reaction (48).  

One of the consequences of increased ROS generation, and the subsequent depletion of 

cellular glutathione (GSH), is the downregulation of multidrug resistance (MDR) 

transmembrane drug efflux-transporters (49). In cardiomyocytes, these transporters may 

protect from Dox toxicity (50), as multidrug resistance protein 1 (MRP1), a member of the 

subfamily C of ABC transporters, mediates the ATP-dependent efflux of a wide range of 

chemotherapeutic drugs, such as Dox (50). The downregulation of MRP1 was related with 

the rise of Dox-induced cardiotoxicity Mrp1/Abcc1 null mice (50).  

Oxidative stress has been considered the major trigger of Dox cardiotoxicity; however, 

it is uncertain if it is a cause or a consequence of Dox-induced cell damage. Moreover, 

prevention strategies relied on antioxidants are far from success. 

 

2.2. Neuroregulin-1 and endothelin-1 signaling pathways 

The growth factor neuregulin-1 (NRG-1) and its EGFR family of tyrosine kinase, also 

known as ErbB or HER, might also be inhibited by Dox. NRG-1/HER2 and HER4 signaling 
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is critical for cardiac development (51) and for maintaining the myocardial architecture 

during adulthood (52). The activation of HER2 and the subsequent activation of downstream 

signaling may be an early survival response to Dox injury (53,54) (Figure 1). HER2 

activation occurs before any evidence of functional systolic deficits caused by the 

anthracycline and seems to involve post-transcriptional mechanisms since no changes in 

HER2 mRNA were observed (54). HER2 receptor and the downstream Akt, p70S6K, and 

ERK-1/2 pathways were implicated in the polymerization of actin and in the synthesis of 

myofibrillar proteins in cardiomyocytes (55). HER2 was also involved in the regulation of 

antioxidant systems such as GPx and catalase, protecting cardiomyocytes from ROS-related 

injury (56). Moreover, mice with heterozygous knockout of the neuroregulin-1 gene and 

treated with Dox evidenced higher impairment of LVEF function and decreased survival 

compared to wild-type mice treated with this drug (53).  

Dox also induces the overexpression of endothelin-1 (ET-1) (57), a potent 

vasoconstrictor peptide produced by the endothelium (58) and also by cardiomyocytes (59). 

This peptide was reported to have a positive inotropic effect on the myocardium, through 

the activation of phospholipase C (60) and to induce hypertrophy of cardiomyocytes (61). 

By increasing the release of Ca2+ from the sarcoplasmic reticulum through IP3 signaling, 

ET-1 stimulates contraction. Calcium load in cardiomyocytes also predisposes to 

cardiomyocytes apoptosis and cardiac dysfunction (62). Mice pretreated with an endothelin 

receptor antagonist attenuated Dox-induced cardiotoxicity (63).  

Taken together, NRG1 seems to be effective in attenuating Dox-induced cardiac damage, 

whereas ET-1 potentiates it. Thus, ET-1 inhibition may present therapeutic benefits for 

patients treated with Dox. 

 

2.3. Mitochondria-dependent signaling pathways 

Mitochondrion has been recognized as the main organelle damaged in the heart by Dox 

(42). This organelle comprises up to 35% of total cardiomyocyte volume, making this cell 

type particularly sensitive to Dox and its metabolites (64). Indeed, aglycone metabolites of 

Dox were reported to have greater effects on mitochondria than the parent drug (65). One of 

their central molecular targets is cardiolipin (CL), a phospholipid specific of the inner 

mitochondrial membrane involved in the stabilization of oxidative phosphorylation 

(OXPHOS) complexes (66). CL is required for the structural integrity and full activity of 
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OXPHOS complexes (67). Being cationic, Dox can bind with high affinity to CL, an anionic 

molecule, forming a nearly irreversible complex with negative impact in the fluidity and 

functionality of mitochondrial membranes (42). Thus, Dox accumulates in mitochondria 

where the redox cycling of quinones will be prominent and OXPHOS complexes become 

uncoupled (37), resulting in decreased production of adenosine triphosphate (ATP) (68). 

Furthermore, the inhibition of OXPHOS complexes I and II results in increased ROS 

generation. The quinone moiety in Dox chemical structure is reduced by complex I into a 

reactive semiquinone free radical, which, in turn, when reacts with oxygen, leads to the 

generation of the superoxide radical anion (69), as stated before. The ROS generated either 

by direct cycling and by OXPHOS complexes uncoupling, disrupts intracellular and 

mitochondrial Ca2+ homeostasis, impairing normal beat-to-beat contractile activity (69). 

Furthermore, the increase in Ca2+ intracellular concentrations seems to be favored by Doxol 

metabolite, which inhibits the sodium/calcium exchanger channel and sodium/potassium 

pump at the sarcolemma (41), further impairing mitochondrial Ca2+ homeostasis. 

Mitochondrial Ca2+ overload prompts mitochondrial permeability transition pore (mPTP), 

leading to the dissipation of transmembrane potential and to increased permeability of the 

outer membrane (70). These disturbances might lead to ultrastructural pathologic changes, 

such as mitochondrial swelling and myelin figures inside the mitochondria (42).  

 The loss of mitochondrial membrane potential and the rupture of mitochondrial outer 

membrane after Dox treatment can lead to the release of cytochrome c. In the cytosol, 

cytochrome c activates apoptosis (71). Dox-induced apoptosis of cardiomyocytes might also 

occur through other mechanisms. One of them is also mediated by ROS (42), a triggering 

player that activates apoptosis-signal regulating kinase-1 (ASK1) and the downstream c-Jun 

NH2-terminal kinase (JNK), and p38 MAPK pathways (72). ROS also activates the 

transcription factor NF-ĸB, which upregulates apoptotic genes, including Fas, c-Myc and 

p53 (73). The activation of p53 by superoxide radical anion and hydrogen peroxide leads to 

the downregulation of GATA-4 transcription factor (74) and to the overexpression of Bax 

genes, prompting the mitochondrial pathway of apoptosis that culminates in caspases 

activation (75). There are experimental evidences that support the activation of caspase-3 

following Dox treatment, in both rat primary cultured cardiomyocytes and rat hearts (76). 

Dox-mediated apoptosis might also involve the upregulation of death receptors (DRs) (42), 

including the TNF receptor 1 (TNFR1), Fas, DR4 and DR5 (30). Activation of DRs 
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stimulates the assembly of a death-inducing signaling complex (DISC) that activates a 

caspase cascade and ensues the cleavage of cellular proteins, ultimately leading to the 

apoptosis of target cells (30) (Figure 1).  

The decrease in ATP levels that follows DOX-induced mitochondria impairment leads 

to an increase of AMP/ATP ratio with the consequent activation of AMP-activated protein 

kinase (AMPK). This serine/threonine kinase senses energy status and activates metabolic 

pathways, such as fatty acid oxidation, to maintain energy homeostasis and protect the 

myocardium from apoptosis (77). However, AMPK seems to be repressed by Dox, even 

after acute exposure to low drug doses (78). Thus, Dox-induced inhibition of AMPK 

exacerbates cardiac energetic stress (79). Given the role of AMPK in the regulation of 

glucose and fatty acid metabolism (77), the impaired utilization of these energetic substrates 

is likely in Dox-treated hearts (Figure 1). Indeed, the gene expression of proteins involved 

in glucose and fatty acid oxidation was reported to be downregulated in rats treated with Dox 

(80). The inhibition of these pathways may also contribute to the activation of Akt-mTOR 

(81), autophagy (82) and cell death pathways (9).  

Therefore, Dox has been considered a major mitochondrion toxin whether by disrupting 

their function and homeostasis as by unleashing several death pathways that ultimately 

involve this organelle.  

 

2.4. Auto(mito)phagy dysregulation  

Autophagy may also be triggered by Dox. This process comprises several steps that leads 

to the formation of the phagophore, which engulf the cargo, forming the autophagosome. 

Then, lysosomes fuse with the autophagosome and the lysosomal enzymes degrades the 

cargo (83,84). Dox-induced formation of autophagosomes was reported in cardiac cells, both 

in in vitro and in vivo (85,86). Upregulation of autophagy was associated to Dox-induced 

cardiotoxicity (87); however, autophagy function is dysregulated by it (88). Several studies 

suggest that Dox leads to an overactivation of autophagy initiation but prevents autophagy 

completion due to deleterious effects on lysosomes (89–91). The resulting accumulation of 

lysosomes’ undegraded cargo promotes ROS overproduction in cells, contributing to their 

death (83).  

