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Abstract

Rationale: Anthracycline-induced cardiotoxicity (AIC) is a major side effect that limits the use 

of anthracyclines as effective chemotherapeutics. No mechanism-based therapy is available when 

cardiac function deteriorates.

Objective: We aim to elucidate the dynamic autophagic defects in AIC, and to identify a 

mechanism-based therapy via both genetic and pharmacological studies.

Method and Results: Through phenotyping an adult AIC (aAIC) zebrafish model, we detected 

a biphasic response in autophagy: activation in the early stage and suppression in the later 

phase that is characterized by a decline in cardiac function. We conducted conditional genetic 

studies with atg7, which encodes a rate-limiting autophagy core protein, and found that atg7 
overexpression (OE) leads to therapeutic effects in the late phase but deleterious effects in the 

early phase of aAIC. We then assessed the therapeutic effects of 37 FDA-approved autophagy 

activators (FAAs) using an embryonic AIC (eAIC) zebrafish model and identified spironolactone, 

pravastatin, and minoxidil as top-ranking drugs. We demonstrated the therapeutic efficacy of these 

FAAs in the aAIC model and confirmed that these drugs exert therapeutic effects in the late phase 

but not in the early AIC phase. Finally, we demonstrated that the time-dependent therapeutic 
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effects are conserved in a mouse AIC model and that spironolactone and rapamycin activated 

autophagy in an Atg7-dependent fashion.

Conclusions: Our findings suggest that atg7-based autophagy activation is an effective 

therapeutic avenue to reversing the decline in cardiac function in AIC, highlighting the time 

dependent nature of autophagy-based therapy.
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INTRODUCTION

Anthracyclines, including doxorubicin (DOX), are effective antitumor drugs. However, 

the utility of anthracyclines is compromised by their dose-dependent cardiotoxicity.1 

Anthracycline-induced cardiotoxicity (AIC) has been categorized into acute and chronic 

forms.2 Acute AIC typically manifests as acute (toxic) myocarditis in <1% of patients and 

is considered to be self-limiting. On the other hand, chronic AIC occurs months or years 

after therapy and leads to a decline in cardiac function, which can progress to heart failure 

(HF). The administration of generic HF therapies such as β-blockers and ACE inhibitors is 

currently the only available remedy, leading to full recovery of cardiac function in only 10% 

of patients.3, 4 Therefore, there remains a great need to gain more insight into the underlying 

mechanisms of AIC and to develop new therapeutic strategies.5

Topoisomerase (Top) 2b has been recently identified as a key molecular target of DOX.6 

Through direct binding to Top 2b, anthracyclines induce DNA double-stranded breaks 

that lead to cardiomyocyte death.5 Dexrazoxane, an iron chelator that has been developed 

as a cardioprotective agent, prevents anthracyclines-induced DNA damage via depleting 

both Topoisomerase 2 isoforms. 7 Despite the only mechanism-based Food and Drug 

Administration (FDA)-approved drug for treating AIC,8 dexrazoxane is approved only for 

treating adults with metastatic breast cancer who need additional doxorubicin to maintain 

tumor control.2 No effective drug is available to reverse chronic AIC when cardiac function 

has already deteriorated.
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Autophagy is a vital machinery for protein quality control that plays an important role 

in clearing misfolded proteins and damaged organelles.9 Dysregulated autophagy has been 

reported in many types of cardiomyopathies, including AIC.9, 10 Depleted cellular TFEB, 

a master transcription factor that regulates lysosomal genes, has been found to be critical 

for DOX-induced myocyte injury.11 Using an improved mouse model of AIC with less 

side effects, Li et al recently reported blunted autophagic flux, possibly a consequence 

of impaired lysosome acidification and lysosomal function.12 Despite consensus that 

autophagy dysregulation is an important pathological event in AIC, methods to repair 

autophagy for therapeutic effects remain to be discovered. A pharmacological study in rats 

reported that six weeks of calorie restriction combined with resveratrol induced autophagy 

and protected the rat hearts against DOX-induced toxicity.13 However, Li et al conducted 

genetic studies of Beclin 1, a PI3K that governs autophagy initiation, and noted therapeutic 

effects of Beclin1+/− in a mouse AIC model,12 suggesting a therapeutic benefit of 

depressing autophagy. These results underscore the complexity of autophagy dysregulation, 

AIC pathogenesis, and the combination of both, beckoning further mechanistic insights for 

developing an effective autophagy-based therapy.

