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ABSTRACT 

 

DOXORUBICIN INHIBITS CARDIOMYOCYTE AUTOPHAGIC FLUX BY SUPPRESSING 

LYSOSOMAL ACIDIFICATION 

 

 

DAN LI 

THE UNIVERSITY OF TEXAS SOUTHWESTERN MEDICAL CENTER AT DALLAS, 2015 

 

 

SUPERVISING MENTOR: JOSEPH A. HILL, M.D., PH.D. 

 

 

The clinical use of doxorubicin is limited by cardiotoxicity. Dysregulation of autophagy 

in the myocardium has been implicated in a variety of cardiovascular diseases.  However, the 

role of autophagy in doxorubicin cardiomyopathy remains poorly defined.  

Most models of acute doxorubicin cardiotoxicity involve intraperitoneal injection of 

high-dose drug, which elicits lethargy, anorexia, weight loss, and peritoneal fibrosis, all of which 

confound the interpretation of autophagy. Given this, I first established a model that provokes 

modest and progressive cardiotoxicity without constitutional symptoms, and is reminiscent of the 

effects seen in patients of chronic doxorubicin cardiomyopathy. Next, via multiple assays I 

showed that doxorubicin blocks cardiomyocyte autophagic flux in vivo and in cardiomyocytes in 

culture. This block was accompanied by robust accumulation of undegraded autolysosomes. 

Moreover, I went on to localize the site of block as a defect in lysosome acidification. To test the 
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functional relevance of doxorubicin-triggered autolysosome accumulation, I studied animals with 

diminished autophagic activity due to haploinsufficiency for Beclin 1.  Beclin 1+/- mice exposed to 

doxorubicin manifested restored cardiac autophagic flux, and were protected in terms of 

structural and functional changes within the myocardium. Conversely, animals over-expressing 

Beclin 1 manifested an amplified cardiotoxic response, correlating with their aggravated 

accumulation of autolysosomes in cardiomyocytes after doxorubicin treatments.  

In summary, I report here that doxorubicin blocks autophagic flux in cardiomyocytes 

by impairing lysosome acidification and lysosomal function.  Further, reducing autophagy 

initiation may protect against doxorubicin cardiotoxicity.  
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Cardiovascular perils of anti-cancer therapies 

Owing to the progress in primary prevention, early diagnosis and effective new 

treatments, overall cancer mortality has been declining since the 1990s; in children, the 

mortality rate has continued to decrease since 1975 (1). With the increased survival and aging 

of the cancer patient population, long-term cardiovascular disease due to anti-cancer therapies 

has become an important concern for this population.  

It has been shown that a host of chemotherapeutic and targeted therapies (2), as well 

as radiation therapies (3), can lead to acute, chronic or late-onset cardiac diseases. The 

cardiovascular complications can be local cardiac injury, including cardiomyopathy, heart failure, 

ischemic heart disease and arrhythmia, or secondary to systemic complications such as 

hypertension/hypotension or thrombotic events (2, 3). In fact, many cancer survivors now face a 

higher risk of cardiovascular disease than cancer recurrence (4). Therefore, prevention of anti-

cancer treatments related cardiovascular complications is of critical importance in decreasing 

long-term morbidity and mortality in cancer survivors. However, long-term cardiovascular 

complications are hard to predict, and scant approaches exist for preventing anti-cancer 

therapy-related cardiac injury, due to our limited understanding of the molecular mechanisms.  

 

Doxorubicin cardiomyopathy and heart failure 

Doxorubicin cardiomyopathy is a typical example of cardiotoxicity caused by anti-

cancer therapies. Since its isolation from the bacteria Streptocyces peucetius in the 1960s, 

doxorubicin remains one of the most effective and widely used anti-cancer drugs in the 

oncologic armamentarium (5). In the 1970s the acute and chronic dose-dependent cardiotoxicity 

of doxorubicin was revealed, with the incidence of heart failure drastically increasing when the 

total dosage exceeds 550 mg/m2 (6, 7). In the 1990s, late-onset cardiotoxicity caused by 

doxorubicin was uncovered in pediatric cancer survivors who presented with cardiac dysfunction 

and heart failure (8).  
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Three types of cardiotoxicity caused by doxorubicin have been described in patients: 

acute, chronic, and late onset (9). Acute cardiotoxicity is dose-independent and reversible; it 

usually occurs within 2-3 days and presents as EKG changes, arrhythmia, and occasionally 

heart failure (9). By contrast, chronic cardiotoxicity occurs within one year after doxorubicin 

therapy, and late-onset cardiomyopathy might present years or decades after doxorubicin 

exposure (8, 9). The latter two types of doxorubicin cardiotoxicity are dose-dependent and 

irreversible (9). The chronic and late cardiotoxicity of doxorubicin cannot be overlooked; the 

incidence of doxorubicin-related congestive heart failure is as high as 26% at a cumulative 

dosage of 550 mg/m2, and 48% at 650 mg/m2 of total doxorubicin dosage (10). The single most 

important risk factor for developing doxorubicin cardiomyopathy and heart failure is cumulative 

dosage of doxorubicin exposure; other risk factors include age (patients younger than 4 or older 

than 65 years of age being more susceptible) (11), comorbidities such as hypertension, 

previous cardiac diseases and mediastinal radiation therapy.  

At present, the only FDA-approved therapy to prevent doxorubicin cardiomyopathy is 

dexrazoxane (12). In addition, the beta-blocker carvedilol and angiotensin-converting enzyme 

(ACE) inhibitors have been shown to be protective in animal and pre-clinical studies, but still 

await confirmation from large clinical trials in the future (4).  

 

Models of doxorubicin cardiotoxicity  

Since acute doxorubicin cardiotoxicity is of low incidence and always reversible (9), 

while chronic and late-onset doxorubicin cardiomyopathy is irreversible and poses significant 

health risks for cancer patients/survivors, a better understanding of chronic and late-onset 

doxorubicin cardiotoxicity is needed. However, chronic and late-onset doxorubicin 

cardiomyopathy models have proved difficult to establish in the laboratory.  

Such a model system is essential in studying molecular mechanisms of doxorubicin 

cardiotoxicity, because it determines the translatability of findings from bench to bedside. Given 
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the numerous distinct models reported in the literature, it is not surprising that there exist many 

discrepancies among studies (examples will be discussed later). 

The in vitro cell culture model is the most commonly used system for studying 

doxorubicin cardiotoxicity. Commonly used cell types include Neonatal Rat Ventricular Myocytes 

(NRVMs), Adult Rat Ventricular Myocytes (ARVMs) and H9c2 cells (13). As an isolated 

environment depleted of circulatory or neuro-hormonal influences, the in vitro system allows 

dissection of direct cellular responses upon doxorubicin exposure. In addition, the in vitro 

system offers the potential for more mechanistic insights at a molecular level. However, caveats 

are two fold: the limited time of drug exposure hinders the study of long-term effects of 

doxorubicin, and the differences in biologic features between cultured cells and cardiomyocytes 

in heart tissues raise concern for clinical relevance (14).  

The concentration of doxorubicin utilized in vitro ranges from 0.1 µM to 50 µM, as 

reported in the literature (15-19). However, one must bear in mind that in human cancer 

patients, the peak and steady-state plasma concentrations of doxorubicin after one standard 

dose (30 mg/m2) are 5 µM and 25-250 nM, respectively (20). Therefore, doxorubicin 

concentrations higher than 1-2 µM in in vitro studies may not reflect the clinical scenario (20).  

The ex vivo model of doxorubicin cardiotoxicity has also been employed, which 

employs a Langendorff system to perfuse isolated animal hearts (21, 22).  Doxorubicin can be 

directly added to the perfusion buffer. This model allows the examination of acute electro-

physiologic changes as well as molecular changes of the heart in response to doxorubicin. The 

caveat also holds in that it is not a model for chronic doxorubicin cardiotoxicity. 

The in vivo model remains the most important tool in the study of doxorubicin 

cardiotoxicity. Animal species used include mouse, normotensive rat, spontaneously 

hypertensive rat, rabbit, dog and pig (23, 24). Due to feasibility and manipulability reasons, 

mouse and rat (normotensive or spontaneously hypertensive) are the most commonly used 

animal models. One critical issue remains, however, in terms of the protocol of doxorubicin 
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administration. In patients, doxorubicin is administrated via a venous route, in 30-75 mg/m2 

every 3-4 weeks (25). Cardiotoxicity increases significantly when the accumulative dose 

reaches 550 mg/m2 (10). However, differences in pharmacokinetics and susceptibility to 

doxorubicin exist across species (23, 25, 26). Therefore, the drug delivery protocol in humans 

cannot simply be extrapolated to animal models. Doxorubicin administration protocols are 

usually based on individual experiences, aiming to attain reproducible and significant cardiac 

injury within a reasonable time frame. Many studies employ a single high dose of doxorubicin, 

which lead to acute cardiotoxicity within hours or days; however, models of chronic doxorubicin 

cardiotoxicity often involve lower drug concentrations, and cardiac injury might not be evident 

until weeks later (27). This suggests that lower drug doses and multiple injections should be 

employed in creating a meaningful model of chronic doxorubicin cardiomyopathy. 

Another concern involving the in vivo model is the route of drug delivery. Doxorubicin 

is delivered to patients via i.v. infusion; in fact, doxorubicin extravasation causes local tissue 

damage. Consistently, other routes of delivering doxorubicin, including subcutaneous, 

intraperitoneal, and intramuscular administrations, all cause local tissue damage in animal 

models, leading to confounding bias and hindrance of doxorubicin tissue distribution (23). 

Therefore, i.v. administration should be chosen over other administration routes. 

 

Mechanisms proposed for doxorubicin cardiomyopathy  

Numerous studies have probed molecular mechanisms of doxorubicin 

cardiomyopathy (28).  As a result, a number of pathways have been implicated in the 

pathogenesis of doxorubicin cardiotoxicity, including DNA damage (17), transcriptome 

alterations (17), mitochondrial iron accumulation (18), mitochondrial damage (29), and 

accumulation of reactive oxygen species (ROS) (11).  Here, the major models proposed will be 

described and discussed. 
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Doxorubicin-topoisomerase ΙΙβ-DNA complex formation 

Topoisomerase ΙΙ is required for topological relaxation of DNA supercoils, a 

prerequisite step for DNA replication and gene transcription. It includes isoforms ΙΙα and ΙΙβ. 

Although the two isoforms share similar enzymatic activity, they have distinct expression 

patterns and biological significance. The ΙΙα isoform is highly expressed and active in 

proliferating cells and is essential for their survival, growth and proliferation. By contrast, the ΙΙβ 

isoform seems dispensable for most cellular activities except, under certain circumstances, for a 

few cases, including transcription of hormone-regulated genes (30).  

Topoisomerase ΙΙ relaxes DNA supercoils by generating transient DNA double strand 

breaks (DSBs), delivering a double helix through the cleaved site, followed by resealing the 

break. However, doxorubicin can intercalate into the interface between topoisomerase and DNA 

at the cleaved site, forming a doxorubicin-topoisomerase-DNA cleavage complex and 

preventing the resealing of DNA breaks by topoisomerase (30). In this way, doxorubicin 

“hijacks” topoisomerase to trigger DSBs without repairing them. Therefore, in rapidly 

proliferating cells such as cancer cells where topoisomerase ΙΙα is highly active, doxorubicin 

causes abundant DNA damage and inhibition of both cell cycle and protein biosynthesis, 

eventually leading to apoptosis. This is believed to be the primary molecular mechanism of 

doxorubicin’s anti-cancer effect. 

Given the limited expression of Topoisomerase ΙΙα in adult cardiomyocytes, it has 

long been considered that doxorubicin causes cardiotoxicity independent of topoisomerase (11). 

However, Zhang et al. (17) demonstrated that Top ΙΙβ was required for doxorubicin 

cardiotoxicity. Mice with cardiomyocyte-specific deletion of Top ΙΙβ were protected from 

doxorubicin-induced mitochondrial damage, Reactive Oxygen Species (ROS) generation and 

reduction in cardiac contractility. These data not only highlight the importance of Topoisomerase 

ΙΙβ in the pathogenesis of doxorubicin cardiomyopathy, but also suggest that doxorubicin-
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Topoisomerase ΙΙβ-DNA complex formation is upstream of doxorubicin-induced ROS 

production, which has been considered as an important culprit in doxorubicin cardiotoxicity.  

 

Oxidative stress 

Despite controversies, excessive production of ROS remains widely accepted as the 

key factor contributing to doxorubicin cardiotoxicity (11). Oxidative stress is associated with the 

progression of heart failure (31). At a lower level, ROS can activate signaling pathways that lead 

to pathologic remodeling. At a higher level, ROS causes subcellular damage (lipid and protein 

peroxidation, DNA damage, etc.) and subsequent contractile dysfunction of cardiomyocytes 

(31). Additionally, chronic ROS leads to mitochondrial DNA damage and creates a vicious cycle 

of ROS generation (31).  

The two major pathways of doxorubicin-induced ROS include redox cycling involving 

doxorubicin in a free form and doxorubicin-iron complex formation (32). Redox cycling can stem 

from the structure of the doxorubicin molecule, which is prone to accept electrons and to be 

reduced into a semiquinone radical. This is followed by donation of the electron to O2 and 

formation of free radical �O2
-. Completion of the redox cycle requires donation of electrons from 

NAD(P)H (32). The major site for doxorubicin redox cycling occurs at complex Ι within 

mitochondria, obtaining electrons from NADH (33). This, and other effects of doxorubicin (34) on 

mitochondria might contribute to mitochondrial damage in cardiomyocytes. Indeed, alterations of 

mitochondrial morphology and function have been consistently reported in various models of 

doxorubicin cardiomyopathy (29, 34, 35); the severity of mitochondrial damage correlates with 

the decline in cardiac function (34, 35).  

Another pathway of doxorubicin-induced ROS is through a doxorubicin-iron complex 

(32). Cycling between doxorubicin-Fe3+ and doxorubicin-Fe2+ could lead to robust �O2
- 

production by passing electrons to O2. Iron loading has been shown to exacerbate doxorubicin 

cardiotoxicity in animal models (36, 37). The iron chelator, dexrazoxane, protects against 
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doxorubicin cardiomyopathy in both animal models and patients (38). Ichikawa et al. recently 

further demonstrated that iron accumulation within mitochondria was of critical importance in 

doxorubicin cardiotoxicity, and the protective effect of dexrazoxane is at least partially due to its 

reduction of mitochondrial iron levels (18).  

Moreover, doxorubicin might compromise the detoxicifying system for ROS in 

cardiomyocytes. The endogenous cellular defense system against free radicals includes 3 

scavenging enzymes: superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase 

(39). SOD is responsible for catalyzing the reduction of �O2
- to oxygen or hydrogen peroxide. 

GPx and catalase can further reduce hydrogen peroxide to oxygen and water. Interestingly, the 

abundance and activity of SOD and catalase in heart is much lower than liver while GPx is 

expressed at relatively high levels in heart (40). GPx may therefore play critical roles in cardiac 

protection against ROS (39, 40). Due to inconsistencies in literature it remains unclear whether 

doxorubicin affects the abundance and activities of these three enzymes. In various studies 

SOD activity is slightly decreased (41) or unchanged (42, 43). Catalase activity is reported 

modestly increased (43) or unchanged (41, 42), and GPx activity is either unchanged (42) or 

decreased (40, 41, 44). These discrepancies might derive from the different animal models (rat, 

mouse, rabbit), injection protocols, time of observation, etc.  

A host of anti-oxidant drugs have been studied as potential prevention therapies for 

doxorubicin cardiomyopathy. Most of them yielded disappointing results, except dexrazoxane 

(DXZ) and carvedilol (32). DXZ reduces doxorubicin-induced ROS production by chelating iron 

in heart (45). However, DXZ is also a topoisomerase II inhibitor (45). Therefore, the 

cardioprotective effects might be multi-factorial. DXZ is the only clinically approved agent (in 

adult patients only) against doxorubicin cardiomyopathy (46). Moreover, DXZ has been recently 

shown to exert protective effects both in the short-term (46) and long-term (47) against 

doxorubicin cardiomyopathy in children with high-risk acute lymphoblastic leukemia. However, 
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important concerns remain, e.g. whether DXZ co-treatment with doxorubicin reduces 

doxorubicin’s efficacy, and whether DXZ increases the risk for secondary malignancies (12).  