The clearance of damaged mitochondria by selective autophagy (mitophagy) is also 

activated by Dox. Two major pathways have been described in cardiomyocytes exposed to 
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Dox: Parkin/PTEN-induced kinase 1 (PINK1)-mediated mitophagy and Bcl-2-like 19kDa-

interacting protein 3 (Bnip3)-mediated mitophagy (92,93). PINK1 accumulates on the outer 

membrane of mitochondria when they lose membrane potential. Then, the E3 ubiquitin 

ligase parkin is recruited and once activated, elicits the ubiquitination of outer mitochondrial 

membrane proteins that interacts with protein p62. LC3-II may interact with p62 leading to 

autophagosome engulfment of mitochondria (94,95). The expression of both PINK1 and 

parkin was reported to be increased in response to Dox, and parkin translocation to 

mitochondria was verified (92). Nevertheless, a biphasic response of Parkin/PINK was 

verified in mice hearts following Dox administration, being characterized by low levels five 

days after treatment and higher levels two weeks after (96), possibly due to a putative 

adaptive situation. On the other hand, Bnip3-mediated mitophagy involves the translocation 

of Bnip3 to mitochondria and the consequent promotion of permeability transition and 

depolarization, functioning more upstream. Bnip3 can also recognize LC3 and trigger 

mitophagy. Indeed, Dox-induced mitochondrial perturbations and cell death of ventricular 

myocytes have been associated with Bnip3 related mechanisms (97) (Figure 1). Thus, 

mitophagy plays a crucial role in cardiomyocyte survival under Dox-induced stress, but 

beyond a certain threshold it can promote cell death (98). 

 

2.5. Sex hormones interfere with Dox toxicity 

Cardiac cells express progesterone (PgR), estrogen (ERα, ERβ, and GPER) and androgen 

(AR) receptors that are functionally responsive to sex hormones (99) and Dox cardiotoxicity 

may also be modulated by these hormones. Indeed, 17β-estradiol was reported to suppress 

Dox-induced oxidative damage in human cardiac cell lines (100) and in animal models (8). 

Dox-treated spontaneously hypertensive rats with SST-2 breast tumor showed little to no 

estrogen or testosterone, which was associated with higher cardiotoxicity assessed by cardiac 

lesion score and circulating troponin T (40). Estrogen was also reported to prevent 

cardiomyocyte apoptosis, relieve left ventricular hypertrophy and protect against the 

development of cardiac fibrosis in women (101). These protective effects of estrogen may 

be related to its antioxidant effect in preventing fatty acid and cholesterol peroxidation and 

in maintaining the levels of GPx, catalase, and SOD (102). Estrogen also seems to prevent 

Dox-induced cardiac metabolic stress. Indeed, Dox was shown to deregulate the cardiac 

energetic status in male rats, whereas energy metabolism was preserved in females under the 
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same therapeutic protocol (80). These data support the protective role of estrogens against 

Dox cardiotoxicity, possibly explaining the higher risk of postmenopausal BC patients for 

heart failure (103). 

3. The molecular mechanisms modulated by trastuzumab in cardiomyocytes 

Trastuzumab is a humanized monoclonal antibody that targets the extracellular domain 

of HER2, also referred to as ErbB2 (104). This first-generation targeted therapy drug when 

combined with chemotherapy drugs reduces the risk of HER2-positive BC and gastric cancer 

recurrence and death compared to chemotherapy drugs alone (21,105). In fact, it was a 

breakthrough in anticancer-targeted therapy. Trastuzumab binds selectively to subdomain 

IV of the extracellular HER2 domain, triggering its tumor-suppressive actions through 

multiple mechanisms. These include the activation of antibody-dependent cell-mediated 

cytotoxicity (ADCC), inhibition of HER2 extracellular domain cleavage, disruption of 

HER2 receptor homodimerization and heterodimerization, and downregulation of 

angiogenesis and DNA repair pathways (106). Trastuzumab has been shown to block the 

proteolytic cleavage of the extracellular domain of HER2, which may ultimately reduce the 

expression of HER2 (107). When trastuzumab was placed in the market, it was considered 

a selective therapy to the HER2-positive cancer, therefore no significant side effects were 

expected; but surprisingly adult cardiomyocytes also express HER2, and were found to be a 

target for trastuzumab (108). Indeed, several pathways downstream HER2 have been 

implicated in the cardiotoxicity induced by trastuzumab and in the clinical cardiotoxicity 

onset. 

 

3.1. Downregulation of HER2 signaling and cardiotoxicity 

One of the most studied pathways modulated by this drug in cardiac cells involves NRG-

1 (109). NRG-1 binds to and activates HER4, which is then prepared for binding to HER2 

(20). HER2/HER4 heterodimerization results in tyrosine kinase activation (16). This leads 

to the activation of different signaling pathways, such as the Ras/Raf/MEK/ERK1/2 

pathway. The activation of these pathways involves the recruitment of son of sevenless 

(SOS) through intracellular Grb2 domains, ultimately catalyzing the conversion of inactive 

Ras-guanosine diphosphate to the active Ras-guanosine triphosphate complex, activating 

Raf complex. Then, MEK1/2 is phosphorylated and activated, and subsequently catalyzes 
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the phosphorylation of ERK1/2 (110). This enzyme translocates from the cytoplasm to the 

nucleus where it activates downstream transcription factors, including c-Myc, and stimulates 

cell survival by inhibiting apoptosis (111). By preventing the activation of this pathway, 

trastuzumab may promote cardiac cell apoptosis (Figure 2). 

The PI3K/Akt pathway can also be activated by NRG-1 (112). Following the activation 

of HER2/HER4 receptor, the PI3K protein suffers phosphorylation and then phosphorylates 

lipids in the plasma membrane, forming the second messenger, phosphatidylinositol-3,4,5-

triphosphate (PIP3). Akt is recruited into the membrane interacting with PIP3 so that it can 

be phosphorylated (113). Akt may phosphorylate Bad, a member of the Bcl-2 family, 

releasing it from the complex previously formed with Bcl-2 and Bcl-xL. These anti-apoptotic 

proteins inhibit cytochrome c release from mitochondria, preventing the activation of the 

intrinsic mitochondrial apoptosis pathway (114). On the other hand, trastuzumab in the heart 

downregulates Bcl-xL and upregulates Bcl-xS, a pro-apoptotic protein. This shift in the ratio 

between anti- and pro-apoptotic proteins towards pro-apoptotic proteins is therefore 

correlated with mitochondrial dysfunction leading to cardiomyocytes death (107,110). 

Indeed, the mitochondrial dysfunction induced by this antibody seems to be an early event 

given by the ultrastructural evidence of cristae disorganization observed in the cardiac 

muscle of rabbits (115) (Figure 2).  

There is a third pathway by which trastuzumab interferes with NRG-1 cardiac signaling 

and it involves the focal adhesion kinases (FAKs). Once activated, FAK forms a complex 

with Src family kinases initiating multiple intracellular signaling pathways (20). Indeed, 

FAK has been shown to interplay with a variety of signaling mediators, such as PI3K and 

ERK, which can induce cell survival pathways (116). By inhibiting HER2 ability to dimerize 

and, consequently, cell survival through Ras/Raf/MEK/ERK1/2, PI3K/Akt and FAK-

dependent pathways, trastuzumab makes cardiomyocytes unable to handle with additional 

stresses (117), as the one that happens with Dox treatment.  
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3.2. Trastuzumab intensifies doxorubicin signaling in cardiomyocytes 

HER2 blockade might promote ROS-mediated cardiomyocyte death (118). This is 

particularly worrying when trastuzumab is used in combination with Dox (107), namely 

when the use of Dox occurs as a primary treatment, since it damages cardiac cells through 

ROS-dependent pathways. Dox usage and the subsequent treatment with trastuzumab 

potentiates oxidative stress because it blocks NRG-1/HER2 signaling, enhancing the 

myocardial damage (119). Moreover, human cardiomyocytes exposed to Dox showed 

increased HER2 protein levels with the consequent activation of the downstream signaling 

pathway, possible in an adaptive response to allow survival under stress conditions (20,120), 

but trastuzumab blunts that response. The administration of trastuzumab followed by 

doxorubicin was shown to be more toxic to the heart in rats based on electron microscopy 

Figure 2. Trastuzumab-mediated signaling pathways in cardiomyocytes evidencing HER2, 

NRG-1 and ANG II mediated pathways.  (Figure made with Servier Medical Art). 