Zebrafish is a novel vertebrate model that has recently been used for studying AIC. An 

embryonic AIC (eAIC) zebrafish model has been used to screen compound libraries, leading 

to the discovery of visnagin, which mitigates the activation of cytochrome P450 family 1 

(CYP1) that is induced by DOX.14, 15 To recapitulate the progressive pathological process in 

human AIC, we developed an adult AIC (aAIC) model in zebrafish.16 Injection of a single 

bolus of DOX into adult zebrafish resulted in cardiac dysfunction 4 weeks post injection 

(wpi), which becomes increasingly severe by 8 wpi. Intriguingly, we noted dynamic mTOR 

and autophagy dysregulation in this aAIC model, i.e., increased LC3-II expression during 

the first wpi but reduced LC3-II in the later phase of AIC 12 wpi.17 Consistent with 

time-dependent signaling, mtor inhibition via rapamycin administration exerted deleterious 

effects in the early phase but therapeutic effects in the late phase.

Because autophagy is a critical downstream signaling branch of mTOR, here, we directly 

tested the potential time-dependent functions of autophagy in AIC via genetic studies of 

atg7 and pharmacological studies of FDA-approved autophagy activators (FAAs). atg7 
encodes a rate-limiting protein involved in the initiation of autophagy, functioning as an 

ATP-binding and catalytic site for E1 proteins that activate two ubiquitin-like proteins, 

Atg8 and Atg12.18 Similar to mTOR inhibition, which leads to therapeutic effects in a 

spectrum of cardiomyopathies, Atg7 overexpression has been shown to activate autophagy 

and to ameliorate pressure overload (PO)-induced cardiac dysfunction and desmin-related 

cardiomyopathy.19–21 We obtained atg7-knockout mutant zebrafish, generated a transgenic 

fish line that overexpresses atg7 in a temporally controlled manner, and then assessed the 

modifying effects of FAAs on a zebrafish aAIC model.16 We confirmed our findings in 

a mouse AIC model, which established atg7-based autophagy activation as an effective 

therapeutic avenue to reversing the decline in cardiac function in AIC.
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METHODS

Data Availability.

The data that support the findings of this study are available from the corresponding author 

on reasonable request. Please see the Major Resources Table in the Supplemental Materials. 

An expanded version of the Methods section is presented in the online Data Supplementary.

RESULTS

Autophagy is activated in the early phase but suppressed in the late phase in the adult AIC 
(aAIC) zebrafish model.

To define the dynamics of autophagic defects in the heart of a zebrafish aAIC model (Fig 1A 

and B), we assessed basal autophagy by quantifying the LC3-II protein at different phases of 

pathogenesis, and autophagic flux by applying bafilomycin A1 (BafA1) 4 h before sample 

collection. Myofibril defects were noted in this model at both histological and ultrastructural 

levels at 4 wpi, which became more obvious at 8 wpi (Online Fig IA and B). Because 

the decreased EF was significant at 4 wpi (Fig 1B), we decided to use this time point to 

distinguish the early and late phase of aAIC. At one day post-injection (dpi), we noted 

significantly increased LC3-II levels and an increased response to BafA1, suggesting both 

increased basal autophagy and autophagic flux (Fig 1C, D and E). In contrast, at 8 weeks 

post injection (wpi), the basal level of LC3-II was reduced, and the LC3-II ratio between 

groups treated with and without BafA1 decreased, suggesting attenuated basal autophagy 

and blunted autophagic flux (Fig 1C, F and G). To validate the observation obtained by 