Carvedilol is a beta-blocker that possesses anti-oxidant activities. Although not FDA-

approved for treatment of doxorubicin cardiomyopathy, carvedilol has been shown to exert 

cardioprotective effects against doxorubicin in animal studies (48) and a small pre-clinical trial 

(49). However, the protective role of carvedilol remains to be further confirmed in future large 

randomized trials. 

 

Cell death 

ROS production and mitochondrial damage, features of doxorubicin cardiotoxicity, can 

lead to calcium dysregulation, opening of mitochondrial permeability transition pore (mPTP), 

and eventually cell death (apoptosis or necrosis) (50) (13). However, caution needs to be 

exercised when interpreting the data, with the awareness of differences between neonatal and 

adult cardiomyocytes, as well as between in vitro and in vivo systems. 

Cardiomyocyte apoptosis is the most commonly reported type of cell death triggered by 

doxorubicin. The models for in vitro studies are often H9c2 cells – embryonic myoblasts that 

proliferate in culture, and neonatal rat ventricular myocytes (NRVMs) (13). Adult rat ventricular 

myocytes (ARVMs), however, have significantly lower activities of caspases in comparison to 

NRVMs and H9c2 cells (13). This is at least partially due to the low expression of pro-apoptotic 

proteins such as apoptotic protease activating factor-1 (Apaf1) and procaspase-9 in adult 

cardiomyocytes (13). Consistently, Shi, et al showed a rapid down-regulation of a host of pro-

apoptotic proteins (pro-caspase 3, 8, 9, Bax, Bak, Apaf1) and caspase activities in post-natal 

mouse hearts (51). The down-regulation of apoptotic proteins correlated with decreased 

apoptotic events in mouse hearts (51). Caspase 3 activity, while robust in the neonatal mouse 

heart, is no longer detectable in the heart by 3 weeks of age, both at baseline and after 
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doxorubicin (10 mg/kg) injection (51). These results suggest that doxorubicin may only be able 

to cause extremely low levels of cardiomyocyte apoptosis, if any.  

Additionally, while many studies use the terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) assay to detect apoptosis in heart tissues, two caveats exist. First, 

the TUNEL assay does not specifically recognize apoptosis, but marks necrotic cells as well 

(52). Second, lack of co-staining with cardiomyocyte markers renders a high possibility of 

mistaking apoptotic signals in non-cardiomyocytes as cardiomyocytes. Zhang et al (53) pointed 

out that the TUNEL positive sites in their chronic doxorubicin cardiomyopathy rat model were 

confined to endothelial cells, interstitial cells and macrophages, but not cardiomyocytes. 

Therefore, doxorubicin-induced cardiomyocyte apoptosis, at least in a clinically relevant 

manner, is still debatable. 

Some studies have reported that doxorubicin can induce cardiomyocyte necrosis (13, 

54, 55). However, it is technically difficult to detect necrosis in doxorubicin-treated heart. 

Histologically, necrosis is characterized as rupture of plasma membrane and subsequent 

inflammation (50). In tissue culture systems, the plasma membrane rupture can be evaluated by 

various assays (e.g. LDH release assay, trypan blue incorporation assay etc.); however, other 

types of cell death in in vitro systems can also cause loss of plasma membrane integrity at late 

stages. In addition, lipid peroxidation can increase membrane permeability, which does not 

necessarily mean cell death (56). Under in vivo conditions, rupture of the cell membrane and 

loss of myocytes are difficult to detect unless in the scenario of myocardial infarction. While 

inflammation always accompanies necrosis in tissues, it is not a specific marker for necrosis. 

Mechanistically, opening of the mPTP is considered a key contributor to necrosis (50). ROS 

within mitochondria, along with calcium dysregulation by doxorubicin, are likely to cause 

mitochondrial calcium overload, opening of the mPTP, mitochondrial swelling and irreversible 

necrotic death (50). Opening of the mPTP was observed in doxorubicin-treated cardiomyocytes 
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cultured in vitro (55), hinting at necrosis as a possible mechanism of doxorubicin-caused 

cardiomyocyte loss; however, no conclusive evidence exists in in vivo studies. 

Additionally, several groups suggested that doxorubicin caused “autophagic cell 

death” in cardiomyocytes (13, 57, 58). However, both the legitimacy of the concept of 

“autophagic cell death” and that doxorubicin upregulates autophagy in cardiomyocytes are 

controversial (59), which will be discussed in the following sections. 

 

Autophagy, a dynamic flux process 

Autophagy, meaning “self-eating”, is a generic name for different routes of cytosolic 

material delivery to the lysosome for degradation, which includes macroautophagy, 

microautophagy and chaperone-mediated autophagy. Among them, macroautophagy is the 

major type and is the most extensively studied (referred to as autophagy hereafter).  

Autophagy not only serves as pro-survival machinery in cellular starvation, but also is 

involved in the turnover and renovation of organelles, as well as degradation of protein 

aggregates during cell stress (60, 61). Defective autophagy leads to perinatal death due to 

energy deficiency before feeding commences (60); in later stages of life, defects in autophagy 

cause premature aging and reduction in life span with end stage organ damage (62-64). 

Additionally, dysregulation of autophagy has been shown to contribute to a variety of human 

diseases (60). 

Autophagy is a dynamic process. It involves multiple steps: the formation of 

phagophores and autophagosomes, fusion between autophagosomes and lysosomes to 

generate autolysosomes, and finally degradation of internal cargo by lysosomal enzymes. 

Alteration of any step is likely to affect the execution of autophagy (60). That autophagy is a 

dynamic flow rather than a static reflection of “vacuoles” under the microscope has been 

increasingly appreciated in recent years, with “autophagic flux” often used to denote the 

dynamic nature of autophagy. 
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Regulation of the initiation process of autophagy has been intensively studied. It 

involves the cooperation of evolutionarily conserved proteins (60). The mammalian target of 

rapamycin complex 1 (mTORC1), a cellular “nutrient sensor”, is a major inhibitor of autophagy. 

mTORC1 suppresses autophagic induction mainly by phosphorylating ULK1/2, a component of 

the PI3-kinase (PI3K) complex that governs the phagophore nucleation. On the other hand, 

AMP-activated kinase (AMPK) activates autophagy both indirectly by inhibiting mTORC1 

activity, and directly by phosphorylating Beclin 1 (65). Further, phosphorylation of Bcl-2 and Bcl-

XL can disrupt the interaction with Beclin 1, leading to the release of Beclin 1 for autophagy 

induction (66, 67). 

Autophagosome turnover is the second half of the autophagy process, but the 

molecular regulation is less well characterized. Autophagosome-lysosome fusion is a process 

that requires cellular membrane trafficking. Autophagosomes are often delivered to the 

perinuclear microtubule-organizing center (MTOC) where lysosomes are abundant (68). 

Disruption of microtubule assembly or impairment of dynein/dynactin-mediated retrograde 

transport decreases chances for autophagosome-lysosome fusion and leads to accumulation of 

autophagosomes (68). Rab7 is a small GTPase required for autophagosome trafficking, and 

recruitment of tethering complexes that mediate membrane fusion (69, 70). Other proteins 

shown to be required for the autophagosome-lysosome fusion process include Rab7 binding 

partners UV radiation resistance-associated gene (UVRAG) (71) and RUN domain protein as 

Beclin1 interacting and cysteine-rich containing (Rubicon) (72), Rab7 effector protein Pleckstrin 

homology domain containing protein family member 1 (PLEKHM1) (70), and soluble N-

ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex components 

Syntaxin 17 (Stx17), SNAP-29 and VAMP8 (73, 74). Interestingly, SNAP-29 serves as a 

“nutrient sensor” to regulate the final fusion process via O-GlcNAcylation modification (74).  

Lysosomal digestion of intra-autolysosomal cargo is the final step of autophagic flux. 

Transcription factor EB (TFEB) is a transcription factor that drives lysosomal gene expression 
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and lysosomal biogenesis (75). Overexpression of TFEB induces autophagic flux in mammalian 

cells (76). Derived from lysosomes, autolysosomes are equipped with a milieu of hydrolases 

that function optimally at pH 4.5-5.0 (77). Lysosomes/autolysosomes acquire an acidic 

environment via the activity of the vacuolar-ATPase (V-ATPase), a proton pump at the 

lysosomal membrane (78). The lysosomal membrane is protected by LAMP-1 and LAMP-2 - 

two glycosylated proteins - from being digested. The single lysosomal membrane creates a 

special compartment and separates the acidic lumen from the rest of the cell. A host of human 

diseases are associated with mutations of V-ATPase component genes, Lamp-2, various 

lysosomal enzyme genes, and other mutations affecting lysosomal functions, leading to 

blockage of autophagic flux in late stages of the process (79, 80).  

 

Assays for monitoring autophagic flux  

Counting the number of autophagosomes has long been considered the gold 

standard to assess autophagy. However, a misconception exists that autophagosome number 

positively correlates with autophagic activity. The number of autophagic vacuoles is a balance 

between generation by autophagic initiation and turnover of autophagosomes/autolysosomes. 

Therefore, blocking of autophagy flux also displays an increase in autophagosome numbers. In 

order to discern between these two possibilities, assays to measure autophagic flux are 

imperative.  

In comparison to electron microscopic studies for detecting autophagic vacuoles, 

Atg8/LC3 detection assays are technically more feasible, more reliable and less experience-

dependent. The conversion of cytosolic LC3-I to phosphotidylethanolamine-conjugated LC3-II is 

used as a marker for autophagosome formation. Based on the relationship between LC3 and 

autophagic vacuoles, autophagic vacuole numbers can be monitored via either immunoblotting 

for LC3, or fluorescent microscopy detecting LC3 puncta. To monitor flux rather than taking 

snapshots of autophagy, these approaches can be aided by pharmaceutical manipulations to 
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block autophagic degradation in combination with autophagosome detection. E64D, PepstatinA, 

Chloroquine and bafilomycin A1 are commonly used for this purpose. A third method to quantify 

autophagic flux involves the usage of tandem mRFP/mCherry-GFP-LC3 fusion protein (81). The 

GFP signal is sensitive to pH change and will be quenched in lysosomes while mRFP/ mCherry 

signal is more stable in the acidic lysosomal compartment. Therefore, dual fluorescence can aid 

in differentiating autophagosomes and autolysosomes. 

Measuring protein degradation by autophagy is another approach to monitor 

autophagic activity. The long-lived protein degradation assay was first developed in the 1970s, 

offering to measure the “bulk-degradation” rate by autophagy (82). However, one needs to be 

cautious whether the measurement is specific to autophagy or a mixture of autophagy and 

proteasomal degradation. Quality controls such as inhibition of autophagy and/or the 

proteasome pathway are therefore needed. In recent years, measurement of long-lived protein 

degradation has largely been replaced by monitoring the protein level of p62, a substrate protein 

in the autophagy pathway. In many cases, p62 levels inversely correlate with autophagic 

activity. However, one must be cautious that given this protein’s multiple biological functions 

(83, 84), transcriptional regulation by stresses (85), and decreased solubility in some contexts 

(86), p62 protein levels do not necessarily reflect autophagic flux in every scenario.  

 

Autophagy in cardiac diseases: friend or foe?  

Cumulative evidence supports the importance of autophagy in cardiac physiology and 

pathophysiology, albeit controversies exist whether regarding autophagy is a friend or foe under 

various conditions. 

 

Autophagy is required for normal cardiac function 
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Basal levels of autophagy in the heart play critical roles in recycling proteins and 

organelles, particularly mitochondria, so that homeostasis in cardiomyocytes can be maintained. 

The heart is a dynamic organ with a high metabolic rate, providing ATP for continuous cardiac 

muscle contraction to sustain the peripheral circulation. In the nutrient-rich state, autophagy is 

not required for energy provision in cardiomyocytes; however, during persistent fasting, lack of 

autophagy has been shown to be detrimental to cardiac performance (87).  

On the other hand, the abundance of mitochondria and high oxidative phosphorylation 

levels render the heart at a higher risk of ROS injury and mitochondrial damage. Autophagy 

serves as an efficient housekeeper, digesting damaged mitochondria and oxidized 

proteins/organelles. Defective autophagy in heart could result in cardiomyopathy, such as heart 

failure (88) and early-onset cardiac aging (63). Danon disease in humans is another example in 

which defective autophagic flux due to LAMP-2 deficiency, leads to autophagic vacuole 

accumulation in cardiomyocytes and eventual heart failure (78).  

Further, altered autophagic levels have been observed in various cardiac diseases 

(as discussed below). To date, whether autophagy is adaptive or maladaptive in cardiac 

diseases is still controversial, and depends on specific disease contexts and degrees of 

autophagic alteration.  

 

Accumulation of autophagic vacuoles in heart failure 

Increased numbers of autophagic vacuoles have been observed in heart samples 

from dilated cardiomyopathy and heart failure patients (89). However, due to limitations in 

assessing the dynamic autophagic process in human endomyocardial biopsy samples, it is not 

known if the increased vesicles are due to increased autophagic activity or defective lysosomal 

degradation of autophagic cargo. It is also unknown whether autophagy is a culprit in promoting 

cardiac decompensation, or merely a failed compensatory strategy to salvage defective energy 

production in cardiomyocytes during heart failure.  
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Hypertensive cardiomyopathy  

High blood pressure increases ventricular wall stress. According to Laplace’s law, wall 

stress is negatively proportional to wall thickness. To ameliorate wall stress, the ventricle 

manifests hypertrophic growth by adding sarcomeres in parallel in cardiomyocytes. When 

hemodynamic stress persists, however, adaptive hypertrophy progresses and become 

maladaptive, eventually leading to heart failure. Despite extensive interest, the mechanisms 

governing the transition remain elusive. Autophagy has been implicated in both cardiac 

hypertrophy and decompensated heart failure. However, the exact role is still up for debate (88, 

90). On one hand, Atg5 cardiomyocyte-specific knockout mice (αMHC-Cre, Atg5 flox/flox) 

develop more robust cardiac hypertrophy and rapid progression to heart failure upon TAC (88). 

On the other hand, Beclin 1+/- mice are protected from severe TAC while cardiomyocyte-specific 

Beclin 1 transgenic mice develop heart failure upon TAC (90). This apparent contradiction could 

be explained by the different autophagy modulations in animal models: complete ablation of 

autophagy might be detrimental for cardiomyocytes under pressure overload stress, while 

partially reduced autophagy is protective.  

 

Ischemia/reperfusion injury 

Myocardial infarction is a leading cause of death worldwide. Effective and timely 

reperfusion of the coronary artery is the most important approach to mitigate cardiac damage 

and improve clinical outcomes. Reperfusion, however, causes additional damage to the heart. 

This ischemia/reperfusion (I/R) injury is a subject for actively ongoing research. Rodent models 

of I/R recapitulate the clinical circumstance when a patient receives percutaneous intervention 

(PCI) and stenting, or thrombolytic agents. During ischemia, lack of oxygen and nutrients 

triggers a number of cellular responses including autophagy (91). Decker et al (91) showed that 

40 minutes after ischemia in a rabbit model triggered an increase in both autophagosomes and 
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lysosomal activity in cardiomyocytes. However, autophagic changes during reperfusion are 

more controversial. In the same study, autophagic vacuoles strongly increased and the 

lysosomal degradation process was robustly enhanced upon reperfusion after 20 minutes of 

ischemia, which correlated with cell repair. However, during reperfusion after 40 minutes of 

ischemia, autophagosomes still increased, but appear less frequently in hearts compared to 

those recovering after 20 minutes of ischemia. Instead, large membrane-bound vacuoles 

without lysosomal reaction product were observed. These observations raise the possibility that 

while shorter ischemic time triggers autophagy during reperfusion and subsequent 

cardiomyocyte repair, longer ischemic duration might cause defects in autophagic flux. In 

accordance with this, it was shown that in an I/R mouse model, autophagic flux is initially 

activated in ischemia but blocked during reperfusion (92). Functionally, accumulating evidence 

suggests that induction of autophagy offers cardioprotection against ischemia/reperfusion injury 

(93). Enhanced autophagy in cardiomyocytes is correlated with cell survival in a porcine model 

of chronic ischemic cardiac disease (93). Additionally, Xie et al. reported that HDAC inhibitor’s 

protection against I/R injury was associated with upregulation of autophagic flux in mouse and 

rabbit models (94).  

 

Autophagy’s controversial role in doxorubicin cardiotoxicity - previous studies  

In recent years, a number of studies have emerged, focusing on the role of autophagy 

in doxorubicin-induced cardiotoxicity.  However, studies employing either in vitro or in vivo 

platforms have generated conflicting results. Overcoming the challenges inherent to 

experimental models of doxorubicin cardiotoxicity is required to facilitate the emergence of new 

clinically relevant insights.  