↑, upregulated; ↓, downregulated; Akt, protein kinase B; ANG II, angiotensin II; AT1, angiotensin II receptor 

type 1; ATP, adenosine triphosphate; Bad, Bcl-2 associated agonist of cell death; Cyt c, cytochrome c; Dox, 

doxorubicin; ER, estrogen receptor; ERK1/2, extracellular signal-regulated kinase 1/2; FAK, focal adhesion 

kinases; Grb2, growth factor receptor-bound protein 2; HER2, human epidermal growth factor receptor 2; 

HER4, human epidermal growth factor receptor 4; MEK1/2, mitogen-activated protein kinase kinase 1/2; 

NRG-1, neuregulin-1; P, phosphoryl; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C; ROS, 

reactive oxygen species; SOS, son of sevenless; TopIIβ, topoisomerase IIβ. 
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findings, and pathological changes in mitochondria seem to explain the cardiotoxicity of this 

treatment combination (121). 

Furthermore, HER2 seems to be upregulated by ERα, which suggests that trastuzumab-

induced cardiotoxicity is modulated by female sex hormones (122), similarly to the reported 

for Dox (Figure 2).  

Angiotensin II (ANG II) is an inhibitor of NRG-1 that prevents its binding to other ErbB 

receptors, being its levels also modulated by trastuzumab. ANG II interaction with NRG-1 

leads to even more inhibition of NRG-1/HER2 signaling pathway (20). ANG II also 

negatively influences the heart by activating NAPDH oxidases in several cell populations, 

including cardiomyocytes. ANGII binds to AT1 receptor, a G-protein coupled receptor that 

acts through protein kinase C (PKC) and activates NAPDH oxidases. The consequent 

increase of ROS generation, as a result of that activation, causes oxidative stress and 

apoptosis (123) (Figure 2). 

Finally, DNA Top IIβ, a major target for Dox-inflicted cardiotoxicity, is also 

downregulated by trastuzumab. An in vitro study showed that trastuzumab either alone or in 

combination with Dox negatively impacts Top IIβ (120). The downregulation of this 

topoisomerase was reported to be significantly enhanced when cardiomyocytes were treated 

with the combination of Dox and trastuzumab, either sequentially, being Dox first, or 

concurrently (120). 

Taken together, the damage of cardiomyocytes inflicted by Dox plus trastuzumab is due 

to a combination of “on-” and “off-target“ effects, involving NRG1/HER2 and ANGII/AT1 

signaling and TopII  downregulation.  

 

4. The molecular mechanisms modulated by doxorubicin and trastuzumab in 

cardiac progenitor cells  

Most of the research on the molecular mechanisms underlying the cardiotoxicity induced 

by anticancer drugs has focused on cardiomyocytes; however, other heart cells may also be 

involved (124). Cardiac progenitor cells (CPCs) are one of the best characterized populations 

of the endogenous pool of cells known to contribute to cardiac repair (125). Some data 

showed that Dox targets CPCs, negatively affecting its biological function (126,127). Dox 

induces apoptosis, telomere shortening and senescence of CPCs, reducing the pool of 
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available CPCs for the restoration of the functional performance of the heart. Thus, Dox 

treatment impairs the capacity of the heart to deal with continuous stress (128). 

Dox has negative effects on the levels of phosphorylated SIRT1, leading to increased 

levels of acetylated p53 and the consequent activation of pro-apoptotic genes (127). CPCs 

apoptosis may be associated to ROS generation, to which CPCs are particularly sensitive 

(128). Dox also increases the expression of p16INK4A in CPCs, causing cell cycle arrest in 

the G1 phase and senescence. Data suggest that p53 induces the senescence response and 

p16INK4A maintains this state. (128). Furthermore, CPCs exposed to Dox showed a reduction 

in the levels of cyclin D1 and cyclin-dependent kinase 4 (CDK-4) (129). These proteins work 

together to phosphorylate the retinoblastoma protein (Rb) into phospho-RbSer798, allowing 

the cell cycle progression (130).  

Treatment with Dox was also reported to reduce the expression of insulin-like growth 

factor 1 (IGF-1) and hepatocyte growth factor (HGF) receptors in CPC (128,131,132) 

(Figure 3). IGF-1 receptor has proliferative and anti-apoptotic effects in CPCs, while HGF 

receptor supports cell migration in the direction of injury areas, which is thought to be 

essential for tissue repair in response to damage (132,133). In addition, Dox-induced 

depletion of CPCs pool may be associated with autophagy signaling, which seems to be 

triggered by abnormal cytosolic Ca2+ handling. Lower expression levels of autophagosome 

formation markers (LC3-I and LC3-II) was observed in c-kitpos CPCs isolated from infant 

human heart tissue and exposed to Dox (134).  

Treatment with trastuzumab has been reported to negatively affect the biological 

functions of CPCs (135). Indeed, the cardiogenic differentiation and the capability to form 

microvascular networks by CPCs were reported to be impaired after treatment with 

trastuzumab (136). Even though cardiomyogenesis and angiogenesis inhibition was reported 

after trastuzumab treatment (136), the molecular mechanisms harbored in CPCs and 

modulated by trastuzumab are yet unclear. Experimental evidence is also missing regarding 

the effect of the combined use of doxorubicin and trastuzumab on CPCs. 
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Figure 3. The molecular pathways modulated by Dox and trastuzumab in cardiac progenitor 

cells (Figure made with Servier Medical Art). 

↑, upregulated; ↓, downregulated; ASK1, apoptosis signal-regulating kinase 1; CDK-4, cyclin-dependent 

kinase 4; Dox, doxorubicin; HER2, human epidermal growth factor receptor 2; HGF, Hepatocyte growth 

factor; IGF, insulin-like growth factor 1; JNK, c-Jun NH2-terminal kinase; P, phosphoryl; ROS, reactive 

oxygen species; VEGF, vascular endothelial growth factor. 

 

5. The molecular mechanisms modulated by doxorubicin and trastuzumab in 

endothelial cells 

Endothelial cells (ECs) represent the majority of non-cardiomyocytes heart cells (137) 

and may be directly affected by Dox and trastuzumab. For instance, Dox can enter ECs 

through SLC22A1, which is highly express in these cells (138). There, Dox may interfere 

with the endothelial nitric oxide synthase (eNOS) (42), whose activity is normally regulated 

by cytosolic Ca2+ levels through the calmodulin subunit of the enzymatic complex 

(oxygenase domain) (139). The reductase domain of eNOS can bind to Dox and reduce it to 

the semiquinone radical with the consequent enhancement of superoxide anion radical 

formation and decreased nitric oxide (●NO) production (140). Hence, Dox converts eNOS 

from a ●NO to a superoxide generator (70). The consumption of NADPH becomes 

uncoupled from ●NO production, which leads to reduce ●NO available levels and increases 
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superoxide anion radical levels. Despite lower ●NO levels, increased nitrosative stress was 

reported following Dox treatment (141). Peroxynitrite (ONOO-) is a powerful and reactive 

oxidant that results from the reaction between ●NO and superoxide anion radical (141). 

Nonetheless, the peroxynitrite formed in endothelial cells seems to involve ●NO derived 

from iNOS activity, whose expression was reported to increase in cardiomyocytes following 

Dox treatment (141). Peroxynitrite can react with protein tyrosine residues, resulting in the 

post-translational modification 3-nitrotyrosine (3-NT-Tyr) (141,142), which may inactivate 

some proteins (e.g. MnSOD) and promote the gain-of-function of others (e.g. fibrinogen) 

(143). Peroxynitrite-dependent cytotoxic effects also rely on its ability to trigger lipid 

peroxidation in membranes by abstracting a hydrogen atom from polyunsaturated fatty acids 

(PUFA), resulting in products such as lipid hydroperoxyradicals (140). These radicals attack 

neighboring PUFAs, generating additional radicals, which propagate free radical reactions 

and the degeneration of membrane lipids, causing membrane permeability (144) and fluidity 

changes (142) as a result of lipid peroxidation (Figure 4).  