Western blotting, we utilized Tg(GFP-Lc3) transgenic fish, which enabled us to perform an 

in vivo analysis of autophagic dynamics in cardiomyocytes. Consistent with the Western blot 

analysis results, we observed more GFP-positive puncta, indicative of autophagosomes, in 

the heart section 1 dpi, as well as an increased number of puncta after BafA1 treatment. In 

contrast, fewer GFP-positive puncta and an attenuated response to BafA1 were noted in the 

hearts 8 wpi (Online Fig IC and D). These data indicate a biphasic alteration in autophagic 

activity in the early and late phases of aAIC.

While atg7+/− exerts salutary effects in aAIC, atg7 overexpression (OE) exerts deleterious 
effects in the early phase of aAIC.

To interrogate the functions of autophagy in aAIC, we obtained an atg7sa10973 mutant 

(hereafter referred to as atg7).22 While homozygous atg7−/− zebrafish die during the 

larva-juvenile transition period with severe cardiac pathology and gastrointestinal tract 

developmental defects,23, 24 heterozygous atg7+/− zebrafish appear normal until at least 

2 years of age. We noted reduced LC3-II expression in the atg7+/− hearts and a reduced 

response to BafA1 treatment (Fig 1H, I and J), suggesting attenuated basal autophagy and 

autophagic flux. To assess the impact of atg7 haploinsufficiency on aAIC, we injected 20 

mg/kg DOX into four-month-old atg7+/− zebrafish. While no significant change in EF was 

noted 1 wpi (Online Fig IID), a salutary effect was detected in the atg7+/− zebrafish 8 

wpi, as indicated by mild but significant improvement in EF (Fig 1K). Consistent with the 

cardioprotective effect of atg7 haploinsufficiency on aAIC, DOX-induced induction of nppa 
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and nppb, two molecular markers of cardiac remodeling, was attenuated in atg7+/− zebrafish 

(Fig 1L).

To assess atg7 gain of function, we generated Tg(βactin2: loxP-mCherry-stop-loxP­
atg7-cerulean) zebrafish, referred to as Tg(βact2:atg7) zebrafish. A founder of the 

Tg(βact2: atg7) line was bred to a Tg(cmlc2:CreER) line zebrafish to generate 

Tg(βact2:atg7);Tg(cmlc2:CreER) double-transgenic fish, also termed atg7;cre. To 

induce gene overexpression, we incubated the double-transgenic fish with 1 μM 4­

hydroxytamoxifen (4HT, dissolved in 100% ethanol as the vehicle) for 24 h (referred to 

as atg7;Cre-4HT). The control fish were treated with 100% ethanol (atg7;Cre-EtOH) (Fig 

2A). As indicated by the cerulean fluorescence in the ventricle, the cre-mediated genomic 

recombination was shown to be successful 1 week after incubation with 4HT (Fig 2B and 

C), and an ~14-fold increase in atg7 transcripts was seen in zebrafish cardiomyocytes (Fig 

2D). As a consequence, LC3-II levels in the atg7;Cre-4HT zebrafish were significantly 

higher, and the ratio between samples treated with and without BafA1 was also higher in 

these zebrafish than in the atg7;Cre-EtOH zebrafish (Fig 2E and F). These data indicate 

effective induction of basal autophagy and autophagic flux in zebrafish with atg7 OE, as 

has been noted in mouse cardiomyocytes with Atg7 OE 20. Similar to the mice with Atg7 
OE, the zebrafish with atg7 OE did not develop gross health issues and had normal cardiac 

function until they were six months of age (Fig 2H to J, the WT NS group vs atg7;Cre-4HT 

NS group). We injected a single dose of 20 mg/kg DOX into the atg7;Cre-4HT zebrafish 

seven days after administrating 4HT and then assessed ventricular function at either 1 wpi 

or 8 wpi via high-frequency echocardiography (Fig 2G). DOX stress induced a significant 

decline in EF in the adult zebrafish with atg7 OE 1 wpi (Fig 2H). Consistent with this 

observation, the activated transcript expression of nppa and nppb was increased in the DOX­

treated atg7;Cre-4HT zebrafish 1 wpi (Fig 2I), suggesting that atg7 OE led to deleterious 

effects in the aAIC model 1 wpi.

atg7 OE can reverse cardiac function decline in the late phase in the aAIC model.