In vitro studies 
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Involvement of autophagy in doxorubicin cardiotoxicity has been tested in a variety of 

cell types in vitro, including neonatal rat ventricular myocytes (NRVMs), adult rat ventricular 

myocytes (ARVMs), and H9c2 cells (rat embryonic myoblast cell line) (19, 58, 95).  In general, 

ratios of LC3-II/LC3-I and p62 protein abundance were evaluated as the major criteria of 

autophagic activation.  Kobayashi et al (58) and Dimitrakis et al (19) reported an increase of 

autophagy in doxorubicin treated NRVMs (1 µM for 18 hours) and ARVMs (10 µM for 48 hours) 

respectively. In contrast, Sishi et al reported that LC3-II/LC3-I ratios in H9c2 cells were not 

altered by doxorubicin treatment (3 µM for 24 hours) (95).  One caveat of these studies is the 

lack of evaluation of autophagic flux. Thus, the role of autophagy in doxorubicin-exposed 

cardiomyocytes and cardiomyocyte-like cell lines remains inconclusive.  

Several in vitro studies have yielded conflicting data regarding whether autophagy 

alters the cardiomyocyte response to doxorubicin. Kobayashi et al suggested that autophagy 

activation increased cell injury and death of NRVMs by doxorubicin (58).  However, Sishi et al 

reported opposite results in H9c2 cells (95). Discrepancies observed among these studies might 

be explained by: 1) different treatment strategies; 2) off-target effects of compounds used to 

modulate autophagy. The commonly used autophagy modulators, such as rapamycin, 3-MA, 

chloroquine, bafilomycin A1, etc., all have biological targets other than autophagy, such as 

mTORC1, PI3K (59), and the lysosome (59). Therefore, further work with rigorous controls is 

required to clarify the puzzle.  

From a different point of view, discrepancies observed in multiple studies may also 

reflect the complexity of studying drug-induced cardiotoxicity. Currently, there are no cell lines 

that optimally mimic human cardiac biology (96).  H9c2 cells do not resemble cardiomyocytes 

morphologically, and they actively proliferate; hence, they could be more prone to doxorubicin-

induced cytotoxicity and cell death. NRVMs, although widely used and well characterized, differ 

from adult cardiomyocytes in many ways.  Doxorubicin of 1-3 µM, a concentration used in many 
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in vitro studies and reflective of plasma drug concentrations in patients receiving doxorubicin, 

triggers robust cell death in NRVMs and H9c2 cells within 24 hours, but a much higher 

concentration of doxorubicin (> 20 µM) is required to induce cell death in ARVMs (97). Indeed, 

acute cardiomyocyte death is not a common event in animal hearts even after exposure to 

lethal-dose doxorubicin, suggesting that cell death measurements may not the best assay to 

accurately assess doxorubicin-induced cardiotoxicity.  

 

In vivo studies 

In vivo studies of autophagy in doxorubicin-induced cardiomyopathy have employed 

rabbits, rodents, and zebrafish.  In general, two modes of drug administration have been studied 

in rodent models: high-dose (10 mg/kg-20 mg/kg, 1-2 injections) and chronic exposure to serial 

low-dose drug (1-5 mg/kg, 3-15 injections) (57, 98-100).  While early studies employed 

intravenous (i.v.) injections, more recent studies have employed intraperitoneal (i.p.) injections, 

largely for sake of convenience.  As discussed earlier, one limitation of i.p. doxorubicin exposure 

is local tissue damage, which can alter bowel function and food intake, confounding not only 

tissue distributions of doxorubicin, but also the evaluation of autophagy.    

Multiple in vivo studies arrived at dissimilar conclusions regarding how autophagy is 

regulated by doxorubicin in animal hearts.  Several studies reported increases in LC3-II/LC3-I 

ratios in heart tissue after doxorubicin exposure, yet autophagic flux was not rigorously 

evaluated (57, 98, 99).  In contrast, Kawaguchi et al (100) reported that whereas steady state 

levels of LC3-II/LC3-I increased, inhibition of downstream lysosomal processing with bafilomycin 

A1 failed to increase those ratios further, suggesting a defect in autophagosome processing.  

Interestingly, early studies reported that chronic doxorubicin exposure resulted in a decrease in 

the sedimentable activity of cathepsin D (101), which highlights the importance of evaluating 

autophagosome turnover and lysosome function in doxorubicin-treated hearts. 
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In a zebrafish model of doxorubicin cardiomyopathy (102), steady state LC3-II levels 

increased acutely upon doxorubicin exposure and later declined. The autophagic response may 

differ in the acute phase relative to later phases.  In aggregate, it is still debated whether cardiac 

autophagy is upregulated or rather blocked by doxorubicin.  

The functional role of autophagy in the pathogenesis of doxorubicin cardiotoxicity has 

been explored in multiple in vivo studies, albeit with conflicting conclusions. Lu et al (57) 

reported that 3-MA treatment reduced mitochondrial damage and preserved cardiac function 

after exposure to high-dose doxorubicin.  However, several studies have reported that boosting 

autophagy by either rapamycin or fasting was protective of doxorubicin-induced cardiac 

dysfunction (95,100).  Others reported correlations between autophagic levels and the severity 

of doxorubicin cardiotoxicity (98, 99). Further, in light of mTORC1’s regulation of autophagy, two 

studies evaluated the role of mTORC1 in doxorubicin cardiotoxicity in rodents and zebrafish, 

respectively, with conflicting results (98, 102).   

While maladaptive autophagy exacerbates cardiac function under stress (90), 

perturbation of downstream autophagosome processes will also lead to cellular damage 

resulting from the accumulation of damaged mitochondria as well as ROS-damaged proteins 

(60). At present, a consensus has not emerged regarding how cardiomyocyte autophagy is 

altered by doxorubicin or its possible role in the pathogenesis of anthracycline cardiomyopathy. 

To address this, it is critical to probe autophagic flux by inhibiting lysosomal 

processing, especially given that p62 expression can be induced by oxidative stress (85). In 

addition, tandem fluorescence probes can be informative (81).  For in vivo models, it is critical to 

avoid the systemic effects of doxorubicin exposure, including lethargy, anorexia, and weight 

loss, as these are likely to alter autophagy secondarily. Further, detailed time course analysis is 

needed, as acute responses may differ from chronic events.  
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Central Thesis 

The clinical use of doxorubicin is limited by cardiotoxicity. Histopathologic changes 

include increased myocardial interstitial fibrosis and appearance of vacuolated cardiomyocytes. 

Whereas past decades have witnessed numerous mechanisms proposed, the mechanism of 

doxorubicin cardiomyopathy is not well defined. Additionally, lack of approaches to prevent or 

treat doxorubicin cardiomyopathy calls for better understanding of mechanisms untaking 

doxorubicin cardiotoxicity. 

Autophagy plays a critical role in cardiac physiology; dysregulation of autophagy in 

the myocardium has been implicated in a variety of cardiovascular diseases. However, the role 

of autophagy in doxorubicin cardiomyopathy remains poorly defined. To explore the role of 

autophagy in doxorubicin cardiomyopathy, I designed experiments to examine 1) how 

autophagic flux is altered in cardiomyocytes upon doxorubicin exposure, and 2) how alteration 

of autophagic flux affects the outcome of doxorubicin cardiotoxicity. 
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DOXORUBICIN INHIBITS CARDIOMYOCYTE AUTOPHAGIC FLUX 

BY SUPPRESSING LYSOSOMAL ACIDIFICATION 
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INTRODUCTION 

Doxorubicin is a commonly used chemotherapeutic drug. However, its clinical use has 

been limited due to dose-dependent cardiotoxicity (1, 2). While controversy exists about the 

proposed initial events driving the pathogenesis of doxorubicin cardiomyopathy, accumulation of 

reactive oxygen species (ROS) (3) and mitochondrial damage (4) are considered key 

contributors. The relatively low levels of antioxidant enzymes (5) and high autophagic flux (6) in 

heart raise the possibility that autophagy serves as an important defense mechanism against 

ROS and organelle damage.  

Autophagy is a dynamic process that entails a relay of multiple steps to deliver 

cytosolic materials to lysosomes for degradation (7). While autophagosome formation is critical 

for the autophagy process, later steps including autophagosome turnover and internal cargo 

degradation by lysosomes are also critical for ensuring the completion of autophagy as a 

dynamic process. Disruption of the relay in any of these steps might block autophagic flux, 

leading to cell injury and increased fragility to stress (8-11).   

Previous studies have shown that autophagy plays an important role in cardiac 

physiology (8); dysregulation of autophagy contributes to the pathogenesis of various 

cardiovascular diseases, leading to cardiomyopathy and heart failure (8, 9, 12).  

Autophagy serves as a robust system protecting the heart from redox injury and 

internal organelle damage (4, 8, 13), yet still, doxorubicin causes progressive cardiac toxicity. 

Either this is because the mitochondrial damage and accumulation of ROS overwhelm the 

defensive systems or the defense system, i.e. autophagy, is compromised by doxorubicin. In 

order to accurately assess doxorubicin’s effect on cardiac autophagy, I developed a mouse 

model of chronic doxorubicin cardiotoxicity that avoided doxorubicin’s systematic toxicity and 

non-cardiac lethality. My data further show that doxorubicin inhibits cardiomyocyte autophagic 

flux by altering lysosomal pH and function in vitro.  
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RESULTS 

A mouse model of doxorubicin cardiomyopathy reflects the clinical scenario. 

Patients who develop chronic cardiomyopathy attributed to doxorubicin exposure 

typically manifest slowly progressive cardiomyopathy.  Further, initial exposure to the drug is 

relatively well tolerated. In contrast, most preclinical models reported in the literature involve 

high-dose doxorubicin delivered intraperitoneally and are marked by systemic toxicity, including 

malaise, lethargy, anorexia, and weight loss. These effects outside the myocardium do not 

reflect the clinical toxicity experienced by patients.  Further, they are likely to confound the 

interpretation of doxorubicin effects on cardiomyocyte autophagy. Therefore, I first developed a 

chronic doxorubicin cardiomyopathy model that is not marked by these constitutional events. 

Intravenous administration of low-dose doxorubicin (5 mg/kg) in a regime of four 

once-per-week injections was employed (Figure 2.1A). Left ventricular systolic function, tracked 

by serial echocardiography, was marked by progressive declines, reminiscent of clinical 

observations. Cardiac function remained depressed when measured four weeks after the last 

dose was given (Figure 2.1B, C). Meanwhile, mice appeared healthy, consumed normal 

quantities of food (Figure 2.1D), and gained weight normally (Figure 2.1E).  In addition, this 

protocol did not cause mortality at 7 weeks; by contrast, other acute and chronic models of 

doxorubicin cardiomyopathy that I tested have resulted in lethality (heart failure irrelevant) 

before the end of the study (Figure 2.1F, G). 

 

Doxorubicin inhibits cardiomyocyte autophagic flux in vivo 

To evaluate autophagic flux, I quantified markers of autophagy in control and treated 

hearts. Steady state levels of the autophagy marker LC3-II showed an increase at 24 hours 

post-doxorubicin injection, persisted to day 3, and eventually returned to baseline by 7 days 

(Figure 2.2A). The protein level of another marker of autophagy p62/SQSTM1 also increased 
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by 24 hours, but returned to baseline by the third day (Figure 2.2A).  However, mRNA 

abundance of several autophagy-related genes, including p62/Sqstm1 (but not Lc3b), increased 

24 hours after doxorubicin injection making it hard to interpret changes in autophagy with this 

specific marker (Figure 2.2B).  I reasoned that these transcript changes likely reflect a stress 

response to doxorubicin. 

Increases in steady state LC3-II levels may derive from increased autophagic 

activation or a downstream block of autophagosome processing resulting in decreased turnover 

of LC3-II.  To distinguish between these two possibilities, I treated mice with i.p. injection of 

bafilomycin A1 (BafA1), a late stage inhibitor of autophagy. Further, mice were caged 

individually without food for the last 2 hours before sacrifice, and were sacrificed at the same 

time of the day, in order to eliminate possible confounding factors affecting autophagy. 

Treatment of the animals with BafA1 for 2 hours resulted in a significant increase in LC3-II 

levels, consistent with normal autophagic flux (Figure 2.3A). However, doxorubicin-treated 

animals showed no further increase in LC3-II levels with BafA1 treatment (Figure 2.3A). BafA1 

treatment appeared less effective in increasing p62 protein levels in heart in my experiments 

(Figure 2.3A), and therefore I conclude that the protein might be less reliable in evaluating 

autophagic flux in this context. Similar findings of LC3-II were observed after the full 4-week 

course of serial doxorubicin injections (Figure 2.3B). These data suggest that the accumulation 

of LC3-II in doxorubicin-treated animals stems from an inhibition of LC3-II turnover and indicate 

a block in autophagic flux. 

Next, I tested whether starvation, a robust trigger of autophagic flux, could rescue the 

apparent block in autophagy caused by doxorubicin.  As expected, starvation triggered a strong 

increase in autophagic flux in the control group, as measured by LC3-II accumulation, and yet 

this flux was not observed in doxorubicin-treated mice (Figure 2.3A). Here starvation-induced 

autophagic flux was also reflected in the change of p62 levels, since bafA1 induced p62 
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accumulation upon starvation; however, the accumulation of p62 by bafA1 was also not 

observed in the doxorubicin group. These data provide additional evidence that doxorubicin 

inhibits autophagy by targeting distal events in the flux cascade. 

Interestingly, the blockage of autophagic flux appeared to be reversible. Accumulation 

of LC3-II in doxorubicin-treated hearts appeared after 24 hours, persisted at 72 hours, but then 

LC3-II protein level returned back to normal baseline (Figure 2.2A). In addition, although 

autophagy was inhibited in mouse hearts 24 hours after the fourth serial doxorubicin injection 

(Figure 2.3B), it was restored, and even increased at late stage - 4 weeks after chronic 

doxorubicin injections (Figure 2.3C). Since heart is an organ that relies on high autophagy 

levels (6), frequent short-term inhibitions of autophagic flux might lead to cardiomyocyte 

dysfunction even at the basal level; furthermore, lack of autophagic flux might compromise 

cardiomyocytes’ ability to diminish the damaged organelles by doxorubicin. Therefore, although 

the evidence indicated that the inhibition of autophagic flux might be temporary and reversible, 

the cumulative injuries caused by inhibition of autophagic flux accompanied with every injection 

of doxorubicin might be significant.  

Autophagy is a multi-step, dynamic process.  To map the specific step within the 

autophagic cascade inhibited by doxorubicin, I employed an autophagic flux reporter mouse 

model, which harbors an RFP-GFP-LC3 transgene expressed driven by the universally 

expressed promoter CAG (14).  As RFP (pKa 4.5) fluorescence is stable in an acidic 

environment, whereas GFP (pKa 5.9) fluorescence is quenched in the acidic lysosomal 

compartment, autophagosomes (GFP/RFP) can be distinguished from autolysosomes (RFP 

only), and flux can be tested directly.   

With the autophagic flux reporter mice, I examined hearts after doxorubicin treatment.  

Surprisingly, doxorubicin elicited an increase in autolysosomes in the heart, with no significant 

change in autophagosome numbers (Figure 2.4A, B).  Furthermore, BafA1, which inhibits 

autophagosome-lysosome fusion, induced comparable increases of autophagosomes in both 
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normal saline- and doxorubicin-treated groups; however, there remained a trend of increased 

autolysosomes in doxorubicin-treated group than control group (Figure 2.4A, B).  

The indications of these findings are two fold. Firstly, the comparable increase of 

autophagosomes after BafA1 treatment in both groups excluded the possibility that 

autolysosomal accumulation by doxorubicin was due to increased efficiency of autophagosome 

maturation and autophagosome-lysosome fusion – henceforth, increased autophagy. Secondly, 

accumulation of autolysosomes rather than autophagosomes by doxorubicin suggests that the 

defect in LC3-II turnover induced by doxorubicin occurs at a point downstream of 

autophagosome-lysosome fusion. Doxorubicin-treated hearts were marked by accumulation of 

vesicles containing electron-dense content on electron microscopy (Figure 2.4C), again 

consistent with increased numbers of lysosomes/autolysosomes. These data are consistent with 

a model in which doxorubicin blocks autophagic flux by inhibiting autolysosome turnover.    