Following Dox treatment, the expression of ET-1 increases in cardiomyocytes; however, 

the decreased expression of ET-1 was reported in cultured ECs treated with low 

concentrations of Dox (145). Thus, different regulatory mechanisms of ET-1 expression 

seem to be present in cardiomyocytes and in ECs. Indeed, the formation of the active ET-1 

peptide is a multistep process, regulated at several steps including those of transcription, 

mRNA stabilization, translation, release, and the cleavage from big ET-1 (146). ET-1 acts 

on target tissues through two receptors, type A receptor (ET-A) and type B receptor (ET-B), 

which belong to the plasma membrane protein G receptor superfamily (147). ET-A receptors 

are abundantly present in cardiomyocytes (148), mediating the effect of ET-1 (Figure 1). 

ET-1 binds to the ETB receptors on the ECs membrane and induces the release of relaxing 

factors, such as ●NO (149). Thus, the Dox-induced reduction of ET-1 in ECs leads to the 

decrease of ●NO levels in those cells (150) (Figure 4), unlike to what has been reported in 

cardiomyocytes.  

The association between endothelial dysfunction and trastuzumab-induced 

cardiotoxicity has been described (151). ECs seem to be damaged in HER2-positive BC 

patients treated with trastuzumab, leading to a reduction in eNOS expression and endothelial 

dysfunction (152). In fact, ECs from human cardiac microvasculature are known to express 

HER2 receptor (153). The administration of trastuzumab inhibits HER2 receptor, preventing 
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its dimerization with the NRG-1/HER4 complex. Subsequently, there is a reduction in eNOS 

expression and ●NO bioavailability, predisposing the vessels to atherosclerosis (152) (Figure 

4).  

The inhibition of the NRG-1/HER2 pathway by trastuzumab also promotes the increased 

production of ROS in ECs (151), which leads to an increment in the levels of ANG II. ANG 

II inhibits NRG-1 activity in the coronary microvasculature and increases the levels of 

NAPDH oxidases (152). Indeed, NADPH oxidase has been considered a causal factor of 

endothelial dysfunction due to its capability to generate large amounts of ROS in the 

endothelium (154) (Figure 4). These processes culminate in endothelial dysfunction, which 

is an important contributor to heart failure (151). 

 

Figure 4. The molecular pathways modulated by Dox and trastuzumab in endothelial cells, 

leukocytes and cardiac fibroblasts, and their interplay and impact on cardiomyocytes 

homeostasis (Figure made with Servier Medical Art). 

↑, upregulated; ↓, downregulated; ADCC, antibody-dependent cell-mediated cytotoxicity; ANG II, angiotensin 

II; AT1, angiotensin II receptor type 1; ATP, adenosine triphosphate; Dox, doxorubicin; Dox-SQ, doxorubicin 

semiquinone; ECM, extracellular matrix; eNOS, endothelial nitric oxide synthase; ET-1, endothelial-1; ET-B, 

endothelial receptor B; HER2, human epidermal growth factor receptor 2; HER4, human epidermal growth 

factor receptor 4; iNOS, inducible nitric oxide synthase; MMP1, matrix metalloproteinase-1; NF-kB, nuclear 

factor kappa B; NO, nitric oxide; NRG-1, neuregulin-1; O2, molecular oxygen; O2
-•, superoxide anion; ONOO-
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, peroxynitrite; P, phosphoryl; PKC, protein kinase C; ROS, reactive oxygen species; α-SMA, α-smooth muscle 

actin; TGF-β, Transforming growth factor-β. 

 

6. Molecular mechanisms modulated by doxorubicin and trastuzumab in fibroblasts 

Myocardial fibrosis is a common feature of a wide diversity of cardiovascular 

pathologies including Dox- and trastuzumab-induced cardiotoxicity (155,156). Treatment 

with Dox induces the phenotypic transformation of cardiac fibroblasts into myofibroblasts, 

which synthetize large amounts of extracellular matrix (ECM) proteins, such as collagen 

(157). TGF-β/Smad signaling is the canonical pathway that mediates fibroblasts 

differentiation to myofibroblasts (158) and might be activated by ROS (159). Dox-induced 

ROS production in cardiomyocytes seems to activate this pathway and induce an aberrant 

repair process with the consequent release of large amounts of collagen and other 

components of the ECM (160). The upregulation of the signaling pathway substance 

P/neurokinin 1 receptor contributes to Dox adverse cardiac fibrosis (156). Substance P is 

known to induce hyperplastic response of adult cardiac fibroblasts, which is highly related 

with changes in redox and calcium homeostasis (161). Metalloproteinases (MMPs) 

contribute to Dox effects once they are involved in the degradation of ECM proteins (162). 

In fact, it was reported that in cardiac fibroblasts the content of MMP1 increases after Dox 

treatment (157). MMP1 upregulation promotes excessive ECM turnover, resulting in fibrosis 

and loss of heart function (163) (Figure 4). 

Treatment with trastuzumab also promotes cardiac fibrosis (107); nevertheless, it was 

observed 7 days after treatment in a murine model (164). These profibrotic effects seem to 

be associated with the burst of proinflammatory cytokines (165), in a process induced by 

ROS derived from cardiomyocytes. One of these cytokines is TGF-β, which promotes the 

differentiation of fibroblasts into myofibroblasts (166), similarly to the reported for Dox 

(Figure 4). ECM overproduction interrupts the electrophysiological functions of the heart, 

leading to cardiac dysfunction (167). 

 

7. Molecular mechanisms modulated by doxorubicin and trastuzumab in 

leukocytes 

Dox and trastuzumab modulate the immune system with impact on cardiovascular 

homeostasis. Dox treatment was associated with the increased expression of iNOS in 
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leukocytes (168), a NOS isoform also present in cardiomyocytes (169). Indeed, Dox is a 

strong iNOS inducer by favoring the activation of NF-ĸB and its translocation to the nucleus 

where activates the transcription of the iNOS gene (168). Increased iNOS expression leads 

to excessive ●NO production (170). Thus, increased levels of peroxynitrite are expected 

(Figure 4).  

As an antibody, one of the major mechanisms of trastuzumab effect is to attract immune 

cells towards cancer cell overexpressing HER2 (171). Then, immune cells release substances 

that kill the target cells (107). Since adults’ cardiomyocytes express HER2, the cardiac 

effects of trastuzumab could also be potentiated by ADCC (Figure 4).  

 

8. Concluding remarks 

Standard care for HER2 positive BC cancer patients includes the combination of Dox 

and trastuzumab, whose clinical use is hampered by cardiotoxic side effects. Each of these 

antineoplastic therapies induce damage towards the myocardium once it activates several 

signaling pathways harbored not only in cardiomyocytes but in other cell types such as 

cardiac progenitor cells, endothelial cells, fibroblasts, and leukocytes. Thus, their 

combination is expected to be more stressful for the heart, ultimately leading to the 

impairment of the cardiac function. However, the molecular pathways underlying the 

cardiotoxic effect of the combined use of Dox and trastuzumab are still not completely 

understood and are not as clear as was expected earlier on. In fact, most of the studies focus 

on the signaling pathways modulated by each one of these therapies and rely on in vitro or 

animal models, and then make assumptions on possible relations.  

The in-deep review provided in this paper on the molecular mechanisms modulated by 

Dox and trastuzumab in heart cells intends to feed future studies aiming to increase the 

understanding of the cardiotoxicity underlying the combined use of these drugs. Such 

knowledge is essential for the identification of specific biomarkers for the early detection of 

cardiac events and to develop strategies to counteract the cardiotoxicity of these anticancer 

therapies. 
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CHAPTER III  

Experimental work. Exploring the effects of doxorubicin on skeletal muscle remodeling 
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1. Introduction  

Doxorubicin (Dox) is a highly effective antitumor agent (1); however, this drug has 

shown deleterious side effects in several tissues and organs (2). To date, much of the research 

on Dox-related toxicity has been focused on its cardiotoxic effects (3,4). Nevertheless, other 

organs are also targeted by Dox such as skeletal muscle (3,5). Indeed, Dox seems to 

accumulate in skeletal muscle promoting fiber atrophy, contributing to the development of 

skeletal muscle weakness and fatigue in cancer patients. The loss of muscle mass and 

strength negatively affects the daily living activities and increases the risk of morbidity and 

mortality (1,2,6).  