In contrast to the deleterious effects observed at 1 wpi, atg7 OE exerted salutary effects 8 

wpi: the significant decline in EF in the DOX-stressed adult fish with atg7 OE 8 wpi was 

reversed in the atg7;Cre-4HT fish (Fig 2J), as was the activated transcript expression of 

nppa and nppb (Online Fig II E). Because the autophagic dysregulation in the early and late 

phases of aAIC had opposite effects (Fig 1C to G), we reasoned that the therapeutic effects 

of atg7 OE might reflect a predominant benefit in the later phase, overcoming the deleterious 

effects it causes during the early phase. To test this possibility, we treated atg7;cre adult fish 

with 4HT for 24 h at 4 wpi, when EF had already declined by ~12% (Fig 3A and B). Indeed, 

atg7 OE was able to reverse the decline in cardiac function, as indicated by a significantly 

improved EF 8 wpi (Fig 3C). Consistent with this observation, the expression of activated 

nppa and nppb was also decreased (Fig 3D).

To determine the impact of atg7 OE on autophagy in the context of aAIC, we measured 

the LC3-II protein expression level 8 wpi and its response to BafA1 treatment. Consistent 

with our previous study in WT fish, we noted reduced autophagy and autophagic flux in the 

atg7;Cre-EtOH upon DOX stress, both of which were effectively rescued by atg7;Cre-4HT 
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(Fig 3E and F). Together, our studies using a conditional transgenic zebrafish line revealed 

time-dependent effects of an autophagy-activating therapy approach that is able to reverse 

reduced cardiac function in the later phase of aAIC.

FDA-approved autophagy activators (FAAs) are ranked based on their therapeutic effects 
in an embryonic zebrafish AIC (eAIC) model.

For further translation of autophagy-based therapy, we decided to repurpose FDA-approved 

autophagy activating drugs. To increase the screening efficiency for assessing larger number 

of compounds, we turned to the eAIC model that manifests phenotypes in 3 days. After 

treating embryos 1 day postfertilization (dpf) with 5 different doses of DOX, 25 (Online 

Fig IIIA and B), we determined that the LD50 at 3 dpf was approximately 100 μmol/L, a 

concentration that was later used for screening. Similar to recent reports 25, the hearts of 

the DOX-treated zebrafish manifested pericardiac edema, elongation (n= 21/36), decreased 

cardiac function (n= 26/36), reduced tail vein blood flow, and reduced heart rate 3 dpf 

(Online Fig IIIC to F). Consistent with the therapeutic effects of mTOR inhibition in the 

aAIC model,17 we noted therapeutic effects of mtor+/− in the eAIC model, as evident 

in a better survival rate, fraction shortening (FS) and heart rate (Online Fig IIIG to I). 

Reduced LC3-II expression (Fig 4B and C) and compromised LC3-II induction upon BafA1 

treatment were noted in the eAIC model 3 dpf (Fig 4D and E), suggesting reduced basal 

autophagy and reduced autophagic flux. The administration of autophagy inhibitors such 

as BafA1 and 3-MA led to further deterioration in the eAIC model zebrafish. In contrast, 

the administration of autophagy activators such as rapamycin and Beclin-1 peptide exerted 

therapeutic effects, as indicated by rescued mortality and improved cardiac function (Fig 

4F and G). Together, these data support the use of an efficient eAIC model for screening 

autophagy-modulating drugs.