 

Doxorubicin inhibits autophagic flux in cultured cardiomyocytes 

To test the effects of doxorubicin directly in cardiomyocytes, I treated neonatal rat 

ventricular myocytes (NRVMs) with doxorubicin.  Suppression of autophagic flux – shown as the 

lack of BafA1-induced accumulation of both LC3-II and p62 - by doxorubicin was dose-

dependent (Figure 2.5A). It has been suggested that doxorubicin concentrations greater than 2 

µM do not reflect the clinically relevant context (15), so I employed doxorubicin at 1 µM. 

Treatment of NRVMs with doxorubicin resulted in a decrease in autophagic flux as measured by 

LC3-ΙΙ levels within 6 hours with the maximum effect by 18 hours (Figure 2.5B). Doxorubicin 

decreased both p62 protein and p62/Sqstm1 transcript levels (Figure 2.5A, B, Figure 2.7A), 

contrary to in vivo changes. As a secondary assessment of autophagy I looked at long-lived 

protein degradation by pulse chase analysis. Stimulation of autophagy by starvation increases 

long-lived protein turnover in NRVMs and this increase is inhibited in doxorubicin-treated cells 
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(Figure 2.5C). Interestingly, unlike the complete blockage of BafA1-inhibitable LC3-II turnover, 

that I observed in the western blotting analysis, doxorubicin only partially blocked wholesale 

turnover of long-lived proteins when compared to BafA1. This suggests that doxorubicin-

induced inhibition of lysosomal degradation may not be complete. Regardless, these data are 

consistent with an ability of doxorubicin to inhibit autophagic flux in vitro. 

To test for generalizability beyond NRVMs, I evaluated autophagic flux in other cell 

types commonly used for studying cardiomyocyte biology. I found that overnight treatment with 

doxorubicin inhibited autophagic flux in adult rat cardiomyocytes, cardiomyocyte-like cells 

differentiated from human embryonic stem cells, and H9c2 cells (Figure 2.6A-C).  By contrast, 

doxorubicin did not alter autophagic flux in the skeletal myoblast cell line C2C12 (Figure 2.6C).  

I noticed that in contrast to my in vivo observations, cardiomyocytes did not present 

with an accumulation of LC3-ΙΙ after doxorubicin exposure, even though autophagic flux is still 

abolished. I reasoned that in cultured cardiomyocytes, the initiation of autophagy might also be 

compromised. Consistent with this, I found that doxorubicin decreased the transcript abundance 

of several of autophagic genes (Figure 2.7A, B) in cultured cardiomyocytes (NRVMs and 

ARVMs).  

I next employed the tandem fluorescence RFP-GFP-LC3 reporter system (described 

earlier), introduced by lentivirus infection, as an additional monitor of autophagic flux in NRVMs.  

Consistent with the in vivo data, a significant increase in autolysosome numbers, without 

changes in autophagosome numbers, was observed after doxorubicin exposure (Figure 2.8A). 

Transmission electron microscopy revealed an accumulation of autolysosomes in doxorubicin-

treated cardiomyocytes (Figure 2.8B).  In aggregate, my data lend strong credence to a model 

in which doxorubicin inhibits autophagic flux in cultured cardiomyocytes at a point downstream 

of autolysosomal fusion. 
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mTORC1 activation is not required for doxorubicin-triggered block of autophagic flux 

It is well established that mTORC1 activation inhibits autophagy initiation by 

phosphorylating ULK1 (16).  Furthermore, it has been reported that mTORC1 activity also 

affects lysosomal biogenesis and lysosomal function (17).  For these reasons, I examined 

whether doxorubicin alters mTORC1 activity in cardiomyocytes.  Western analysis of known 

mTORC1 targets (S6K, S6 and 4EBP1) in hearts from doxorubicin-treated mice (Figure 2.9A) 

and in doxorubicin-treated cardiomyocytes (Figure 2.9B) both suggest significant stimulation of 

mTORC1 activity with doxorubicin treatment. Therefore, I next examined whether mTOR activity 

per se was required for the inhibition of autophagic flux by doxorubicin. To test for a requirement 

of mTORC1 activation, I treated the NRVMs with torin 1, a robust and specific inhibitor of 

mTORC1.  As expected, in control group torin 1 blunted mTORC1 activity (Figure 2.10A) and 

increased the LC3-II/LC3-I ratio (Figure 2.10B, C), suggesting an increase of autophagy.  

However, torin 1 failed to rescue the inhibition of autophagic flux elicited by doxorubicin (Figure 

2.10B, C).  This suggests that even though doxorubicin activates mTORC1, inhibition of 

autophagy by doxorubicin is not dependent on up-regulation of mTORC1 activity.  

 

Doxorubicin inhibits lysosome function by elevating lysosomal pH 

My data demonstrate that doxorubicin blocks cardiomyocyte autophagic flux and 

promotes accumulation of autolysosomes, suggesting that doxorubicin impairs the lysosomal 

degradation at a point downstream of fusion.  This observation, coupled with the decrease in 

long-lived protein turnover in doxorubicin treated cells, led us to examine lysosomal proteolysis 

in these cells. To pursue this, I measured the activities of cathepsin B and cathepsin L, two 

important lysosomal enzymes in NRVMs, using substrate-based cathepsin assays.  Cresyl 

Violet (CV) fluorogenic substrates CV-(Arg-Arg)2 and CV-(Phe-Arg)2 harbor dipeptides targeted 

by cathepsin B and cathepsin L, respectively.  Non-fluorescent themselves, both substrates are 
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converted to red fluorescent forms after hydrolysis of the two peptide sequences.  Using flow 

cytometry, I was able to separate the red fluorescence signal elicited by doxorubicin from red 

fluorescence resulting from substrate cleavage (Figure 2.11A). By quantifying the signal from 

substrate cleavage, I found that doxorubicin triggered decreased activities of both enzymes 

(Figure 2.11B).  By contrast, when I measured cathepsin B/L activities in pre-made reaction 

buffer (50 mM sodium acetate, 8 mM EDTA, 8 mM dithiothreitol, pH 5.0), I found no significant 

decrease in enzyme activities after doxorubicin treatment (Figure 2.11C).  Next, I evaluated 

lysosome abundance by immunostaining for LAMP-1 and LAMP-2, two lysosome-specific 

markers.  I observed that doxorubicin did not alter the intensity of LAMP-1 or LAMP-2 staining 

(Figure 2.11D), suggesting that doxorubicin did not alter lysosome numbers in NRVMs.  These 

data suggest that the decreased enzyme activity was not due to declines in lysosome numbers 

or enzyme abundance/dysfunction, but rather due to changes in the lysosomal environment. 

Next, I stained lysosomes with LysoTracker Red, a fluorescent dye that labels acidic 

organelles in live cells. I observed that doxorubicin treatment significantly decreased the 

numbers of Lysotracker Red puncta (Figure 2.12A). Similar results were seen using Acridine 

Orange, another dye that fluoresces red in an acid compartment (Figure 2.12B). Together, 

these data suggest that doxorubicin alters lysosome acidification. To test this further, I 

measured lysosomal pH qualitatively using lysosensor DND-189 and flow cytometry.  DND-189 

emits green fluorescence, the intensity of which increases within an acidic environment.  

Doxorubicin decreased DND-189 fluorescence in a time-dependent manner, suggesting that 

doxorubicin decreases lysosome acidity in NRVMs (Figure 2.12C).  Comparable results were 

noted with a short-term treatment with BafA1 or NH4Cl (Figure 2.12C), which are well 

established to decrease lysosome acidity of the lysosome (18, 19). 

In order to assess lysosomal pH quantitatively, I measured lysosome pH in 

cardiomyocytes directly using Dextran, Oregon Green 514, a fluorescent dye conjugated to 
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dextran. It can be excited by light of both 488 and 440 nm wavelength; its fluorescence when 

excited by 488 nm wavelength of light robustly increases when pH decreases, while the 

fluorescence excited by 440 nm wavelength of light remains stable. Therefore, an internal 

loading control can be achieved with utilization of Dextran, Oregon Green 514. This reagent 

provides a reliable standard curve of pH within the range of 4.0 to 6.5 (Figure 2.13A).  As 

positive controls, brief treatment with BafA1 or NH4Cl increased lysosomal pH, as expected 

(Figure 2.13B).  Next, I quantified lysosome pH following doxorubicin treatment, observing that 

doxorubicin increased lysosomal pH in NRVMs from 4.6 to 5.2 (Figure 2.13B). Together, these 

data suggest strongly that doxorubicin impairs lysosome acidification. 

To test whether changes in lysosome function are specific to doxorubicin or derive 

nonspecifically from cytotoxicity, I first examined two other chemotherapeutic agents known to 

cause cardiotoxicity: sunitinib and paclitaxel.  In NRVMs exposed to either drug overnight, I 

noted either no change (paclitaxel) or slight increases (sunitinib) in autophagic flux (Figure 

2.14A).  Using drug concentrations that are more clinically relevant (20, 21), I tested their effects 

on lysosomal pH, using both DND-189 and Dextran, Oregon Green 514.  Neither drug caused 

an increase in DND-189 signals (Figure 2.14B); using dextran, Oregon Green 514 to measure 

lysosomal pH, I found that sunitinib decreased lysosomal pH, while paclitaxel raised it slightly 

(from 4.6 to 4.8), yet still within the normal range of lysosomal pH (Figure 2.14C). Given the 

differences in both autophagic changes and lysosomal pH alterations, I excluded the possibility 

that doxorubicin affects lysosomal pH and autophagic flux in cardiomyocytes similarly as other 

chemotherapeutic drugs such as sunitinib and paclitaxel.  

 

Doxorubicin inhibits V-ATPase-driven lysosome acidification 

The activities of most lysosomal enzymes are tightly regulated by pH (22).  The acidic 

luminal environment of the lysosome is mainly attributed to the activity of the vacuolar H+-
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ATPase (V-ATPase) (23), a multi-subunit protein on the surface of the lysosome. To test 

possible effects of doxorubicin on V-ATPase-mediated lysosome acidification, lysosomes were 

loaded with pH-sensitive dextran and treated with doxorubicin or normal saline (NS) overnight.  

First, lysosomes were transiently alkalinized by NH4Cl-containing buffer, which acts by 

generating NH3, which then rapidly diffuses across cytoplasmic membrane and into lysosomes, 

where it is protonated and trapped as ammonium ion (19). Next, re-acidification was initiated by 

removal of NH4Cl and concomitant provision of magnesium-containing buffer. 

Upon withdrawal of NH4Cl, an early recovery of lysosome pH is observed due to the 

release of hydrogen ions by NH4
+ within the lysosome (Figure 2.15A). However, further 

recovery of lysosomal pH depends on V-ATPase activity. This is consistent with the observation 

that lysosomes rapidly re-acidified to baseline in NS-treated cardiomyocytes. By contrast, 

concanamycin A (CcA)-treated cells displayed an initial decrease in lysosomal pH, followed by a 

failure to re-acidify due to inhibition of V-ATPase (Figure 2.15A, B). Consistent with my 

previous pH measurements, doxorubicin-treated NRVMs displayed increased lysosome pH 

under baseline conditions. Further, failure of lysosomes to re-acidify after NH4Cl washout was 

observed (Figure 2.15A, B). 

These observations suggest that doxorubicin inhibits lysosome acidification through 

suppression of V-ATPase activity.  The V-ATPase complex comprises fourteen subunits, 

assembled into an ATP-hydrolytic domain (V1) and a proton-translocation domain (V0). Energy 

from ATP hydrolysis within the V1 domain is used to transport protons into the lysosomal lumen 

through the V0 domain. The association/dissociation of V1 and V0 domains on lysosomes is an 

important regulatory mechanism of V-ATPase activity (23).  To test whether doxorubicin affects 

the assembly of the domains on lysosomes, I isolated the lysosome-rich fraction from NRVMs 

and examined the presence of several subunit proteins of V1 and V0 domains. However, I 
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detected no changes in the amounts of these proteins on lysosomes, suggesting doxorubicin 

might not affect the assembly of V1V0 domains (Figure 2.16A). 

Doxorubicin continued to induce mTORC1 activation, even in the setting of starvation 

(Figure 2.16B). Published work suggests that ATP hydrolysis at the V1 domain of the V-

ATPase is essential for amino acid activation of mTORC1 (24).  I observed that silencing 

specific V-ATPase subunits using siRNA abolished the activation of mTORC1 by doxorubicin 

(Figure 2.16C).  This evidence suggests that ATPase hydrolysis is likely intact and argues that 

uncoupling of V1V0 domains or dysfunction of the V0 domain may underlie suppression of V-

ATPase activity in doxorubicin-treated cells. 

 

Doxorubicin alters subcellular lysosomal localization 

Additionally, I found that doxorubicin alters lysosomal subcellular localizations in 

NRVMs. Using LAMP-2 as a marker of lysosomes, I observed that doxorubicin-treated NRVMs 

have more dispersed lysosomal localizations within the cell while more lysosomes localize to 

the perinuclear region in control cardiomyocytes (Figure 2.17A,B). The subcellular localization 

pattern of lysosomes between control and doxorubicin-treated NRVMs was more pronounced 

upon starvation treatment: starvation induced perinuclear localization of lysosomes, which was 

blunted by doxorubicin treatment (Figure 2.17A-C).  

Moreover, I found that in NRVMs, mTOR closely colocalized with LAMP-2 under 

basal conditions; further, doxorubicin increased mTOR and LAMP-2 colocalization both under 

basal conditions (Figure 2.17D) and upon starvation (Figure 2.17D, increased trend), 

consistent with the previous observation that doxorubicin increased mTORC1 activity, since 

mTOR recruitment to the lysosome is essential for its activation (25). Because mTOR did not 

show changes in subcellular distribution upon doxorubicin treatment (data not shown), it is 
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possible that the increased colocalization of mTOR and LAMP-2 was due to the increased 

lysosomal localization to peripheral areas of the cell.  

Korolchuk et al. (26) reported that lysosomal positioning regulates mTOR activity: 

activation of mTORC1 correlated with peripheral distribution of lysosomes. Disruption of 

lysosomal movement abolished mTORC1 activation. Here I observed that doxorubicin activated 

mTORC1, and the activation of mTORC1 appeared to require the presence of V-ATPase. On 

the other hand, mTORC1 activation by doxorubicin correlates with a more peripheral distribution 

of lysosomes. It is not clear yet in this case whether the altered lysosomal positioning had any 

causal relationship with the change in lysosomal pH. Furthermore, the trafficking of 

autophagosomes and lysosomes to perinuclear region promotes autophagosome-lysosome 

fusion (27). Conversely, the movement of lysosomes to peripheral areas has been reported to 

decrease autophagosome-lysosome fusion (26). However in my case, autophagosome 

accumulation was not observed, meaning autophagosome-lysosome fusion was not affected. 

Therefore, the alteration of lysosomal localization by doxorubicin might partially explain its 

activation of mTORC1, but it seems inadequate to explain the accumulation of autolysosomes, 

but not autophagosomes, observed in the study.  

 

Inhibition of ROS damage failed to rescue autophagic flux inhibition by doxorubicin 

Since ROS production is deemed an important contributor to doxorubicin-induced 

cardiotoxicity, I set out to examine whether ROS production plays a role in doxorubicin-induced 

autophagic flux inhibition in cultured NRVMs. Dexrazoxane (DXZ) - an iron-chelator and FDA-

approved therapeutic for doxorubicin cardiomyopathy, and trolox – an analogue of vitamin E, 

are potent ROS scavengers and inhibitors of ROS damage. However, co-treatment of NRVMs 

with either compound along with doxorubicin failed to rescue the blockage of autophagic flux 

caused by doxorubicin (Figure 2.18A, B). These data suggest that ROS production is less likely 
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to be the cause of autophagic alteration by doxorubicin in NRVMs. However, whether ROS 

scavengers could rescue the autophagic flux inhibition in vivo is not known and warrants further 

studies in the future.  
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Table 2.1. Primers used in the study
Gene (Mouse) Sequence
Beclin1 5-CAGGAGCTGGAAGATGTGGA-3

5-GTGCCAGATATGGAAGGTCG-3
Sqstm1 5-CTTCAGCTTCTGCTTCA-3

5-GGCACTCCTTCTTCTCTT-3
Bnip3 5-ATTGGTCAAGTCGGCCAGAA-3

5-AGTCGCTGTACGCTTTGGGT-3
Gabarapl1 5-CATCGTGGAGAAGGCTCCTA-3

5-ATACAGCTGTCCCATGGTAG-3
Lc3b 5-CGTCCTGGACAAGACCAAGT-3

5-AGTGCTGTCCCGAACGTCTC-3
Gene (Rat) Sequence
Atg5 5-AGAAGCAGAGCCATACT-3

5-GCTGAGCTTGATGCAAGA-3
Atg7 5-GCAGCCAGCAAGCGAAAG-3

5-TCTCATGACAACAAAGGTGTCAAA-3
Atg12 5-GGCCTCGGAGCAGTTGTTTA-3

5-CAGCATCAAAACTTCTCTGA-3
Gabarapl1 5-CATCGTGGAGAAGGCTCCTA-3

5-ATACAGCTGTCCCATGGTAG-3
Lc3b 5-CGTCCTGGACAAGACCAAGT-3

5-AGTGCTGTCCCGAACGTCTC-3
Sqstm1 5-CTTCAGCTTCTGCTTCA-3

5-GGCACTCCTTCTTCTCTT-3
Beclin1 5-CAGGAGCTGGAAGATGTGGA-3

5-GTGCCAGATATGGAAGGTCG-3
Lamp-1 5-AGGATCAACCTTCCCCAACT-3

5-CACCTTCAGGGTCACCAACT-3
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METHODS 

 In vivo model of chronic doxorubicin cardiomyopathy 

C57/B6 mice were maintained on a 12-hour light/dark cycle from 6AM to 6PM. All 

protocols were approved by the Institutional Animal Care and Use Committee of UT 

Southwestern Medical Center.  Eight to nine-week-old mice were injected via tail vein with 

doxorubicin (5 mg/kg) or normal saline once weekly for 4 weeks. Ventricular size and function 

were examined in acclimatized, unanesthetized mice by echocardiography (Vevo 2100, 

MS400C scanhead) 6 days after each injection and 4 weeks after the final injection. 