To prevent and counteract the toxic effects of Dox on skeletal muscle, it is essential to 

understand the molecular mechanisms responsible for such toxicity (3,7). Emerging 

evidence suggests that mitochondrial dysfunction plays a key role (8), which is closely 

related to increased oxidative stress (9). The main site of Dox-induced ROS production 

occurs at oxidative phosphorylation (OXPHOS) complex I via the single electron reduction 

of Dox (7). An unstable semiquinone is generated and forms a redox cycle that leads to the 

production of superoxide anion radicals, which enhance mitochondrial dysfunction (5). Dox 

can also interact with cardiolipin, a phospholipid located in the inner mitochondrial 

membrane, impairing its function in the stabilization of OXPHOS complexes (5,7). The 

increase in ROS is also associated with the inhibition of protein synthesis and the 

acceleration of proteolysis (8). Indeed, preclinical studies showed that treatment with Dox 

activates all the major proteolytic systems (i.e., autophagy,  calpains, caspase-3, and 

ubiquitin-proteasome system) in skeletal muscle (7,10). In fact, the inhibition of Dox-

induced calpain activation was reported to protect against skeletal muscle atrophy (8). This 

Dox-related acceleration of proteolysis, as demonstrated in several studies, have shown more 

pronounced effects on soleus than in other hindlimb skeletal muscles (5,8). Dox-induced 

skeletal muscle impairment occurs in both fast-twitch and slow-twitch muscle fibers (11); 

nevertheless, slow-twitch muscle fibers (e.g., soleus) appear to be predominantly affected 

given their higher mitochondrial density when compared to fast-twitch muscle fibers (12). 

Additionally, Dox has been demonstrated to promote oxidative-to-glycolytic metabolic shift 

in skeletal muscle (13), which may be due, at least in part, to Dox-induced dysfunction of 

mitochondrial OXPHOS (13,14). A fiber-type shift towards an increase of glycolytic fibers, 

potentially renders cancer patients treated with Dox more vulnerable to muscle atrophy (15). 
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Aiming to add new insights on the molecular adaptations promoted by Dox in skeletal 

muscle, in the present study we assessed the interplay between the ubiquitin-proteasome 

pathway and mitophagy, and the metabolic adaptations in the soleus muscle from mice 

submitted to Dox treatment with two cumulative drug concentrations (9 and 18 mg/Kg) 

during three weeks. 

 

2. Materials and Methods 

2.1. Animals and experimental design 

Adult male CD-1 mice were acquired from Charles River Laboratories (L’Arbresle 

France) and maintained in the vivarium of Institute of Biomedical Sciences Abel Salazar 

(ICBAS; Porto, Portugal). Following a quarantine period, mice were housed in Green Line 

individually ventilated cages (IVC; GM500; Tecniplast, UK), in a maximum of three mice 

per cage, in temperature (22 ± 2 ºC) and humidity-controlled environment and a 12h light-

dark cycle. Standard diet (Mucedola, Settimo, Milanese, Italy) and water were provided ad 

libitum. 

Mice were divided into three groups: mice injected with saline solution (0.9% NaCl; 

CTRL group, n = 9); injected with Dox hydrochloride prepared in saline solution to a total 

cumulative dose of 9 mg/Kg (Dox 9 mg/Kg group, n = 9) and 18 mg/Kg (Dox 18 mg/Kg 

group, n = 5). The doses were calculated based on allometric scaling and considering the 

conversion factor 37 for body area surface between mice and humans, as recommended by 

the US Food and Drug Administration (16). The Dox cumulative dose of 9 mg/Kg and 18 

mg/Kg in adult mice corresponded to ~51.5 mg/m2 and ~102.9 mg/m2 in humans, 

respectively. Both cumulative doses were much lower than the maximum lifelong doses 

recommended for humans (Dox maximum cumulative recommended dose is 400-550 

mg/m2) (17). The doses were delivered through 6 intraperitoneal injections (i.p.) twice a 

week for three weeks. These administration schedules were chosen to mimic human cancer 

therapy that consists of multiple administrations at separated time-points. One week after the 

last administration, mice were anesthetized through isoflurane inhalation and then sacrificed 

by exsanguination. Immediately after sacrifice the soleus and gastrocnemius muscles were 

excised, weighed, and then divided for morphological and biochemical analysis.  

The animal protocol was approved by the Portuguese Ethics Committee for Animal 

Experimentation, Direção Geral de Alimentação e Veterinária (reference number 
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0421/000/000/2016) and the local Committee Responsible for Animal Welfare (ORBEA) of 

ICBAS-UP (project number 140/2015) and performed in accordance to European Council 

Directive (2010/63/EU). 

 

2.2. Morphological analysis of soleus muscle 

Cubic pieces from soleus muscle were fixed with buffered paraformaldehyde 4% (v/v) 

by diffusion during 24 h and subsequently dehydrated with graded ethanol and included in 

paraffin blocks. Serial cross-sections (5 µm of thickness) of paraffin blocks were cut using 

a microtome and mounted on silane-coated slides. The slides were dewaxed in xylene and 

hydrated through graded alcohols finishing in phosphate-buffered saline solution. Soleus 

sections were stained with haematoxylin–eosin (H&E), dehydrated with graded alcohols 

through xylene and mounted with DPX for analysis in a photomicroscope (Zeis Phomi 3). 

These analyses were performed at the Laboratório de Bioquímica e Morfologia 

Experimental, Faculty of Sports from University of Porto. 

2.3. Soleus homogenate preparation 

A portion of soleus muscle was homogenized in the proportion of 10 mg of tissue per 1 

mL of phosphate buffer (50 mM KH2PO4 pH 7.5, 0.5% Triton X-100 and 200 mM PMSF), 

using a Teflon pestle on a motor-driven Potter-Elvehjem glass homogenizer. The obtained 

samples were preserved at -80ºC for subsequent analysis.   

2.4. Total protein quantification 

An aliquot of tissue homogenate (5 µL) was used for total protein quantification using 

the commercial kit DC Protein Assay (Bio-Rad®, Hercules, CA, USA). This kit is based on 

Lowry et al (18) assay, on which proteins react with copper in an alkaline solution, occurring 

the reduction of Folin reagent by the copper-treated protein, leading to the formation of a 

blue color with maximum absorbance at 750 nm. Hence, a calibration curve with standard 

solutions of bovine serum albumin (BSA) at concentrations between 0.625 and 10 mg/mL 

was made. Briefly, to 5 μL of samples or standards was added 25 μL of reagent A’ (prepared 

by the addition of 1 mL of reagent A and 20 μL of reagent S) and, after 5 minutes at room 

temperature, 400 μL of reagent B was added. After 15 minutes at room temperature, the 



 

55 
 

absorbance was measured at 750 nm in a microplate reader (Multiskan GO, Thermo Fischer 

Scientific®, Northumberland, UK). 

2.5. Immunoblot analysis 

To evaluate the amount of target proteins in soleus muscle, equal amounts of protein (40 

μg) from each sample were dissolved in loading buffer (0.5 M Tris-HCl pH 6.8, 4 % (w/v) 

SDS, 15 % (v/v) glycerol, 1 mg/mL bromophenol blue and 20 % (v/v) β-mercaptoethanol) 

and heated 5 minutes at 100 ⁰C (or 50 ºC in the case of Mitoprofile) and then loaded in a 

12.5 % SDS-PAGE gel prepared according to Laemmli (19). The gels were run for, 

approximately, 45 minutes at 180 V in running buffer (250 mM glycine, 25 mM Tris, pH 

8.6 and 0.1 % (w/v) SDS). The resolved proteins were transferred to a nitrocellulose 

membrane (Amersham™ Protran™, GE Healthcare, Germany, 0.45 μm porosity) for 2 hours 

at 200 mA. The transfer buffer used contained 192 mM glycine, 25 mM Tris, pH 8.3 and 20 

% (v/v) methanol and the efficacy of transfer was confirmed by Ponceau S staining.  