Thirty-seven FDA-approved drugs that were previously identified as autophagy activators 

using an in vitro cell culture system were selected for further study.26–29 We determined 

the LD50 for these drugs and found that 18 of the 37 tested drugs had an LD50 less 

than 20 μmol/L (Online Table I), a dose frequently used to conduct high-throughput 

screening.30 Among the 37 drugs, digoxin, dasatinib, nitrendipine, and proscillaridin A 

induced teratogenic phenotypes when administered at a dose of approximately LD50 

(Online Fig IV). We thus administered lower doses at 1/20, 1/40, 1/80, 1/160, and 1/320 

of the LD50, aiming to identify the lowest effective dose (ED). For example, we determined 

that 35.92 μmol/L minoxidil was able to improve survival rates and rescue FS and heart rates 

(Online Fig V A to D). Based on the survival data, 21 FAAs showed significant therapeutic 

effects, P<0.05 (Fig VIA). With heart function (FS) and heart rate used as criteria, 14 and 

13 FAAs had significant therapeutic effects (P<0.05), respectively (Online Fig VI B and 

C). We were able to rank these FAAs by using an arbitrary score that weighted all three 

indices and teratogenic effects (Fig 4H, Online Table II). Among the 18 effective FAAs, 8 

were previously suggested as potential therapeutic compounds for AIC based mostly on in 
vitro models (Online Table II), while the other 10 FAAs were new drug candidates for AIC 

treatment.
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Top-ranking FAAs from an eAIC-based screen exert therapeutic effects in both a zebrafish 
aAIC model and a mouse AIC model in a time-dependent fashion.

To confirm FAAs identified in the eAIC-based screening effort in the aAIC model, we 

assessed the following 3 drugs: pravastatin (Pra), spironolactone (Spi), and minoxidil 

(Mino), which ranked higher than rapamycin (Rapa); Rapa was used as a positive control; 

and 3-MA, an autophagy inhibitor, as a negative control. We deduced the corresponding 

doses in adult fish based on the effective dose (ED) that was determined experimentally 

in the eAIC model using a formula based on body weight ratio (Online Fig VII). We 

then assessed the therapeutic effects of this group of 5 drugs in the aAIC model via daily 

gavage for 4 weeks. Consistent with our autophagy dynamic studies and genetic studies, 

we noted different or opposite effects of these drugs administered in the early phase (1–4 

wpi) (Fig 5A) and the late phase (4–8 wpi) (Fig 5E). Pra, Mino and Rapa administered 

in the early phase exerted detrimental effects, as measured by survival, and 3-MA exerted 

therapeutic effects, as indicated by both FS and survival (Fig 5B to D). In contrast, Pra, 

Mino and Rapa administered in the late phase exerted therapeutic effects, as measured by 

EF, FS and survival; Spi exerted therapeutic effects, as measured by EF and FS; and 3-MA 

exerted deleterious effects, as measured by survival (Fig 5F to H). These results confirmed 

the therapeutic effects of autophagy activators in the aAIC model and underscored its 

time-dependent nature.

Next, we sought to translate the FAAs identified from zebrafish to mammals. Several AIC 

models co-exist in the literature with inconsistent phenotypes, partially due to different drug 

delivery protocols. 31–33 We decided to follow a tail vein intravenous (IV) injection protocol 

that incurs minimal constitutional symptom, 12 and compare it with the intraperitoneal (IP) 

route. We injected 5 mg/kg DOX 4 times in succession via either the intraperitoneal (IP) 

route or IV route through the tail vein (Online Fig VIII A). Indeed, the mice injected via 

the IP route had high mortality and failed to manifest a significant reduction in EF 8 wpi 

(Online Fig VIII B and C), while the mice injected via the IV route had much better survival 

and manifested significant heart dysfunction 8 wpi (Online Fig VIII B and C). Phenotyping 

of the IV model revealed increased circulating levels of LDH2 and CK-MB, markers of 

cell and myocardial injury, respectively; increased double strand breaks (DSBs) of DNA, as 

indicated by g-H2AX staining; increased apoptosis, ROS activity, and fibrosis (Online Fig 