 

Cell culture 

Neonatal rat ventricular myocytes (NRVMs) were isolated from 1- to 2-day-old 

Sprague-Dawley rats as previously described (25).  Briefly, ventricles were harvested and 

digested.  Fibroblasts were cleared by pre-plating the cell suspension for 2 hours.  

Cardiomyocytes were then plated at a density of 1,250 cells per 1 mm2 in plating medium 

containing 10% fetal bovine serum with 100 µM bromodeoxyuridine.  The culture contained 

>95% cardiomyocytes (data not shown).  Twenty-four hours after plating, NRVMs were 

maintained in NRVM culture media (DMEM high glucose and Medium 199 in 3:1 ratio) 

containing 3% fetal bovine serum.  On the fourth day after plating, experiments were initiated.  

Adult rat ventricular myocytes (ARVMs) were isolated and cultured as previously 

described (26).  Four hours after plating, ARVMs were maintained in culture medium (DMEM 

supplemented with 1x ITS, 10 mM 2,3-butanedione monoxime and 100 U/mL penicillin-

streptomycin).  On the second day after plating, experiments were initiated.  

Cardiomyocytes were differentiated from H9 human embryonic stem cells as 

previously reported (27, 28).  Briefly, embryonic stem cells (H9 cell line) were maintained on 
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matrigel in mTeSR culture medium.  When H9 cells reached 85-90% confluency, the medium 

was changed to RPMI 1640 with B27 supplement, minus insulin (Life Technologies) (day 0 to 

8), supplemented with CHIR99021 (6 µM, Selleckchem) for the first 48 hours, and IWR-1 (5 µM, 

Sigma) on day 4 for 48 hours.  On day 8, the medium was switched to RPMI 1640 with B27 

supplement, and the cells were metabolically selected for 10 days. Then, cells were replated 

and used for experiments after day 30. 

H9c2 and C2C12 cells were cultured in Hyclone high glucose DMEM supplemented 

with 10% fetal bovine serum.  

 

Immunoblot analysis 

Ventricular tissue (10-30 mg) was homogenized in 700 µL T-PER lysis buffer 

(Thermo) supplemented with protease inhibitors and phospho-STOP (Roche).  Lysates were 

centrifuged at 8,000g (15 min), and the supernatant was used for immunoblotting.  For NRVMs, 

cells were washed once with cold PBS and lysed with T-PER buffer supplemented with 

protease inhibitors and phospho-STOP.  Protein concentration was measured by Bradford 

assay (Bio-Rad).  Protein lysates (10-15 µg) were loaded for electrophoresis and transferred to 

nitrocellulose membrane.  Then, the membrane was processed for immunoblotting and 

scanning using an Odyssey scanner (LI-COR).  

 

Immunofluorescence study 

NRVMs were cultured on cover slips. After treatment, cells were fixed using 4% PFA 

for 15 minutes, followed by incubation with 0.1% Triton/PBS for 10 minutes to permeate the cell 

membrane. Cover slips were washed with PBS and blocked with 3% FBS/PBS for 1 hour. Next, 

cover slips were incubated with primary antibodies (1:100) overnight, followed by fluorescent 
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secondary antibodies (Life Sciences, 1:300) for 1 hour the next day. After washing, cover slips 

were mounted with ProLong Gold Antifade Mountant with DAPI (Life Sciences). 

 

RNA isolation and PCR analysis 

Total RNA was isolated from ventricular tissue using the Total RNA Fatty and Fibrous 

Tissue Kit (Bio-Rad).  A total of 300 ng RNA was used for reverse transcription and subsequent 

real-time qPCR analysis (Roche).  All primer sequences are provided (Table 2.1).  

 

Long-lived protein degradation assay 

Our protocol was modified from that previously described (29).  To label intracellular 

proteins, NRVMs were incubated with culture medium supplemented with 0.5 µCi/mL of leucine, 

L -[3,4,5 3H(N)]- (specific activity 112 mCi/mmol) for 48 hours at 37°C.  Unincorporated 

radioactive leucine was cleared by washing the cells three times with warm PBS.  NRVMs were 

subsequently incubated with culture medium supplemented with 20 mM leucine (Sigma-Aldrich) 

for 24 hours.  The cells were then treated with saline or doxorubicin overnight.  Next, medium 

was removed, and NRVMs were incubated in either EBSS to stimulate autophagy or with 

culture medium for 3 hours.  Bafilomycin A1 was added as a positive control. 

At the end of treatment, TCA (100%) was added to the supernatant medium to a final 

concentration of 10%.  The mixture was precipitated overnight followed by centrifuging for 10 

minutes at 2,000 rpm (4°C).  The acid-soluble radioactivity was measured by liquid scintillation 

counting using complete counting cocktail (Research Products International Corp).  The cells 

were washed twice with cold PBS, and protein was precipitated with 10% TCA (30 minutes, 

4°C).  The precipitant was then washed twice with 95% ethanol and dissolved in 0.5 M NaOH at 

37°C overnight.  On the next day, 0.5 M HCl was added to neutralize the NaOH.  Radioactivity 

was measured by liquid scintillation counting.  The rate of long-lived protein degradation was 
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calculated from the ratio of the acid-soluble radioactivity in the medium to that in the acid-

precipitated cell fraction. 

 

Lysosome-enriched cell fraction isolation  

The protocol was modified from that previously described (30).  Cells were washed 

twice with cold PBS and then harvested in isotonic buffer (200 mM mannitol, 70 mM sucrose, 1 

mM EGTA, 10 mM HEPES, pH 7.5).  Cytoplasmic membranes were disrupted by passing the 

cells through a G25 needle 50 times.  Debri and nuclei were pelleted by centrifuging at 2,000 

rpm for 10 minutes (4°C).  The supernatant was next centrifuged at 10,000 g for 35 minutes to 

pellet lysosome-enriched components.  Pellets were resuspended in the isotonic buffer, and 

lysosomal membranes were disrupted by free-thaw three times.  The supernatant was further 

spun at 100,000 g for 1 hour to eliminate microsomes.  The final supernatant was collected as 

the cytosolic fraction. 

 

Cathepsin B/L activity measurement 

Cathepsin B and cathespin L activities in living cardiomyocytes were measured using 

the Magic Red Cathepsin B/L activity kit (Immnochemistry Technologies).  By using BD 

FACSCanto II, Cresyl Violet fluorescence was excited using a 561 nm laser, and signal was 

collected with a 610 nm filter.  Fluorescence from doxorubicin was collected with excitation at 

488 nm and emission at 710 nm.  Geometric mean of the fluorescence signal from Ex/Em 

561/610 nm was calculated and corresponded to cathepsin B or cathepsin L activity.  

For in vitro cathepsin B/L activity measurements, I employed a method that was 

described previously (30).  Lysosome-enriched compartments were isolated as described 

earlier.  Protein concentration was measured by Bradford assay, and 5 µg protein lysates from 
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the lysosomal fraction was added to a total of 200 µL reaction buffer (50 mM sodium acetate, 8 

mM EDTA, 8mM dithiothreitol, pH 5.0).  Cathepsin B+L activity was measured by FLUOstar 

OPTIMA microplate reader (BMG Labtech, excitation 380 nm, emission 410±20 nm) after being 

incubated with the substrate Z-Phe-Arg-AMC (50 µM, Enzo life sciences) for 20 minutes at 

37°C.  Cathepsin B inhibitor CA-074 (5 µM, Toris Biosciences) was added in parallel samples to 

measure cathespin L activity.  The difference between the two readings was calculated as 

cathepsin B activity. 

 

Lysosomal pH measurement 

For qualitative lysosomal pH measurement using LysoSensor Green DND-189, cells 

were loaded with 2 µM LysoSensor Green DND-189 for 30 minutes at 37°C.  Then, the cells 

were washed with PBS three times and trypsinized for flow cytometry analysis (BD FACS scan, 

FL1 fluorescence, 10,000 cells collected for each sample).  

For quantitative lysosomal pH measurement, methods were modified from that 

previously described (31).  Briefly, NRVMs were plated in 35 mm MatTek dishes (MatTek) and 

loaded with 100 µg/mL Dextran, Oregon Green 514 for 2 days before drug treatment.  At the 

end of doxorubicin treatment, the cells were washed with PBS three times and incubated with 

physiological buffer (136 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1.3 mM MgCl2, 5 mM glucose, 10 

mM HEPES pH 7.4) for 1 hour in 37°C before imaging.  Images were acquired using an Andor 

Spinning Disk confocal microscope with an Apo TIRF 60x/1.49 NA Oil lens, Nikon Ti stand and 

Nikon Perfect Focus system.  Dextran, Oregon Green 514 was excited at 445 nm and 488 nm; 

the emitted light was selected with a 525 ± 40 nm filter and captured by an Andor iXon Ultra 

EMCCD camera.  Image acquisition was performed using Metamorph v7.8.6.0.  To create a 

calibration curve, cells were sequentially bathed in isotonic K+ solutions (145 mM KCl, 10 mM 

glucose, 1 mM MgCl2, and 20 mM HEPES) with pH ranging from 4.0-6.5, and containing 10 
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µg/mL nigericin (Sigma).  488/525 and 445/525 fluorescence of each cell was analyzed (Image 

J Software), and the 488/445 emission fluorescence ratios were plotted as a function of pH 

fitting to a Boltzmann sigmoid using Prism (GraphPad Software).  The ratios of samples were 

interpolated using the calibration curve.  Measurements were performed in 3 independent 

experiments with a total 100-120 cells in each treatment group. 

 

Lysosomal reacidification assay 

For the lysosomal re-acidification assay, cells grown on coverslips were loaded with 

Dextran, Oregon Green 514 and treated with normal saline or doxorubicin as described above.  

Cells were then washed with PBS three times and incubated with baseline buffer modified from 

previous protocols (31) (90 mM potassium glutamate, 50 mM KCl, 20 mM HEPES, 10 mM 

glucose, 1 mM EDTA, pH 7.4).  Radiometric fluorescence recording was performed using the 

PTI (Photon Technology International) Fluorescence Imaging System (Birmingham, NJ) with an 

automated fluorescence microscope and CCD camera.  The glass coverslip was inserted into 

the bottom of a perfusion chamber, and images were acquired by exciting Dextran, Oregon 

Green 514 alternately at 440 and 490 nm, and recording emitted fluorescence at 510 nm every 

10 seconds.  The ratio of 490/440 was calculated and represented as relative lysosomal pH.  

Cells were initially perfused in baseline buffer, and signals were recorded for 5 minutes.  

Lysosomes were then alkalinized by incubating cells with alkalization buffer (baseline buffer 

supplemented with 10mM NH4Cl) for 15 minutes.  Re-acidification was initiated by replacing 

alkalization buffer with re-acidification buffer (90 mM potassium gluconate, 50 mM KCl, 3 mM 

MgCl2, 20 mM HEPES, 10 mM glucose, 1 mM EDTA, pH 7.4) for another 15 minutes.  

Concanamycin A (500 nM, Santa Cruz) was supplemented in alkalization buffer for the last 5 

minutes of the alkalization process to inhibit V-ATPase activity.  
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Histology and imaging 

For RFP/GFP analysis, hearts were harvested from anesthetized mice and fixed by 

overnight immersion in 4% paraformaldehyde/phosphate-buffered saline (PFA/PBS).  Following 

fixation, hearts were sequentially cryoprotected with overnight incubations in 10% and 18% 

sucrose.  Next, hearts were embedded in freezing matrix (TFM, Triangle Bioscience, Durham, 

NC), and 8 µm frozen sections were prepared on a Leica CM3000 Cryostat (Leica 

Microsystems, Buffalo Grove IL) and stored at -80°C.  For NRVMs, cells cultured and treated on 

coverslips were washed with ice-cold PBS twice and fixed with 4% PFA.  Prior to imaging, slides 

were thawed and coverslipped with Prolong-Gold antifade mounting medium (Life 

Technologies).  Images were acquired on a Leica Microsystems TCS SP5 confocal microscope.  

 

Electron microscopy 

Hearts were transcardially perfused and fixed with 2.5% (v/v) glutaraldehyde in 0.1 M 

sodium cacodylate buffer.  After three washes with 0.1 M sodium cacodylate buffer, hearts were 

post-fixed in 1% osmium tetroxide and 0.8% K3 [Fe(CN6)] / 0.1 M sodium cacodylate buffer (1 

hour, RT).  After three rinses with water, specimens were dehydrated with increasing 

concentrations of ethanol, infiltrated with Embed-812 resin, and polymerized in a 60°C oven 

overnight.  Blocks were sectioned with a diamond knife (Diatome) on a Leica Ultracut UC7 

ultramicrotome (Leica Microsystems) and collected onto copper grids, post-stained with 2% 

uranyl acetate in water and lead citrate.  Images were acquired on a Tecnai G2 spirit 

transmission electron microscope (FEI) equipped with a LaB6 source (120 kV). 
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Echocardiography 

Echocardiograms were performed on conscious, gently restrained mice (Vevo 2100 

system, MS400C probe).  M-mode images of the left ventricle were obtained at the level of 

papillary muscles.  Left ventricular internal diameters at end-diastole (LVIDd) and end-systole 

(LVIDs) were measured from M-mode recordings.  Fractional shortening (FS) was calculated 

(LVIDd − LVIDs)/LVIDd (%).  Six representative contraction cycles were selected for analysis 

and average indexes (LVIDd, LVIDs, FS) were calculated for each mouse. 

 

Reagents 

Doxorubicin was purchased from LC laboratories.  Other reagents were purchased as 

follows: paclitaxel (Sigma Aldrich), torin 1 (Tocris Bioscience), bafilomycin A1 (LC laboratory), 

E64d, pepstatin (Sigma Aldrich), concanamycin A (Santa Cruz), Dexrazoxane (Sigma Aldrich), 

Trolox (Santa Cruz). Lysotracker Red (DND-99), lysosensor DND-189, acridine orange, 

Dextran, and Oregon Green 514 were purchased from Invitrogen.  Antibodies: LC3 (previously 

developed (32)), p62 (Abnova), GAPDH (Fitzgerald Industries), pS6 (240/244), S6, pS6K 

(T389), S6K, p4EBP1, 4EBP1 (Cell Signaling), LAMP-1 (Hybridoma bank), LAMP-2 (Sigma 

Aldrich), ATP6V0D1, ATP6V0A2, ATPV1D, ATPV1B2 (Abcam). 

 

Data analysis 

All data are reported as mean ± standard error of the mean.  The Student t test (2-

tailed) was performed to compare two groups.  One-way ANOVA analysis followed by Turkey 

post hoc test was used to compare multiple groups.  Two-way ANOVA and subsequent Turkey 

tests were performed to analyze time course and concentration gradient studies.  A p value of 

less than 0.05 was considered significant.  
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INTRODUCTION 

Autophagy plays an important role in cardiac physiology (1-3). In addition, 

dysregulation of autophagy has been shown to contribute significantly to pathological cardiac 

hypertrophy (1, 4), ischemia/reperfusion injury (5, 6), and progression of heart failure (4).  