Thenceforth, membranes were blocked with 5 % (w/v) nonfat dry milk in Tris-buffered 

saline (TBS) with Tween 20 (TBST; 100 mM Tris, 1.5 mM NaCl, pH 8.0 and 0.05 % (v/v) 

Tween 20) for 1 hour with shaking at room temperature in order to avoid unspecific binding. 

Afterwards, the membranes were incubated with the primary antibody (rabbit monoclonal 

anti-APG5L/ATG5 (ab108327), mouse monoclonal anti-ATPB (ab14730), rabbit polyclonal 

anti-ETFDH (ab91508), rabbit polyclonal anti-GAPDH (ab9485), rabbit polyclonal anti-

MURF1 (ab77577), total OXPHOS rodent WB antibody cocktail (ab110413), and rabbit 

monoclonal anti-PFKM (ab154804) from Abcam (Cambridge, UK), and rabbit polyclonal 

anti-atrogin-1 (ap2041) from ECM Biosciences (Versailles, Kentucky, USA)) diluted 

1:1000 in 5 % (w/v) nonfat dry milk in TBST for 2 hours with shaking at room temperature 

or overnight at 4 ⁰C. Then, membranes were washed three times (10 minutes each) with 

TBST to remove the unbound antibodies. Subsequently, the membranes were incubated with 

the appropriate secondary horseradish peroxidase-conjugated antibody (anti-mouse, anti-

rabbit or anti-goat; GE Healthcare, UK), diluted 1:1000 with 5 % (w/v) nonfat dry milk in 

TBST, for 1 hour with shaking at room temperature. After that, the membranes were washed 

three times (10 minutes each) with TBST and exposed, for 2 minutes, with enhanced 

chemiluminescence ECL reagent (WesternBright™ ECL, advansta, CA, USA). Images were 

acquired using ChemiDoc XRS System (Bio-Rad®, Hercules, CA, USA).  
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2.6. Slot-blot assessment of carbonylated proteins 

The content of carbonyl groups in proteins was evaluated according to Robinson et al 

(20) with some modifications. In brief, a certain sample homogenate volume (V) containing 

40 μg of protein was mixed with 12 % (w/v) SDS (V) and 20 mM 2,4-dinitrophenylhydrazine 

(DNPH) prepared in 10 % (v/v) trifluoroacetic acid (2V). The reaction between carbonyl 

groups and DNPH leads to the formation of 2,4-dinitrophenil (DNP) hydrazone which can 

be detected by immunoblotting. Next, sample mixtures were incubated in the dark at room 

temperature for 30 minutes. The addition of 2 M Tris with 18 % (v/v) β-mercaptoethanol 

(1.5 V) stopped the reaction. Two different dilutions, 3:400 and 1:200, were prepared in 

TBS. After this, 100 μL of each sample dilution were transferred to a nitrocellulose 

membrane (Amersham™ Protran™, GE Healthcare, Germany, 0.45 μm porosity) under 

vacuum, using a Slot-blot system. The nitrocellulose membranes were first activated by 

immersion on 10 % (v/v) methanol solution for 5 seconds and placed in distilled water until 

transference procedure. The immunodetection was performed as described above for 

immunoblotting. The primary antibody (mouse monoclonal anti-DNP; MAB2223, 

Millipore) was diluted 1:1000 in 5 % (w/v) nonfat dry milk in TTBS and incubated for 1 

hour at room temperature with shaking and the second antibody (anti-rabbit IgG-Peroxidase, 

Amersham Pharmacia) was diluted 1:1000 with 5 % (w/v) nonfat dry milk in TBST and 

incubated for 30 minutes at room temperature with shaking. 

 

2.7. Spectrophotometric activity assays  

2.7.1. ATP synthase activity  

The activity of ATP synthase was measured according to Simon et al (21). The phosphate 

produced by hydrolysis of ATP reacts with ammonium molybdate in the presence of 

reducing agents to form a blue color complex. The intensity of this complex is proportional 

to the concentration of phosphate in solution. Equal volumes (15 μL) from each sample were 

dissolved in reaction buffer (0.2 M KCl, 3 mM MgCl2, 10 mM Tris-HCl, pH 8.4) and 

incubated at 30 ⁰C for 1 minute. Then an equal volume of 0.1 M ATP was added and 

incubated for 1 minute at 30 ºC. The reaction was stopped by the addition of 30 μL of 3 M 

tricloroacetic acid. After vortex, 125 μL of supernatant was mixed with 625 μL of test 

solution (0.37 M H2SO4, 0.01 M ammonium molybdate and 0.1 M ferrous sulphate) and then 
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incubated for 15 minutes at room temperature. In parallel, a calibration curve with standard 

solutions of potassium dihydrogen phosphate (KH2PO4) at concentrations between 0.0 and 

1.9 mM was prepared. Oligomycin was used as an ATP hydrolase inhibitor. The absorbance 

was read at 610 nm in a microplate reader (Multiskan GO, Thermo Fischer Scientific®, 

Northumberland, UK). Then, the absorbance values were converted to concentration (mM) 

per minute from the equation of calibration curve and then divided by total protein to obtain 

the enzymatic activity values (mmol/min/mg) on each sample.  

 

2.7.2. Citrate Synthase activity  

The activity of citrate synthase (CS) was measured in soleus homogenates according to 

Coore et al (22). This method evaluates the presence of free thiol groups in CoASH by its 

reaction with 5,5’-dithiobis-(2-nitrobenzoate) (DTNB). The resulting 2-nitro-5-

thiolbenzoate (TNB) anion has a strong absorption at 412 nm, which might be followed 

spectrophotometrically. Briefly, 10 μL from each sample were incubated with 190 μL of 

reaction buffer (200 mM Tris buffer pH 8.0, 10 mM acetyl-CoA, 10 mM DTNB and 0.1 % 

(v/v) Triton X-100) and the absorbance was measured at 412 nm for 2 minutes at 30 ⁰C in a 

microplate reader (Multiskan GO, Thermo Fischer Scientific®, Northumberland, UK). 

Thereafter, 10 μL of 10 mM oxaloacetate (OAA) was added to each well of the microplate 

and absorbance was immediately measured at 412 nm for 2 minutes at 30 ⁰C. The absorbance 

values were plotted against time and the difference between the second and the first 

measurement, in relation to the slope of the equation ((ΔA412)/min) was divided by the 

extinction coefficient of TNB at 412 nm (13.6 mM-1.cm-1). Then, the absorbance values were 

divided by total protein to obtain the enzymatic activity values (mmol/min/mg) on each 

sample.  

 

2.8. Statistical analysis  

Data are presented as mean  standard deviation (SD) of 4-6 biological replicates for all 

variables. The statistical analysis was performed using a One-way ANOVA followed by the 

Tukey multiple comparisons post hoc test (parametric data). The level of significance was 

set at 5 % (p-value < 0.05). GraphPad Prism® for Windows (version 6.0) was the software 

used.  
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3. Results  

3.1. Effect of Dox on mice anthropometric parameters 

Dox treatment promoted a reduction of body weight on mice, only statistically significant 

for the cumulative dose of 18 mg/Kg (p<0.01 vs. Control; Table 1). Concomitantly, the loss 

of gastrocnemius muscle mass was noticed after Dox treatment, though not statistically 

significant. Similarly, no significant differences were observed between groups for the ratio 

gastrocnemius mass-to-body weight. Concerning soleus muscle, the animals treated with 

Dox presented a decrease in this muscle mass, though only significant for Dox treatment 

with the cumulative dose of 9 mg/Kg (p<0.05 vs. Control). A significant reduction of the 

ratio soleus mass-to-body weight ratio was also noticed in mice treated with 9 mg/Kg 

(p<0.05 vs. Control). No significant differences were noticed for soleus mass-to-body weight 

following Dox treatment with 18 mg/Kg (Table 1).   

 

Table 1. The effect of Dox treatment (9 mg/Kg and 18 mg/Kg) on body weight, 

gastrocnemius muscle mass, soleus muscle mass and on gastrocnemius mass-to-body weight 

and soleus mass-to-body weight ratios. Values are expressed as mean ± standard deviation 

of n=6. 