IX); thus, we decided to adopt the IV model for drug assessment. We did note an increased 

heart weight/body weight ratio; however, this is largely owing to reduced body weight (Fig 

6K, Online Fig VIII D, E and G), suggesting heart weight/tibial length as a potential better 

index for future studies. We assessed the effects of the 4 top FAAs, Pra, Spi, Mino and Rapa, 

by daily gavage for 4 weeks during the early phase (1–4 wpi) (Fig 6A) or the late phase (4–8 

wpi), when heart function had already declined (Fig 6E).12 Mino and Rapa administered 

during the early phase exerted deleterious effects on EF, while Pra and Spi did not affect 

cardiac function (Fig 6B to D). On the other hand, administration of Pra, Spi, Mino and 

Rapa during the late phase effectively rescued cardiac dysfunction 8 wpi (Fig 6F), which 

can be largely ascribed to rescued LVEDD (Fig 6G and H). Consistent with the rescued 

cardiac function, also rescued are circulating levels of CK-MB and LDH2 (Fig 6I and J), 

histopathology abnormality, fibrosis, as well as mitochondria damage and vacuolization at 

the ultrastructural level (Online Fig X). Body weight was also significantly improved by 
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administration of these four FAAs (Fig 6K). None of these 4 drugs interferes with anti-tumor 

function of doxorubicin (Online Fig XI).

Spironolactone (Spi) and rapamycin (Rapa) activate autophagosome formation in an Atg7­
dependent fashion.

In the mouse AIC model, blunted autophagic flux has been reported, which is consistent 

with the late phase of aAIC in our zebrafish model; however, activated autophagy in the 

early phase was not observed.12, 34 We postulated that the four consecutive injections of 

low-dose DOX in the model mice, which differed from the single injection of high-dose 

DOX administered to the aAIC model zebrafish, may explain these results. To test this 

hypothesis, we injected a single bolus of 20 mg/kg DOX into the mice, isolated the heart, 

and then assessed the LC3-II expression. Indeed, we detected both activated LC3-II and an 

increased response to BafA1 (Fig 7A).

Because of the therapeutic effects of atg7 OE in the late phase of the aAIC model, 

we reasoned that some FAAs might exert their therapeutic effects by regulating Atg7 

expression. To test this hypothesis, we assessed Atg7 expression in the mouse AIC model, 

since an anti-Atg7 antibody is commercially available for use in this animal. We detected 

significantly reduced Atg7 expression 8 wpi, supporting the supposition of an important 

function of Atg7 in the late phase of AIC pathogenesis. Daily administration of Spi and 

Rapa, but not Pra or Min, restored Atg7 expression (Fig 7B). To test the hypothesis that Spi 

and Rapa activate autophagy by modulating Atg7 expression, we turned to an H9C2 cardiac 

cell line. An LC3-RFP-GFP tandem reporter construct was transfected into these cells to 

indicate the formation of autophagosomes and autolysosomes. We found that both Spi and 

Rapa induced an increase in Atg7 protein levels (Fig 7C), which sequentially activated 

autophagosome formation, as indicated by yellow puncta with both GFP and RFP (Fig 7D 

and E). Inhibition of Atg7 via co-transfection with Atg7 siRNA effectively reduced Atg7 

levels and ablated the induction of autophagosomes by both Spi and Rapa (Fig 7F and G).

Top2b is required for Atg7-mediated autophagy in the early not late phase of AIC.