Beclin 1 is an essential autophagy protein that regulates the initiation process of 

autophagy. It interacts with Vps34 and Atg14L, forming a complex that mediates the nucleation 

of the phagophore (7). Modulations of Beclin 1 levels have been shown to alter autophagic flux 

(8).  

Using genetic mouse models (Beclin 1+/-, and α-MHC-Beclin 1) to manipulate 

autophagic levels in heart, our group has previously shown that over-activated autophagy is 

detrimental in pressure-overload cardiomyopathy (4). We demonstrated that attenuation of 

autophagy (Beclin 1+/-) was protective against severe Transverse Aortic Constriction (sTAC) -

induced pathologic hypertrophy and heart failure; by contrast, boosting autophagic initiation (α-

MHC-Beclin 1) exacerbated cardiac hypertrophy and progression to heart failure, despite the 

fact that α-MHC-Beclin 1 mice did not manifest basal cardiac dysfunction. 

On the other hand, we (9) and other groups (10) have reported that autophagy is 

beneficial for cardiomyocyte survival during ischemic injury. While controversy exists as to what 

role autophagy plays in reperfusion injury, it was shown that Beclin 1+/- mice were protected 

from ischemia/reperfusion injury (11). According to studies from Decker et al. (11) and Ma et al. 

(6), cardiomyocyte autophagic flux might be blocked during the reperfusion stage. Therefore, 

attenuation of autophagic initiation by Beclin 1 haplosufficiency might alleviate the downstream 

blockage of autophagic flux, and thereby be protective against reperfusion injury.  

Here, I found that attenuation of autophagic initiation in vivo restored autophagic flux 

in heart, reduced doxorubicin-induced ROS production, and preserved cardiac function. In 

contrast, over-stimulation of autophagic initiation by overexpressing Beclin 1 further increased 

autolysosome accumulation, increased ROS production and exacerbated cardiac toxicity.  
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RESULTS 

Attenuated autophagy initiation restores cardiac autophagic flux after doxorubicin 

exposure 

My data suggest that doxorubicin impairs autophagic flux by perturbing lysosomal 

acidification and autolysosomal processing.  With no existing effective approach in vivo to 

rescue late processing events in the autophagic cascade, I investigated whether autophagic 

initiation could alter the cardiac response to doxorubicin.   

Mice with heterozygous deletion of the gene coding for Beclin 1 (Beclin 1+/-) display 

decreased autophagy in multiple tissues and reduced autophagic activation in heart under 

pressure-overload stress (4).  I capitalized on this model to examine autophagic flux in 

doxorubicin-treated Beclin 1+/- mice.  Mice were treated with NS or doxorubicin (5 mg/kg) and 

sacrificed 24 hours post-injection (+/- 2 hour BafA1 exposure). WT and Beclin1+/- mice 

manifested comparable levels of autophagic flux at baseline (Figure 3.1A). However, in contrast 

to WT mice, which displayed blockade of cardiomyocyte autophagic flux, autophagic flux was 

maintained in Beclin 1+/- mice after doxorubicin treatment (Figure 3.1A). In addition, the 

increase in p62 levels tended to decrease in doxorubicin-treated Beclin 1+/- mice in comparison 

with WT littermates (Figure 3.1A), albeit p62 protein level is affected by transcription, and more 

variability is presented in its increase by BafA1 treatment in vivo. In conclusion, Beclin 1+/- mice 

manifested restored cardiac autophagic flux upon doxorubicin treatment. 

This evidence suggests that doxorubicin suppresses autolysosomal processing but does 

not completely abolish it.  Thus, the intact autophagic flux in doxorubicin-treated Beclin 1+/- mice 

may be the result of decreased demand on the lysosomal system after doxorubicin treatment 

due to decreased autophagic initiation in the heterozygous animal.  To confirm this, I crossed 

Beclin 1+/- with the autophagic flux-reporter mouse line CAG-RFP-GFP-LC3 and quantified the 

autophagic vacuoles induced by doxorubicin administration.  I found that in comparison with 
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CAG-RFP-GFP-LC3 mice exposed to doxorubicin, Beclin 1+/-/CAG-RFP-GFP-LC3 mice 

harbored significantly fewer autolysosomes in heart tissues (Figure 3.1B). These data are 

consistent with a model in which Beclin1+/- mice maintain normal autophagic flux by decreasing 

the demand on lysosomal processing.  

 

Attenuated autophagy initiation protects from doxorubicin-induced cardiotoxicity 

The data suggest a model in which the decrease in autophagic flux induced by 

doxorubicin contributes to cardiotoxicity. To determine whether preserved autophagic flux after 

doxorubicin treatment in Beclin 1 haplosufficient mice alters the extent of cardiac injury by 

doxorubicin, I examined ventricular function in Beclin 1+/- mice exposed chronically to 

doxorubicin.  In contrast to their WT littermates, Beclin 1+/- mice manifested preserved systolic 

performance after long-term doxorubicin administration (Figure 3.2A).  In addition, Beclin 1+/- 

mice manifested less ventricular dilatation provoked by doxorubicin (Table 3.2).  Induction of 

fetal genes and fibrotic genes elicited by doxorubicin was also significantly reduced in Beclin1+/- 

mice (Figure 3.2B), suggesting less pathological remodeling of the heart.  Furthermore, 

histological analysis revealed less interstitial and perivascular fibrosis in Beclin 1+/- mice after 

doxorubicin treatment (Figure 3.2C). In summary, Beclin 1+/- mice are protected from 

doxorubicin-induced chronic cardiotoxicity.  

 

Enhanced autophagy initiation exacerbates cardiac autolysosome accumulation by 

doxorubicin 

I next examined the cardiac response to doxorubicin in mice with amplified stress-

induced cardiomyocyte autophagy from cardiomyocyte-specific over-expression of Beclin 1 

(Beclin 1 Tg mice) (4).  These mice manifest normal cardiac structure and function under 

baseline conditions but an amplified autophagic response to disease-related stress (4).  I first 
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examined the change in autophagic flux in doxorubicin-treated Beclin 1 Tg mice by Western 

blot.  Beclin 1 Tg mice manifested increased autophagic initiation and flux in heart under 

baseline conditions, assayed as LC3-II levels by immunoblotting. Upon doxorubicin treatment, 

autophagic flux in Beclin1 Tg mice was again blunted. Interestingly, the accumulation of LC3-II 

protein after BafA1 treatment was similar between WT and Beclin1 Tg mice (Figure 3.3A). The 

reason for this observation is not yet clear. 

In order to further quantify autophagic flux in doxorubicin-treated heart, I crossed the 

Beclin 1 Tg mouse line with the autophagic flux reporter line.  I observed that reporter mice on 

the Beclin 1 Tg background presented a trend toward increased numbers of both 

autophagosomes and autolysosomes relative to WT at baseline (Figure 3.3B), consistent with 

the Western blot result that Beclin 1 Tg mice have higher autophagic flux. Upon doxorubicin 

treatment, Beclin 1 Tg mice showed further increased numbers of autolysosomes compared to 

wild-type littermates, suggesting that Beclin 1 Tg mice have exacerbated accumulation of 

autolysosomes (Figure 3.3B). There was also an increase in autophagosomes in doxorubicin-

treated Beclin 1 Tg mouse hearts compared with the WT mice (Figure 3.3B), again suggesting 

that Beclin 1 Tg mice manifest an additional increase in autolysosome accumulation upon 

doxorubicin exposure via upregulating initiation of autophagy.  

 

Enhanced autophagy initiation exacerbates doxorubicin cardiotoxicity 

To determine whether the increased demand on lysosomal processing in the Beclin 1 Tg 

mice resulted in increased sensitivity to doxorubicin-induced cardiomyopathy, I subjected them 

to long-term doxorubicin treatment. Serial echo analysis revealed that ventricular systolic 

function declined faster in the Beclin 1 Tg mice after doxorubicin treatment when compared with 

WT mice (Figure 3.4A). Cardiac function remained significantly lower in these animals weeks 

after completion of serial doxorubicin administration (Figure 3.4A).  Doxorubicin-treated Beclin 
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1 Tg mice also manifested exacerbated ventricular dilatation (Table 3.3), more robust induction 

of both fetal genes and fibrotic genes (Figure 3.4B), and increased cardiac fibrosis (Figure 

3.4C). Together, these findings support a model in which enhanced autophagic initiation, 

without correcting dysfunctional autolysosomal processing, exacerbates doxorubicin 

cardiomyopathy. 

 

Modulation of autophagic initiation alters doxorubicin-elicited increases in ROS  

Reactive Oxygen Species (ROS) have been considered an important contributor to 

the pathogenesis of doxorubicin cardiomyopathy. I tested whether the level of doxorubicin-

elicited ROS in heart would be affected by different levels of autophagic initiation. 

Dihydroethidium (DHE) staining of heart 24 hours after one dose of doxorubicin (5 mg/kg) 

revealed that doxorubicin-induced ROS production was significantly reduced in Beclin 1+/- mice 

(Figure 3.5A). By contrast, Beclin 1 Tg mice manifested increased levels of ROS in heart after 

doxorubicin administration (Figure 3.5B).  My data suggest that reduced autophagic initiation 

decreases acutely the ROS induced by doxorubicin via restoring cardiomyocyte autophagic flux, 

while enhanced autophagic initiation exacerbated ROS production as a result of accumulation of 

undigested autolysosomes, further burdening the autophagic machinery and impairing its 

capacity to eliminate damaged proteins and organelles. 

 

Beclin 1 modulates cardiac autophagic flux in the long term after doxorubicin treatment 

According to my data, Beclin 1+/- mice manifested recovered autophagic flux upon 

doxorubicin treatment, which correlated with acute reduction of ROS generation and protection 

of cardiac function in the long term. By contrast, Beclin 1 Tg mice presented with exacerbated 

accumulation of autolysosomes and increased ROS generation upon acute doxorubicin 

treatment. They also presented with early cardiac dysfunction during the serial doxorubicin 
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injections. Taken together, these data argue strongly that cardiac injury caused by doxorubicin 

happens early during doxorubicin exposure. The different extents of cardiac injury induced by 

doxorubicin in Beclin 1+/- and Beclin 1 Tg suggest the level of autophagic flux inhibition could 

also dictate the long-term cardiac outcome.  

Earlier (Chapter 2) I revealed the dynamic changes in autophagic flux in our chronic 

mouse model of doxorubicin cardiomyopathy, i.e. autophagic flux was blocked by doxorubicin 

24 hours after one injection and four serial injections, while it became increased 4 weeks after 

the final injection. As discussed earlier, the increase in autophagic flux was likely due to 

secondary pathological remodeling rather than the direct effect of doxorubicin. Since cardiac 

dysfunction persisted weeks after doxorubicin injections, I asked the question how Beclin 1 level 

affects autophagic flux changes in the remodeling phase of doxorubicin cardiomyopathy. Using 

Western blot to assess autophagic flux, I found that autophagic flux in Beclin 1+/- mice showed 

no significant increase 4 weeks after doxorubicin treatment (Figure 3.6A); in contrast, Beclin 1 

Tg mice showed consistently an even higher autophagic flux than WT long after doxorubicin 

treatment (Figure 3.6B).  

Although it is not known whether the increase in autophagic flux in the remodeling 

phase also contribute to the progression of doxorubicin cardiomyopathy, from our previous 

study (4), it appears that excessive autophagic flux is detrimental for cardiac pathological 

remodeling under pressure overload and contributes to the progression of heart failure. So the 

possibility exists that blockage of autophagic flux during the injury phase (serial-doxorubicin 

injection period) accelerates the ROS generation by doxorubicin, while the upregulation of 

autophagy in the remodeling phase (weeks after serial injections) exacerbates pathological 

remodeling. Attenuation of autophagic initiation by reducing Beclin 1 levels could recover the 

autophagic flux acutely and inhibit the long-term upregulation of autophagy, effectively blunting 

doxorubicin cardiotoxicity both short-term and long-term. 
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Beclin1 levels and cardiac apoptotic activity in chronic doxorubicin cardiomyopathy  

A large body of literature suggests that doxorubicin causes cardiomyocyte apoptosis. 

Therefore we also tested the apoptotic level in my chronic doxorubicin cardiomyopathy model. I 

did not detect an increase of caspase 3/7 activity in heart 24 hours after one small dose (5 

mg/kg) of doxorubicin injection (Figure 3.7A). In comparison, I also measured caspase 3/7 

activity after one single large dose of doxorubicin, and again failed to detect any significant 

changes at different time points after doxorubicin treatment (Figure 3.7B). These results are 

consistent with previous reports (12, 13) that adult cardiomyocytes possess very low caspase 

activities and are relatively resistant to apoptosis.  

Next I examined apoptosis via TUNEL staining and did not detect positive signals 

after one small dose of doxorubicin injection; however, I detect TUNEL positive signals weeks 

after multiple doxorubicin injections, and more frequently in atria (Figure 3.7C). Further, the 

TUNEL-positivity was attenuated in doxorubicin-treated Beclin 1+/- mice, and amplified in 

doxorubicin-treated Beclin 1 Tg mice (Figure 3.7D, E). However, closer observation revealed 

that the TUNEL signals came from non-cardiomyocytes. Previously, Zhang et al (14) also 

pointed out that the TUNEL positive sites in their chronic doxorubicin cardiomyopathy rat model 

were confined to endothelial cells, interstitial cells and macrophages, but not cardiomyocytes. 

On the other hand, the increase in apoptotic signals in non-cardiomyocytes might still reflect 

cardiac injury and pathological cardiac remodeling. Therefore, the reduction of TUNEL positivity 

in Beclin 1+/- mice and amplification of TUNEL positivity in Beclin 1 Tg mice suggest that Beclin 

1+/- mice are protected from, while Beclin 1 Tg mice are at increased risk for doxorubicin 

cardiotoxicity. 

 

In vitro modulation of Beclin1 levels failed to affect doxorubicin-cytotoxicity in NRVMs 

I first examined in vitro whether knock-down or overexpression of Beclin 1 affected 

doxorubicin’s inhibition of autophagic flux in NRVMs. I did not detect a restoration of autophagic 
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flux in NRVMs with knocking down Beclin 1 by siRNA (Figure 3.8A). In addition, overexpression 

of Beclin 1 yielded no changes to the inhibition of autophagic flux by doxorubicin either (Figure 

3.8B). Given this, it was not surprising that neither reducing nor overexpressing Beclin 1 

affected doxorubicin-elicited NRVM death (Figure 3.8C).  

These observations were not consistent with my in vivo data. However, significant 

differences exist between in vivo and in vitro cardiomyocyte responses to doxorubicin. While I 

observed a consistent increase in LC3-ΙΙ levels in doxorubicin-treated heart, this was not the 

case in in vitro cultured cells. I reasoned that while autophagic initiation machinery is intact in 

the in vivo system, it is impaired by doxorubicin in cultured cardiomyocytes. This disparity might 

stem from the fact that the in vivo system also involves influences from hepatic metabolism of 

doxorubicin, circulatory factors, neurohormonal regulation and paracrine mechanisms between 

cardiomyocytes and non-cardiomyocytes.  
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                 *, p < 0.05 WT-NS group VS WT-DOX group. #, p < 0.05 WT-DOX group VS Beclin1+/- -DOX group 
 

 
                *, p < 0.05 WT-NS group VS WT-DOX group. #, p < 0.05 WT-DOX group VS Beclin1 Tg -DOX group 
 
 
 

 
 
 
 
 
 
 
 
 
 

Table 3.1. Echocardiography of WT and Beclin1+/-

Genotype Treatment LVIDd(mm) LVIDs(mm) FS(%) HR(bpm)

WT NS 2.658±0.061 1.029±0.052 61.24±2.25 666±16

Beclin1+/- NS 2.706±0.085 1.080±0.073 60.38±1.66 706±12

WT DOX 2.909±0.037 * 1.413±0.065 * 51.49±2.93 * 675±14

Beclin1+/- DOX 2.698±0.075 1.128±0.067 # 58.31±3.42 # 685±6

Table 3.2. Echocardiography of WT and Beclin1 Tg

Genotype Treatment LVIDd(mm) LVIDs(mm) FS(%) HR(bpm)

WT NS 2.666±0.058 1.028±0.026 61.34±2.52 722±9

Beclin1 Tg NS 2.730±0.060 1.037±0.03 62.08±3.44 717±11

WT DOX 2.836±0.042 1.361±0.068 * 51.78±3.33 * 680±11

Beclin1 Tg DOX 3.134±0.083 # 1.715±0.108 # 44.94±2.83 # 668±9

Table 3.3. Primers used in the study
Gene (Mouse) Sequence
Anf 5-CTTCTTCCTCTTCCTGGCCT-3

5-TTCATCGGTCTGCTCGCTCA-3
Bnp 5-TCCTTAATCTGTCGCCGCTG-3

5-AGGCGCTGTCTTGAGACCTA-3
Col1a1          5-TGGCCAAGAAGACATCCCTGAAGT-3

5-ACATCAGGTTTCCACGTCTCACCA-3
Ctgf  5-GTTGATGAGGCAGGAAGG-3

5-AACTGAATGGAGTCCTAC-3
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METHODS 
 
In vivo model of chronic doxorubicin cardiomyopathy 

Beclin 1+/-, αMHC-Beclin 1 mice and their WT littermates on C57/B6 background were 

maintained on a 12-hour light/dark cycle from 6AM to 6PM. All protocols were approved by 

Institutional Animal Care and Use Committee of UT Southwestern Medical Center.  Eight to 

nine-week-old mice were injected via tail vein with doxorubicin (5 mg/kg) or normal saline once 

weekly for 4 weeks. Ventricular size and function were examined in acclimatized, 

unanesthetized mice by echocardiography (Vevo 2100, MS400C scanhead) 6 days after each 

injection and 4 weeks after the final injection. 