  Experimental groups 

  Control Dox 9mg/Kg Dox 18mg/Kg 

Body Weight (g) 42.524 ± 4.225  40.295 ± 2.251 37.727 ± 6.163 ** 

Gastrocnemius muscle mass (mg) 396.0 ± 20.6 379.0 ± 41.6 368.6 ± 45.4  

Soleus muscle mass (mg) 16.5 ± 4.3  12.5 ± 2.6 * 14.8 ± 3.5  

Gastrocnemius mass-to-body 
weight (mg/g) 

9.368 ± 0.829 9.394 ± 0.728 9.846 ± 0.720 

Soleus mass-to-body weight 
(mg/g) 

0.387 ± 0.090  0.308 ± 0.048 * 0.396 ± 0.084  

** p < 0.01 vs. Control and * p < 0.05 vs. Control  
 

  

3.2. Characterization of soleus metabolic adaptations to Dox treatment 

To unveil the molecular adaptations promoted by Dox treatment on skeletal muscle, the 

slow-twitch soleus muscle was chosen based on data from Table 1 and previous reports on 

the susceptibility of this muscle to chemotherapy (2,5,7,8,10). Muscle sections were 
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separated for morphological and biochemical analysis. Unfortunately, technical issues in the 

preparation of soleus sections made unfeasible the morphological analysis of H&E stained 

sections of this muscle, as can be seen in Supplemental Figure S1. Thus, the cross-sectional 

area of fibers was not quantified, as planned, to corroborate the occurrence of soleus atrophy 

in Dox treated mice. 

The metabolic adaptations of soleus to Dox treatment was assessed by the analysis of the 

content and activity of metabolic enzymes. Data obtained highlight a higher reliance of the 

soleus on glycolysis for energetic purposes after Dox treatment given by glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) and phosphofructokinase 1 (PFK1) levels (Figure 5). 

However, whereas a significantly higher content of GAPDH was noticed in soleus from mice 

treated with Dox 9 mg/Kg and Dox 18 mg/Kg (p<0.01 vs. Control), only significant higher 

PFK1 levels were noticed in muscle treated with Dox 18 mg/Kg. Regarding the content of 

ATP synthase subunit β, no significant differences between groups were noticed (Figure 

5B). Similarly, no significant variations were observed for ATP synthase activity (Figure 

5D), suggesting that Dox did not interfere in the muscle fiber ability to produce ATP. 

Nevertheless, the ratio GAPDH-to-ATP synthase subunit β levels showed significantly 

higher values in Dox 9 mg/Kg and Dox 18 mg/Kg treated mice (p<0.001 vs. Control and 

p<0.01 vs. Control, respectively), supporting Dox-induced metabolic remodeling towards a 

glycolytic phenotype.  

The analysis of the content of the electron transfer flavoprotein dehydrogenase 

(ETFDH), the enzyme that mediates the transfer of electrons gathered in fatty acid oxidation 

(FAO) to OXPHOS (23), revealed no significant differences between groups (Figure 5F), 

suggesting that Dox treatments did not impact FAO on soleus muscle.  
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Figure 5. Effects of Dox 9mg/Kg and Dox 18mg/Kg on different molecular markers of 

metabolism: (A) GAPDH content; (B) ATP synthase β subunit protein content; (C) Ratio 

between GAPDH and ATP synthase β subunit; (D) ATP synthase activity; (E) PFK-1 content; 

(F) ETFDH content. Representative blots are shown above the corresponding graphics for A, 

B, E and F – samples were loaded in the gel one per group side-by-side. The values (mean ± 

SD) are expressed in arbitrary units of optical density (OD) for A, B, E and F of n=4-6, and in 

nmol/min/mg for D of n=6. * p<0.05; ** p<0.01; ***p<0.001. 
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To better explore the effect of Dox treatments on OXPHOS adaptations, the content of 

specific subunits from each OXPHOS complex was measured (Figure 6). No significant 

differences were noticed for complex II (CII-SDHB) and complex IV (CIV-MTCO1). The 

analysis of complex III (CIII-UQCRC2) showed significantly higher values in the soleus 

muscle from mice treated with 18 mg/Kg Dox (p<0.05 vs. Control; Figure 5B). The subunits 

from OXPHOS complex I (CI-NDUFB8) and complex V (CV-ATP5A) were not detected 

using the methodology adopted.   

 

 

To evaluate the impact of Dox-induced metabolic adaptations on protein susceptibility 

to oxidation, the content of carbonylated proteins was assessed by immunoblotting (Figure 

7). The results evidenced no significant differences between groups, though a trend towards 

lower levels of carbonylated proteins was noticed in the soleus of Dox treated mice. Thus, 

data suggest that Dox-induced metabolic remodeling towards a glycolytic phenotype 

protects skeletal muscle proteome from oxidative damage (5). 

Figure 6. Effects of Dox 9mg/Kg and Dox 18mg/Kg on the levels of OXPHOS subunits. 

(A) Representative western blot for OXPHOS complexes subunits; (B) Expression levels 

of complex II, CII-SDHB, (C) complex III, CIII-UQCRC2, and (D) complex IV, CIV-

COX II. The values (mean ± SD) are expressed in arbitrary units of optical density (OD) 

of n=6.  
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The activity of the Krebs cycle enzyme citrate synthase (CS), a rough marker of 

mitochondrial density (24), was also spectrophotometrically assessed in whole muscle 

extracts. No significant differences were noticed between experimental groups (Figure 8A), 

which suggests that the Dox treatment did not impact soleus mitochondrial density. To add 

insights on mitochondrial dynamics, the content of ATG5, a marker of mitophagy, was 

assessed by immunoblotting (Figure 8B). The results evidenced no significant differences 

between groups.  

 

 

Figure 7. Effects of Dox 9mg/Kg and Dox 18mg/Kg on the protein carbonylated levels; 

above the graph is presented a representative image of the slot-blot obtained – samples 

were loaded in the gel one per group side-by-side. The values (mean ± SD) are expressed 

in arbitrary units of optical density (OD) of n=6. 
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3.3. The contribution of the ubiquitin-proteasome system (UPS) to Dox-induced 

soleus remodeling 

To better understand soleus mass decrease promoted by Dox treatments (Table 1), the 

contribution of the UPS was evaluated through the assessment of the E3 ligases MURF-1 

and atrogin-1 content. Curiously, data obtained revealed no significant differences between 

groups (Figure 9). Thus, other proteolytic systems or changes in muscle protein synthesis 

might explain the decrease in soleus mass observed in Dox treated mice.   

 

 

Figure 8. Effects of Dox 9mg/Kg and Dox 18mg/Kg on citrate synthase activity (A) and 

Atg5 levels (B). The values (mean ± SD) are expressed in nmol/min/mg of n=6 for CS 

activity and in arbitrary units of optical density (OD) for Atg5 content of n=6. 

 

Figure 9. Effects of Dox 9mg/Kg and Dox 18mg/Kg on the content of atrogin-1 (A) and 

MURF-1 (B) measured by western blotting; above each graph is presented a 

representative image of the western blots obtained – samples were loaded in the gel one 

per group side-by-side. The values (mean ± SD) are expressed in arbitrary units of optical 

density (OD) of n=6. 
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4. Discussion 

Dox has shown promising results in the treatment of some types of cancer such as 

breast cancer (1); however, this same drug has also demonstrated severe side-effects (2). 

Most of the studies carried out on the toxic effects induced by Dox have focused on cardiac 

muscle (25,26), but this drug is also toxic for other organs, being of notice its toxicity on 

skeletal muscle (3). Aiming to add new insights on the molecular mechanisms underlying 

Dox toxicity on skeletal muscle, we studied the metabolic alterations induced by Dox and 

related it with muscle mass regulation.  

An animal model was used to assess the cumulative effect of Dox on skeletal muscle 

remodeling. Indeed, the use of mice for research purposes has several advantages such as 

their relatively small size and the little space or resources required for their maintenance. 