Finally, to understand Atg7-mediated autophagy in the context of Top2b signaling, we 

carried epistatic analysis between Atg7 and Top2b. Similar to an increased Atg7 expression 

at 4 wpi and reduced expression at 8 wpi in the mouse AIC model (Fig 8A), dynamic 

expression was also noted in the H9C2 cell culture system, manifesting as increased 

Atg7 expression at 3 hour post DOX stimulation and reduced Atg7 expression at 18 hour 

post DOX stimulation (Fig 8C and D). Through knocking down Top2b using a Top2b 

siRNA (Fig 8B), we found that Top2b is required for DOX to modulate Atg7 and LC3 

expression at 3 hours, but not 18 hours post DOX stimulation (Fig 8D and E). Conversely, 

we enquired whether Top2b expression is regulated by Atg7 by using atg7 KO and atg7 
OE lines in zebrafish. We detected no significant changes of top2b transcript in both 

genetic manipulations (Online Fig II F). Together, these data suggested that Atg7 and 

Top2b pathways only interact at the early phase, when Top2b confers the primary insults 

imposed by DOX that sequentially activates Atg7-mediated autophagy. By contrast, reduced 

Atg7 expression at the late phase of AIC is independent of Top2b, representing a distinct 

pathological event that can be harnessed as a novel therapeutic avenue.
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DISCUSSION

Cardiac dysfunction in the late phase of aAIC is reversed by atg7-based autophagy 
activation in cardiomyocytes.

As chronic AIC represents a cardiomyopathy with poor prognosis in most cases and 

because no mechanism-based therapy is available to treat patients in this late stage, the 

current work is significant, as it points towards reversal of cardiac dysfunction in the later 

phase of aAIC with an autophagy-activating approach. The initial insight came from our 

genetic studies with Tg(βact2:atg7);Tg(cmlc2:CreER) zebrafish, allowing for conditional 

overexpression of atg7 in cardiomyocytes in a time-dependent fashion. The merit of an 

autophagy-activating approach was further validated by pharmacological studies of top­

ranking FAAs that were identified through drug screening based on therapeutic efficacy in 

eAIC zebrafish model, followed by assessment and validation in both adult zebrafish and 

mouse models of AIC. Together, these data strongly suggest that dysregulated autophagy 

drives the pathophysiological momentum in the late phase of AIC and that atg7 is a gene 

target that can be manipulated to exert therapeutic benefits. Using mouse and cell culture 

models, we found that reduced Atg7 expression is a characteristic molecular event for 

dysregulated autophagy in this later phase of AIC, and both Spi and Rapa activate Atg7 

and are therapeutically effective. However, as Pra and Mino also exert therapeutic benefits 

without restoring Atg7 expression, Atg7 might not be the only target gene for autophagy­

based therapy. Future studies are warranted to determine whether other autophagy genes can 

be manipulated to exert similar or even better therapeutic effects than realized with atg7.

Our conclusion on the therapeutic effects of autophagy activation is consistent with 

two previous pharmacological studies: In one study, rapamycin, an mTOR inhibitor, 

was administered to aAIC model zebrafish,17 and in the other study, calorie restriction 

was combined with resveratrol to treat aAIC model rats.13 However, our data on the 

accumulative long-term effects of atg7 OE appear to contradict those from studies of Beclin 
1 OE in mice,12 which showed deleterious effects that are similar to the short-term effects 

of atg7 OE in the early phase of aAIC. On the other hand, Beclin 1+/−, had an attenuating 

effect on AIC in mice, which is consistent with the therapeutic effect of atg7+/− in our 

aAIC zebrafish model. Together with the similar autophagic flux defects in our zebrafish 

model and mouse AIC models reported in the literature, we reasoned that the discrepancy 

between Beclin 1 OE in mice and atg7 OE in fish is not likely due to differences in 

species. In contrast, the inconsistency might result from the temporal-dependent nature of 

autophagy dysregulation and/or the distinct functions of Atg7 and Beclin 1 in autophagy. 

These possibilities can be tested by temporally dependent genetic manipulations of Beclin 1 
in animal models.