 

Cell culture 
Neonatal rat ventricular myocytes (NRVMs) were isolated from 1- to 2-day-old 

Sprague-Dawley rats as previously described (15). NRVMs were maintained in NRVM culture 

media (DMEM high glucose and Medium 199 in 3:1 ratio) containing 3% fetal bovine serum.  On 

the fourth day after plating, experiments were initiated.  

 

Cell survival Measurement 
LDH permeability was measured using the CytoTox 96 Non-Radioactive Cytoxicity 

assay kit (Promega) – a measurement of plasma membrane integrity. LDH activity in live cells 

and in culture media at the end of experiments were measured; the percentages of LDH activity 

in media over the added amount of LDH activity in media plus attached cells were calculated as 

percentage of LDH permeability, correlating with cell death.  

 

Immunoblot analysis 
Ventricular tissue (10-30 mg) was homogenized in 700 µL T-PER lysis buffer 

(Thermo) supplemented with protease inhibitors and phospho-STOP (Roche).  Lysates were 

centrifuged at 8,000g (15 min), and the supernatant was used for immunoblotting.  For NRVMs, 

cells were washed once with cold PBS and lysed with T-PER buffer supplemented with 

protease inhibitors and phospho-STOP. Protein concentration was measured by Bradford assay 

(Bio-Rad).  Protein lysates (10-15 µg) were loaded for electrophoresis and transferred to 

nitrocellulose membrane. Then, the membrane was processed for immunoblotting and scanning 

using an Odyssey scanner (LI-COR).  
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RNA isolation and PCR analysis 
Total RNA was isolated from ventricular tissue using the Total RNA Fatty and Fibrous 

Tissue Kit (Bio-Rad).  A total of 300 ng RNA was used for reverse transcription and subsequent 

real-time qPCR analysis (Roche).  All primer sequences are provided (Table 3.1).  

 

Histology and imaging 
For RFP/GFP analysis, hearts were harvested from anesthetized mice and fixed by 

overnight immersion in 4% paraformaldehyde/phosphate-buffered saline (PFA/PBS).  Following 

fixation, hearts were sequentially cryoprotected with overnight incubations in 10% and 18% 

sucrose.  Next, hearts were embedded in freezing matrix (TFM, Triangle Bioscience, Durham, 

NC), and 8 µm frozen sections were prepared on a Leica CM3000 Cryostat (Leica 

Microsystems, Buffalo Grove IL) and stored at -80°C. Prior to imaging, slides were thawed and 

coverslipped with Prolong-Gold antifade mounting medium (Life Technologies).  Images were 

acquired on a Leica Microsystems TCS SP5 confocal microscope.  

For TUNEL staining, heart were harvested from anesthetized mice and fixed by 

overnight immersion in 4% paraformaldehyde/phosphate-buffered saline (PFA/PBS).  Next, 

hearts were embedded in freezing matrix (TFM, Triangle Bioscience, Durham, NC), and 8 µm 

frozen sections were prepared on a Leica CM3000 Cryostat (Leica Microsystems, Buffalo Grove 

IL). TUNEL stain was followed on the slides later.  

 

Detection of reactive oxygen species (ROS) 
Anesthetized mice were transcardially perfused with ice-cold heparinized PBS.  

Hearts were dissected from the animals and cryoembedded in TFM.  Frozen sections (8 mm) 

were prepared from the resulting cryoblocks, and sections were stained with dihydroethidium 

(DHE, Invitrogen) for 15 minutes followed by sealing with Prolong Gold Antifade Mountant with 

DAPI.  Sections were immediately examined with a Leica DM2000 epifluorescence 

photomicroscope.  Three microscopic fields (6.00 x 104 µm2) were acquired per heart section, 

and three differing level heart sections per mouse were analyzed.  
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Reagents 
Doxorubicin was purchased from LC laboratories.  Other reagents were purchased as 

follows: bafilomycin A1 (LC laboratory), siRNA for Beclin 1 are purchased from Sigma-Aldrich. 

Antibodies: LC3 (previously developed (4)), p62 (Abnova), GAPDH (Fitzgerald Industries). 

 

Data analysis 
All data are reported as mean ± standard error of the mean.  The Student t test (2-

tailed) was performed to compare two groups.  One-way ANOVA analysis followed by Turkey 

post hoc test was used to compare multiple groups.  Two-way ANOVA and subsequent Turkey 

tests were performed to analyze time course and concentration gradient studies.  A p value of 

less than 0.05 was considered significant.  
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Despite extensive studies of doxorubicin cardiomyopathy in recent years, the 

underlying molecular mechanisms remain elusive. Here, my study shows that doxorubicin 

compromises lysosomal acidification and function, thereby inhibiting autophagic flux in 

cardiomyocytes.  This, in turn, is associated with ROS accumulation and pathological cardiac 

remodeling.  I also provide evidence that diminishing autophagic initiation to limit the 

accumulation of unprocessed autolysosomes ameliorates doxorubicin cardiotoxicity.  

Conversely, increasing autophagosome formation without correcting the downstream block 

exacerbates cardiotoxicity. 

 

Mouse model for chronic doxorubicin cardiomyopathy 

An animal model of doxorubicin cardiomyopathy is an essential tool in studying 

doxorubicin cardiomyopathy and testing potential therapeutics. The mouse model is most 

commonly employed in the studies reported in the literature because of its feasibility, easy 

manipulation, and advantages of genetic manipulations. However, a mouse model of chronic 

doxorubicin cardiomyopathy is challenging because of the difficulties in multiple i.v. doxorubicin 

injections, local toxicity of doxorubicin if applying other routes of administration, and variability of 

cardiac phenotypes in individual mice, etc. A majority of studies used mice for acute doxorubicin 

cardiotoxicity models, which often involve one or two large doses of i.p. doxorubicin injections. 

While these studies have certain merits in revealing some molecular mechanisms of doxorubicin 

cardiotoxicity, they do not necessarily reflect clinical scenarios of chronic doxorubicin 

cardiotoxicity.  



	  

	   	  

114	  

Therefore, I established several criteria in trying to create a mouse model of chronic 

doxorubicin cardiomyopathy: 1) consistent and repeatable evidence of cardiac function 

impairment; 2) no non-cardiac lethality; 3) little or no body weight loss and normal food intake.  

In my attempt to create a mouse model, I first tried to repeat the acute and chronic 

doxorubicin models reported in the literature. Here, all models involved i.p. adminstration(s) of 

doxorubicin. Not only a single large dose of doxorubicin (20 mg/kg, most commonly applied in 

mouse studies in the literature) caused a mortality of 20-30% within a week of injection (Figure 

2.1F, G), but even chronic models of multiple smaller doses of doxorubicin caused about 20-

30% of mortality during a 2-month of study period (Figure 2.1F, G). The dying mice in the acute 

model often presented with slow heart rate (around 300 bpm versus 600 bmp in control group) 

but relatively preserved fractional shortening examined by echocardiography. In chronic i.p. 

models, mice continued to lose weight even after the completion of doxorubicin injections. 

Furthermore, the mortality rate seemed unrelated to the cumulative dose of doxorubicin 

exposure (Figure 2.1F, G, protocol 2 V.S. protocol 3). These observations raised suspicion 

that the lethality was not caused by heart failure but rather from non-cardiac reasons. After 

dissection of the dead/dying mice, I found that doxorubicin i.p. injection(s) caused peritoneal 

injury and bowel obstruction, leading to gastrointestinal complications and non-cardiac death.  

In comparison, my new model of chronic doxorubicin cardiomyopathy involves four 

weekly doxorubicin injections through the tail vein. Monitoring of cardiac function was carried 

out extensively during and after the completion of four doses of injections. I observed some 

local injury (swelling, skin sloughing, pigmentation) at the sites of injection in about 30-40% of 

the doxorubicin-treated mice. The doxorubicin-treated group did not gain weight significantly 

during the three weeks of injection compared with the normal saline-treated control group. This 

seems unavoidable given the systemic toxicities of doxorubicin and possibly pain from tail 

injuries. However, doxorubicin-treated mice started to gain weight similar to controls upon the 
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completion of doxorubicin treatment. Food intake was also comparable between groups as well. 

In addition, no mortality was observed. In aggregate, I engineered a mouse model of 

doxorubicin cardiomyopathy that bypasses the problems in reported i.p. administration models 

while achieving the cardiac phenotype of chronic doxorubicin cardiomyopathy.  

 

Doxorubicin’s impact on cardiomyocyte autophagic flux  

Autophagy is an evolutionarily conserved biological process that involves delivery of 

cytosolic materials to lysosomes for degradation (1). Previous studies have addressed the 

possible contribution of changes in autophagic flux to doxorubicin cardiotoxicity; their findings, 

however, are conflicting (2, 3).  Autophagy has been reported to be either increased (4-8) or 

decreased (4, 9, 10), based on in vivo and/or in vitro analyses.  We suggest that the 

discrepancies result from several factors.  First, a large proportion of the literature is based on 

acute, high-dose doxorubicin exposure. As discussed, these models do not accurately reflect 

the clinical scenario. Further, both high-dose doxorubicin administration and intraperitoneal 

administration entail a number of comorbidities, including anorexia, weight loss and even non-

cardiac death, greatly confounding the analysis of both cardiotoxicity and autophagy. In 

comparison, I believe that my new model of chronic doxorubicin cardiomyopathy is a more 

faithful recapitulation of events seen clinically and avoids the numerous confounding 

comorbidities that plague other studies. 

A second reason for the discrepancies is the lack of evaluation of autophagy as a flux 

cascade.  Since autophagy is a dynamic process, a comprehensive evaluation of flux is 

required, as opposed to a “snapshot in time.”  Further, evidence reported here and elsewhere 

(11) indicates that p62, a bona fide autophagic target, is affected transcriptionally by stress, 

including doxorubicin; simply tracking the abundance of this protein is inadequate to query 

autophagic flux. My findings highlight the need to examine autophagy and flux using a number 
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of approaches. The addition of BafA1 to these assays and confirmation by examining turnover 

of long-lived proteins allowed us to uncover and identify the underlying lysosomal dysfunction. 

Finally, the time point at which autophagic flux is studied varies across studies. I 

chose to focus on 24 hours after doxorubicin administration, as events occurring then are more 

likely to be a direct effect of doxorubicin, rather than a secondary systemic effect. I further 

confirmed the blockage of autophagic flux persisted even 24 hours after serial injections of 

doxorubicin. In addition, the evidence that cardiac function declined progressively during 

injection period, and that the extent of autophagic flux blockage correlated with the level of 

acute ROS generation, strengthened the model that inhibition of autophagic flux contributes to 

chronic cardiac injuries caused by doxorubicin.  

While LC3-II accumulation was observed after doxorubicin, the level returned to 

baseline at later stages, weeks after doxorubicin injections. This is likely due to the metabolism 

and clearance of doxorubicin from the tissues. Therefore, I believe that the accumulation of 

LC3-II- a marker for autophagic flux inhibition in this case- is a doxorubicin-induced, reversible 

change. I reason that in the remodeling phase, upregulation of autophagic flux is not a direct 

response to doxorubicin injury, but rather secondary to pathological remodeling of the heart.  

Although the blockage of autophagic flux appears to be transient and reversible, ROS 

production and cellular damage by doxorubicin can be enhanced by temporary blockage of 

autophagic flux. Multiple administrations of doxorubicin cause cumulative damages that 

eventually lead to decompensation and cardiomyopathy. Whether increased autophagic flux in 

the long-term after doxorubicin injections contributes to progression of cardiac dysfunction is not 

clear and warrants further investigation. 

I found that in both in vitro and in vivo doxorubicin cardiotoxicity models, 

cardiomyocyte autophagic flux was inhibited, albeit differences exist between the two models. 

Accumulation of LC3-II by Western blotting was observed in doxorubicin-treated hearts, while in 



	  

	   	  

117	  

NRVMs there was no increase in steady state LC3-II levels upon doxorubicin treatment. It raises 

the possibility that doxorubicin impairs the autophagic initiation machinery in vitro as well, which 

seems not the case in our in vivo study. The in vivo system could be affected by a host of other 

factors: secondary products of doxorubicin due to metabolism, fluctuation of tissue doxorubicin 

concentration, circulatory factors, neurohormonal and paracrine regulation, etc. However, the 

common features between in vivo and in vitro system- the blockage of autophagic flux and 

accumulation of autolysosomes – strongly suggest that doxorubicin blocks autolysosomal 

digestion in cardiomyocytes.  

 

Impaired lysosome function by doxorubicin  

An early clue to localize the point of autophagic cascade impairment derived from the 

imaging studies, which revealed robust accumulation of autolysosomes.  I went on to reveal that 

doxorubicin inhibits lysosomal acidification and suppresses lysosome function.  

Early literature reported lysosomal changes in cardiomyocytes, both in numbers and 

morphology, induced by doxorubicin (12-14). In fact, lysosomal changes seem to appear early 

in response to doxorubicin treatment (14). Singal et al (14) measured activities of various 

lysosomal enzymes in rat heart lysates and found changes- either increased or decreased- after 

chronic doxorubicin treatment. However, the significance was less clear since the changes were 

bidirectional. In addition, It is reported that doxorubicin also increases lysosomal membrane 

leakage (15), although the changes seemed to be modest. Using live cell recording of 

fluorescent products resulting from cathespin digestion, I was able to track the activities of two 

common lysosomal enzymes -cathepsin B and cathespin L- in live cells. I found that both 

enzyme activities were downregulated by doxorubicin; however, enzymes isolated from 

cardiomyocytes treated with doxorubicin did not show significant defects in activities, suggesting 

that the lysosomal environment is a critical reason for doxorubicin-induced impairment of 
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enzyme activities. Further, my data, for the first time show that doxorubicin perturbs lysosomal 

function via inhibition of its luminal acidity.  

Lysosomes are subcellular compartments that contain a plethora of hydrolases for 

degradation of proteins, lipids, and polysaccharides, within a low pH environment.  The acidic 

luminal environment of lysosomes (pH 4-5) is of critical importance for the activities of most 

hydrolytic enzymes (16), as well as movement and maturation of lysosomes (17).  I found that 

doxorubicin increases lysosomal pH from a basal level of pH 4.6 to pH 5.2.  Given the sensitivity 

of lysosomal hydrolases to luminal pH, my data implicates a defect in lysosomal acidification 

that inhibits lysosomal enzyme activities.   

Interestingly, autolysosomal accumulation has also been reported as a dramatic 

feature in neurons from Alzheimer's disease patients (18). Mutations of Alzheimer's disease-

linked genes presenilin 1 (19) and ApoE4 (20) have been shown to affect lysosomal acidification 

and lysosomal membrane stabilization, respectively. Other factors such as oxidative stress (21) 

and amyloid accumulations (22) could also impair lysosomal acidification (21) and lysosomal 

proteolysis (22), leading to accumulation of undigested autolysosomes.  