The ethical issues involved in the study of drugs in humans make mice a good alternative, 

particularly considering Dox toxicity (27). Moreover, several studies have successfully used 

mice model to study Dox toxicity (13,28). Two concentrations of Dox were used in the 

present study: 9 mg/Kg and 18 mg/Kg. Powers et al (9) showed that Dox is dose dependent 

cytotoxic and often results in the damage of skeletal muscles. By testing two different 

cumulative doses of Dox, we expected to corroborate the dose-dependent effect of Dox 

toxicity; however, our data do not support this hypothesis.  

Our study focused on soleus muscle since no significant changes in gastrocnemius 

mass were observed (Table 1). Moreover, slow-twitch muscle fibers were reported to be 

more susceptible to Dox toxicity (8). In fact, the percentage of type I muscle fibers were 

reported to decrease in rats after receiving a single intraperitoneal injection of Dox (20 

mg/Kg of body weight) (29), which reflects a shift towards a glycolytic phenotype. Since 

the soleus muscle mostly contains type I fibers (slow, oxidative), changes towards a 

glycolytic metabolism will have a more pronounced effect on this muscle when compared 

to gastrocnemius muscle (12). Our data confirmed this Dox-induced metabolic shift in the 

soleus muscle, given by the increase in the levels of GAPDH and PFK1, supporting a greater 

reliance of this muscle on glycolysis for energetic purposes (Figure 5). This assumption was 

further reinforced by the higher levels of the ratio GAPDH-to-ATP synthase subunit β. 

Moreover, no alterations on fatty acid oxidation were observed, given the lack of changes in 

the levels of ETFDH (Figure 5). FAO and OXPHOS are harbored on mitochondria, which 

density is high in this slow-twitch muscle, allowing a high oxidative capacity and long-term 
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sustain of energy demands (30). Thus, Dox-induced soleus metabolic remodeling towards a 

glycolytic phenotype was expected to be accompanied by a decrease in mitochondria density 

and function, a known target of this chemotherapeutic drug. In fact, it has been shown that 

after a single Dox injection (20 mg/Kg) the mitochondrial respiratory capacity decreases in 

the soleus muscle of rats (31,32). Nevertheless, our results of OXPHOS subunits contents 

and ATP synthase activity (Figures 5 and 6) refute these previous findings. Additionally, no 

changes in the activity of CS (Figure 8), a rough marker of mitochondrial density (33), were 

observed, suggesting that Dox at the therapeutic scheme used had no impact on mitochondria 

content in soleus. Biomarkers of mitochondrial biogenesis such as peroxisome proliferator-

activated receptor gamma coactivator-1α (PGC-1α), mitochondrial transcription factor A 

(TFAM), mitofusins, should also be analyzed to better enlighten the contribution of 

mitochondrial biogenesis the Dox-induced soleus remodeling. In fact, we assessed the 

content PGC-1α by WB, but no results were obtained. Nevertheless, it was previously 

demonstrated that PGC-1α levels in the gastrocnemius of mice decrease after exposure to 

Dox (13), which may justify the change in favor of glycolytic metabolism (34). 

To add insights on mitochondrial dynamics, the contribution of mitophagy to soleus 

remodeling following Dox treatment was evaluated through the assessment of Atg5. This 

protein is involved in the extension of the phagophore membrane in autophagic vesicles (35). 

However, no changes in this protein content were observed following Dox treatment (Figure 

8), unlike the previously reported in rats (8). 

Although OXPHOS complexes were not affected by the Dox treatments used, the 

significant increase of OXPHOS complex III subunit 2 (Figure 6) in mice treated with 18 

mg/Kg may reveal a potential increase in ROS production. Indeed, apart from complex I, 

complex III has been identified as the main site of superoxide anion, and derived ROS, 

production within mitochondria (36). Increased mitochondrial ROS was reported in soleus 

following Dox treatment (5), and can result in the oxidative modification of proteins, which 

increases their susceptibility for degradation (37). In fact, the administration of Dox in rats 

(20 mg/Kg) was reported to increase the content of protein carbonyls in soleus muscle (28), 

unlike the observed in our study (Figure 7). The maintenance of carbonylated proteins 

content can be justified, at least in part, by the strong antioxidant content present in skeletal 

muscle fibers, such as glutathione peroxidase (GPx) (38). When proteins are irreversibly 

damaged, they should be eliminated to avoid fibers damage and, eventually, death (39). 
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Thus, the contribution of the ubiquitin-proteasome system (UPS) was evaluated, once UPS 

is one of the main pathways involved in protein quality control and, consequently, on the 

maintenance of cell homeostasis (40). The E3 ligases atrogin-1 and MURF-1 are directly 

involved in the regulation of skeletal muscle protein breakdown by targeting proteins for 

degradation (29). Indeed, after Dox administration, the levels of atrogin-1 and MURF-1 were 

reported to increase in rats soleus muscle (41). However, no changes in the content of these 

E3 ligases were observed in the present study (Figure 9). Despite the lesser effectiveness of 

glycolysis in energy production, the Dox-related higher reliance on this metabolic pathway 

seems to have no impact on the ATP-dependent protein degradation mediated by UPS (42). 

Hence, the decrease in soleus mass observed in mice treated with Dox does not seem to be 

due to muscle proteolysis, as previously suggested by Julienne et al (43). Other molecular 

pathways involved in muscle mass regulation, such as Akt/mTOR pathway, should be 

studied to better understand Dox-induced decrease of soleus mass.  

In conclusion, our study shows that Dox treatment in mice promotes the remodeling 

of soleus muscle, mainly at the metabolic level. Indeed, our study revealed a metabolic 

adaptation towards a higher reliance on the use of glucose for energetic purposes. 

Unexpectedly, no changes in mitochondrial dynamics were seen; however, more molecular 

markers should have been evaluated, such as PGC-1α, TFAM, mitofusins. UPS did not 

contribute to soleus remodeling. Thus, the contribution of other proteolytic systems and the 

Akt/mTOR signaling that control protein synthesis should be analyzed. Still, soleus from 

mouse is a challenging sample to study since the amount of protein that can be obtained is 

very low, which limits the choice of the molecular markers to be analyzed. 
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From a general point of view, the use of Dox and trastuzumab for the treatment of 

cancer has been hampered by severe tissue toxicities, mainly at the level of the heart. Despite 

the knowledge of the activation of various signaling pathways harbored not only in 

cardiomyocytes but in other cell types such as cardiac progenitor cells, endothelial cells, 

fibroblasts, and leukocytes by these antineoplastic therapies, the molecular pathways 

underlying the cardiotoxic effect of the combined use of Dox and trastuzumab are still not 

completely understood. Preliminary studies suggest that the combination of these drugs 

blocks NRG-1/HER2 signaling promoting an increase in myocardial damage. Further 

studies are needed to increase the molecular knowledge about the cardiotoxicity induced by 

the combination of these drugs, envisioning to develop strategies to counteract such 

cardiotoxicity. 

To date, most of the research about Dox-induced toxicity has focused on cardiotoxic 

effects; however, other organs are also affected, such as skeletal muscle. Dox appears to 

accumulate in skeletal muscle promoting fiber atrophy, which negatively affects the 

activities of daily living and increases the risk of morbidity and mortality in cancer patients 

treated with this drug. Indeed, the analysis of the data obtained from mice injected with Dox 

allowed us to conclude that this drug promotes the remodeling of soleus muscle, mainly at 

the metabolic level. In fact, our findings revealed a metabolic change in favor of glycolysis 

for energetic purposes. Curiously, this metabolic adaptation was not accompanied by 

changes in mitochondrial dynamics. Moreover, the ubiquitin-proteasome system does not 

seem to be responsible for the muscle mass decrease observed in treated mice. Difficulties 

in the management of protein amount obtained from soleus made unfeasible to explore the 

analysis of other molecular targets to substantiate our findings. Thus, in the future, it will be 

important to analyze the contribution of other proteolytic systems and of Akt/mTOR 

pathway, which is known to regulate protein synthesis in skeletal muscle. The association of 

Dox-induced skeletal muscle remodelling with cardiac muscle adaptations to this therapeutic 

will contribute to a more integrated picture of the systemic effects of Dox.  
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Figure S1. Representative images of hematoxylin and eosin stained soleus muscle sections, from CTRL 

(A), Dox 9 mg/Kg (B) and Dox 18 mg/Kg (C), groups. As can be seen, there are streaks in muscle fibers 

that appear to result from the technical procedure and not from the Dox treatments under study. 
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