It has been reported in some cell types that an increase in lysosomal pH can impair 

the fusion of lysosomes with autophagosomes (23, 24).  By contrast, I observed an increase in 

autolysosome number by doxorubicin.  However, it remains controversial whether inhibition of 

autophagosome-lysosome fusion is solely dependent on increases in lysosomal pH. Events 

such as calcium release from the lysosome have been suggested to be required for 

autophagosome-lysosome fusion (25). It is also possible that the autophagosome-lysosome 

fusion event is inhibited only when lysosomal pH elevates to a certain level. Lastly, when 

examining autophagic flux by tandem fluorescent LC3, green fluorescence from GFP cannot be 

quenched when the lysosome pH exceeds 6. Therefore in some occasions, the accumulation of 

“autophagosomes” observed might actually be autolysosomes without an optimal luminal pH. 
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Lysosome V-ATPase and regulation of lysosomal pH 

Lysosomal acidification is dependent on the activity of the V-ATPase.  To analyze V-

ATPase-induced lysosomal acidification, lysosomes can be transiently alkalinized by NH4Cl or 

FCCP (26, 27).  However, lysosomes in NRVMs are relatively resistant to the protonophore 

FCCP (1 µM); protons dissipate more slowly than reported in other cell lines.  In contrast, NH4Cl 

induces rapid alkalization in NRVMs.  Therefore, I used NH4Cl for evaluating the lysosomal re-

acidification process. My data strongly suggest that doxorubicin acts by inhibiting V-ATPase 

activity. However, other possibilities exist, such as alterations in counter ion exchanger 

activities, or increased lysosomal permeability to protons due to membrane lipid peroxidation.  

Fourteen subunits are assembled into an ATP-hydrolytic domain (V1) and a proton-

translocation domain (V0).  Energy from ATP hydrolysis within the V1 sector is used to transport 

protons into the lysosomal lumen through the V0 sector.  Abolishing the activity of the V-

ATPase, by either deleting the subunit or inhibiting its activity, impairs lysosome acidification, 

and lysosomal pH rises as a consequence (28). 

Mechanisms underlying doxorubicin-dependent inhibition of lysosome V-ATPase 

activity are presently unknown.  Evidence collected to date suggests that doxorubicin affects V-

ATPase activity through inhibiting the coupling of its two domains, V0 and V1.  Yeast 

homologues of ATP6V0d and ATP6V0a have been shown to regulate the coupling of V0 and V1 

activities (29, 30).  The two subunits reside at the peripheral and central stalks of the pump 

respectively, connecting V1 to V0 domain.  The ATP6V0a subunit is critical in regulating both 

the assembly and coupling of the two domains (29); by contrast, mutation in vma6, Atp6v0d’s 

homologue in yeast, results in compromised proton transport but not ATPase activity (30).  I did 
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not detect a change in protein levels of the V0d subunit following doxorubicin treatment, 

however. Of note, the V0d subunit is the only protein in the V0 domain localized to the 

membrane periphery and hence prone to possible modification by doxorubicin, either directly or 

secondarily by ROS.  

A study by Kim et al showed that a defect in V-ATPase assembly in cardiomyocyte 

caused an impairment in lysosomal acidification, hypertrophic cardiomyopathy and heart failure 

(31), highlighting the importance of V-ATPase in cardiomyocyte physiology. We believe that in 

our model, it is unlikely that doxorubicin targets cardiomyocyte V-ATPase specifically, as 

opposed to lysosome proton pumps in other cells. Rather, as cardiomyocytes are among the 

cells most highly dependent on high throughput autophagic flux (32), we suggest that these 

cells are uniquely susceptible to perturbations in downstream lysosomal processing events.  

 

Impaired autophagy in doxorubicin cardiomyopathy 

Blockage of autophagic flux in the heart has been suggested to play an important role 

in chloroquine-induced cardiomyopathy in patients (33).  Here, I demonstrate that doxorubicin 

inhibits cardiomyocyte autophagic flux by altering lysosomal function.  As there is no effective 

means presently available to modify lysosomal function in order to rescue doxorubicin 

cardiotoxicity, I decided to modify autophagic flux at the stage of cascade initiation. I employed 

both gain- and loss-of-function models of Beclin 1 activity to alter the rate at which 

autophagosomes are delivered to the lysosome.   

Previous studies reported disparate conclusions regarding whether autophagy is 

beneficial or detrimental in doxorubicin cardiotoxicity.  Lu et al (8) reported that 3-MA treatment 

preserved cardiac function after exposure to high-dose doxorubicin.  On the other hand, several 

studies (9, 10) reported that increasing autophagy in mice by either rapamycin or pre-fasting 
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blunts doxorubicin-induced cardiac dysfunction.  However, both starvation and small molecules, 

such as 3-MA and rapamycin, have a wide range of other targets as well, especially in animals 

(34).  In contrast, modulating Beclin 1 expression in cardiomyocytes is a more specific means of 

manipulating autophagy.  

I observed that Beclin 1+/- mice were able to restore autophagic flux after doxorubicin 

treatment; meanwhile, ROS production caused by doxorubicin was significantly reduced. After 

chronic doxorubicin treatment, these mice manifested preserved cardiac function, blunted fetal 

gene reactivation and reduced fibrosis formation. On the other hand, cardiomyocyte-specific 

Beclin 1 transgenic mice presented with an increase of autolysosome accumulation in heart 

after doxorubicin treatment, correlating with increased levels of ROS production and 

exacerbated cardiac function chronically. This suggests that it is the levels of Beclin 1 protein in 

cardiomyocytes that are mediating the different responses to doxorubicin. It is not known why a 

further accumulation of LC3-II was not observed in Beclin 1 transgenic mice. In retrospect, I did 

not observe a further accumulation of LC3-II in the hearts of mice after starvation upon 

doxorubicin injection. One possibility might be that more severe blockage of downstream 

autophagic machinery leads to feedback inhibition of autophagy initiation in starved WT or 

Beclin 1 transgenic mice.  

The ability of decreased Beclin 1 activity to rescue autophagic flux (and conversely 

increased Beclin 1 to exacerbate flux) may be due to the decreased (increased) demand on 

lysosomal processing.  While lysosomal proteolytic function is blunted by doxorubicin, it is not 

completely abolished. One possibility is that the decreased demand allows for the proper 

processing of lysosomal content. An alternative explanation is that the block I observed is at the 

point of lysosome recycling. Inhibition of lysosomal recycling results in a similar accumulation of 

dysfunctional autophagosomes, as lysosomal maturation to a stage at which hydrolases can be 
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retrieved and reused is blocked (35). Regardless, my data show that the extent of autophagic 

flux perturbation correlated with the level of doxorubicin-induced cardiac dysfunction.  

Aside from its essential role in autophagy, Beclin 1 may have other unknown 

functions. Studies have shown that Beclin 1 interacts with a variety of proteins, including Bcl-2 

family members. It is a matter of controversy whether Beclin1 promotes or suppresses 

apoptosis. Maejima et al. (36) argued that Beclin 1, by sequestering Bcl-2 and Bcl-xL, could 

release pro-apoptotic protein Bax and stimulate apoptosis. However, on the other hand, the 

Ciechomska (37) group showed that Beclin 1-Bcl-2 interaction neither impaired the anti-

apoptotic function of Bcl-2, nor modified apoptotic levels under apoptotic stimuli. Since 

doxorubicin has been reported to cause cardiomyocyte apoptosis, I examined apoptotic 

activities in doxorubicin-treated heart. Unchanged caspase activity and negative TUNEL 

staining shortly (24 hour) after doxorubicin treatment suggest the low possibility of doxorubicin’s 

direct pro-apoptotic effect in cardiomyocytes. Mild increase of TUNEL positivity was detected in 

the remodeling phase (4 weeks after completion of serial doxorubicin injections); however, 

under higher magnification, the positivity did not localize to myocytes. Albeit Beclin 1+/- mice 

showed reduced levels of TUNEL positivity and Beclin 1 transgenic mice manifested a higher 

level of TUNEL positivity, the differences appeared unlikely due to Beclin 1-dependent changes 

in doxorubicin-induced apoptosis in cardiomyocytes.  

While cardiomyocyte Beclin 1 protein levels modulated the autophagic response to 

doxorubicin and modified doxorubicin-induced cardiac injury, this was not seen in vitro. This 

discrepancy might derive from the differences in in vitro and in vivo systems regarding the 

possible effect of doxorubicin on autophagic initiation, as discussed above. Moreover, an in vitro 

system is ideal for studying direct cellular responses to doxorubicin in a short time frame. 

Cytotoxicity caused by doxorubicin in NRVMs is not necessarily translated to in vivo doxorubicin 
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cardiotoxicity. In fact, animal models remain a more ideal tool in studying drug cardiotoxicity and 

potential protective therapies against cardiotoxicity (38, 39). 

  

Autophagy, ROS and doxorubicin cardiomyopathy 

Despite controversies, excessive production of ROS remains widely accepted as key 

factor contributing to doxorubicin cardiotoxicity (40). The potential sites of ROS generation by 

doxorubicin include mitochondria, sarcoplasmic reticulum, and cytoplasmic compartments (41). 

On the other hand, the abundance and activity of anti-oxidant enzymes SOD and catalase in 

heart are much lower than other organs (42). Therefore, high autophagy levels in heart might 

serve as an important defense mechanism against doxorubicin-induced ROS (32, 43). My 

findings suggest that doxorubicin impairs cardiomyocyte autophagy, thereby compromising the 

defense system against ROS-induced cell injury. 

 At this time, the mechanism underlying correlation between autolysosomal 

accumulation and ROS is unclear. The source of ROS might be the defective autolysosomes or 

from dysfunctional mitochondria not effectively degraded by autophagy. Damaged mitochondria 

are a major source for ROS production in cardiomyocytes (44). At the same time, it has been 

suggested that lysosomal dysfunction and substrate accumulation also promote ROS 

production (45, 46).  Intriguingly, whereas persistently high levels of intracellular ROS trigger 

cellular damage, it can also induce autophagosome formation (43), potentially initiating a vicious 

cycle that promotes cell injury and cardiac dysfunction. 

 

Future directions in autophagic flux inhibition and doxorubicin cardiomyopathy 

Mitochondrial injury is a prominent feature of chronic doxorubicin cardiomyopathy in 

animal studies. Defects in mitophagy could potentially lead to accumulation of damaged 



	  

	   	  

124	  

mitochondria, which are major sources of ROS production. Indeed, the severity of mitochondrial 

damage correlates with decline of cardiac function (12, 47). Mitochondrial oxidative 

phosphorylation appears to be compromised by doxorubicin (47, 48).  Incubation of doxorubicin 

with isolated mitochondria in vitro resulted in increased state 4 respiration (basal respiration) but 

inhibition of state 3 (ADP-stimulated) respiration (47). Mitochondria isolated from large-dose 

doxorubicin-treated mice showed significantly decreased respiration (48). In my in vivo chronic 

doxorubicin cardiomyopathy model, swollen mitochondria were commonly observed (Figure 

4.1A), consistent with previous findings (47). In cultured NRVMs, doxorubicin treatment (18 

hours) caused mitochondrial morphological changes: fragmentation and/or mitochondrial fission 

(Figure 4.1B). To further examine functional changes in mitochondria, tetramethylrhodamine, 

methy ester (TMRM) was used to measure mitochondrial membrane potential. It is a cell-

permeable, cationic, fluorescent dye that is sequestered by active mitochondria. By contrast, 

mitotracker green marks all the mitochondria within the cell regardless of mitochondrial 

membrane potential. Using these two dyes, I found that doxorubicin reduced mitochondrial 

membrane potential but did not affect total mitochondrial volume in NRVMs (Figure 4.1C). 

However, manipulation of Beclin 1 levels in NRVMs did not affect mitochondrial membrane 

potential with or without doxorubicin treatment (data not shown).  Still, I am interested whether 

modulation of autophagy in vivo by Beclin 1 expression levels will affect mitochondrial function 

in the chronic doxorubicin cardiomyopathy model. Assessment of mitochondrial injury by 

doxorubicin can be achieved through morphological studies of mitochondria after chronic 

doxorubicin treatment, and through functional tests - respiration rate in mitochondria isolated 

from doxorubicin-treated mice. 

My second future interest lies in exploring potential strategies to rescue autophagic 

flux in cardiomyocytes in an attempt to protect against doxorubicin cardiotoxicity. One possibility 

is to reduce the initiation of autophagy.  One commonly used pharmacological inhibitor of 

autophagic initiation is 3-methyladenine (3-MA). As an inhibitor of PI3K, 3-MA suppresses 
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phagophore nucleation. One study (8) demonstrated the protective effect of 3-MA in a rat model 

of acute doxorubicin cardiotoxicity. However, 3-MA has other off-target actions such as effects 

on stress kinases and mPTP, which might affect the cellular response to doxorubicin. Therefore, 

exploring other more specific small molecular inhibitors of autophagic initiation is warranted. 

Another possibility is to rescue lysosomal acidification and function. Transcription 

factor EB (TFEB) has been shown to drive the expression of multiple lysosomal genes and 

autophagic genes, therefore promoting lysosomal biogenesis and autophagic flux (49). My 

preliminary data showed that TFEB overexpression in cultured NRVMs rescued doxorubicin-

induced suppression of lysosomal acidification, as assessed by lysosensor fluorescence (DND-

189, Figure 4.2A). However, overexpression of TFEB failed to rescue the blockage of 

autophagic flux by doxorubicin in NRVMs (Figure 4.2B). Despite this, overexpression of TFEB 

still partially rescued mitochondrial dysfunction elicited by doxorubicin in vitro, shown as partial 

recovery of mitochondrial membrane potential (Figure 4.2C). These findings suggest several 

possibilities: 1) TFEB ameliorates the toxicity of doxorubicin in cardiomyocytes independent of 

autophagic flux. 2) LC3/p62 immunoblotting might not be sufficient to conclude the inhibition of 

autophagic flux in this case. 3) TFEB might affect selective autophagy such as mitophagy but 

not necessarily general autophagy in cardiomyocytes treated with doxorubicin. Future studies 

should test the role of autophagy/mitophagy in TFEB’s mitochondrial protective effect against 

doxorubicin in NRVMs.  

In addition, in collaboration with the Diwan lab (Washington University School of 

Medicine), we tested whether cardiomyocyte-specific overexpression of TFEB could rescue 

doxorubicin cardiotoxicity in vivo.  The inducible TFEB transgenic mice were generated via Tet-

Off system. The binding of Tetracycline transactivator (tTA) protein to a tetracycline response 

element (TRE) drives expression of the downstream gene Tfeb; in the presence of tetracycline 

or its derivative doxycycline, however, the binding of tTA and TRE is disrupted and TFEB 

overexpression is suppressed (Figure 4.3A). To turn on TFEB expression, doxycycline-
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containing water was replaced by normal water at 8 weeks of age. Five days later, weekly 

doxorubicin delivery (5 mg/kg) started. Hearts were harvested one day after the fourth injection, 

following echocardiography. TFEB transgenic (TFEB Tg) mice showed robust TFEB 

overexpression in heart. However, TFEB Tg mice treated with doxorubicin presented with lower 

TFEB protein levels than normal saline-treated group (Figure 4.3B). Further study revealed the 

suppression of TFEB by doxorubicin in TFEB Tg mice was due to the inhibition of external 

TFEB gene transcription, while endogenous TFEB expression was not affected by doxorubicin 

(Figure 4.3C). Another hurdle I had in this in vivo study is that TFEB transgenic mice developed 

congestive heart failure within a month after doxycycline withdrawal (Figure 4.3D). 

Paradoxically, TFEB Tg mice treated with doxorubicin presented with better systolic function 

compared with TFEB Tg mice treated with NS (Figure 4.3D). This phenotype difference might 

be due to the suppression of TFEB overexpression in the doxorubicin-treated group. The 

cardiac phenotype observed in TFEB Tg mice may stem from excessive TFEB overexpression 

in the mouse line. I am currently working on generating an inducible cardiomyocyte-specific 

TFEB transgenic mouse line that harbors lower levels of TFEB expression. Whether modest 

overexpression of TFEB could affect doxorubicin cardiotoxicity in vivo remains to be studied in 

the future.  

 

Conclusion 

In summary, here I have established a model that recapitulates the clinical reality of 

doxorubicin cardiomyopathy. With this model, I have revealed a novel mechanism of 

doxorubicin cardiotoxicity, viz. relative lysosome alkalinization and consequent inhibition of 

downstream autophagic flux. By titrating down the initiation of autophagosome initiation, 

doxorubicin cardiotoxicity is blunted, while by contrast, enhancing autophagic initiation 

aggravates doxorubicin cardiotoxicity (Figure 4.4). Together, these data uncover a novel 
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mechanism of disease pathogenesis and point to a unique strategy of limiting heart injury. 

Future studies of more bedside-translatable approaches to reverse cardiomyocyte autophagic 

flux by doxorubicin might shed light on preventing doxorubicin cardiomyopathy.   
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