Because atg7 overexpression promotes both basal autophagy and autophagic flux, we 

favor the statement that re-activation of the attenuated autophagy and autophagic flux in 

cardiomyocytes is the underlying molecular mechanism. It is likely that cardiac dysfunction 

in AIC is reversed because of the restored capacity of cells to remove toxic proteins and 

damaged organelles via autophagy, thereby improving cellular homeostasis.9, 35 Together 

with the known therapeutic effects of Atg7 overexpression on pressure overload (PO)­
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induced cardiac dysfunction and desmin-related cardiomyopathy, 19–21 our data on AIC 

raised a possibility that dysregulated autophagy is a common pathological event at the late 

stage of different types of heart failures, and that repairing autophagy via modulating Atg7 

could be a common therapeutic strategy.

Stage-specific functions of autophagy in the early vs late phase of AIC.

Our studies converge on the important concept that pathological signaling in the late phase 

of AIC can be quite different from, or even opposite to, the signaling in the early phase. In 

the early phase of AIC in the adult models, we noted activated autophagy, salutary effects 

of autophagy inhibitors, and deleterious effects of atg7 OE and autophagy activators, and 

all these effects were opposite those observed in the late phase. These effects were also 

observed in chemical-genetic studies using the mouse AIC model. In human AIC patients, 

initial pathological changes in the early phase represent immediate cardiac responses to 

anthracycline-induced damage, which might consist of excessive free radicals, iron overload, 

DNA damage and mitochondrial defects.1 In most patients, this damage is either mild or 

repairable; thus, these patients do not develop chronic AIC. Only hearts that cannot deal 

with the initial damage of early AIC progress to sequential pathological changes months or 

years after chemotherapy. In this late phase of AIC, affected hearts manifest a different type 

of autophagy dysregulation than that in the early phase, contributing to the deterioration of 

cardiac function that ultimately leads to heart failure.

The time-dependent signaling hypothesis of AIC helps to explain why both atg7+/− and atg7 
OE exerts accumulative therapeutic effects in the aAIC model. Based on our experimental 

evidence, atg7 OE exerts a deleterious effect in the early phase but a salutary effect in the 

later phase. Thus, we conclude that the accumulative therapeutic effect of atg7 OE is due 

to the combination of a weak deleterious effect in the early phase and a strong therapeutic 

effect in the late phase. Similarly, we reasoned that the accumulative therapeutic effects of 

atg7+/− can be explained by a combination of strong cardioprotective effects in the early 

phase and no or mild deleterious effect in the later phase. Definitive evidence for the latter 

prediction can be obtained by generating a conditional atg7-KO line for time-dependent 

genetic manipulation.

Our time-dependent signaling hypothesis needs to be considered when developing 

mechanism-based therapies for AIC. Different types of therapeutic strategies must be 

tailored to treat the early phase and late phase of AIC, respectively. Most research efforts 

in this area have focused on the initial damage incurred by DOX and the repair of this 

damage. However, caution is advised when pursuing this strategy considering a recent study 

on p53.36 While the inhibition of p53 exhibited a therapeutic effect within the first week 

after DOX injection, AIC phenotypes were exacerbated 13 weeks after DOX injection.37 

Thus, an antidote is only effective when administered at the right time with the right dose; 

otherwise, it can be a toxin.
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A zebrafish-mouse drug assessment platform accelerates the repositioning of FDA­
approved drugs to treat AIC.

Given that the development of a drug typically takes more than 10 years and costs more 

than 1 billion dollars, repurposing existing FDA-approved drugs is an appealing strategy. 

While it is a daunting task to screen a large number of candidate drugs directly using 

a mouse AIC model, the small body size and the low maintenance costs of zebrafish 

enable a much more efficient approach on a larger scale. Here, we present an embryonic 

zebrafish to adult zebrafish to mouse drug screening platform for rapid assessment of AIC 

treatment compounds based on their therapeutic efficacy. The successful integration of the 

eAIC model enables this platform to be useful for screening thousands of compounds,15, 38 

thereby eliminating poor performers and ensuring that only top-ranking compounds are 

tested in the zebrafish aAIC and mouse AIC models. We fully expect that our platform 

will be extended to screening compounds in other signaling pathways, accelerating drug 

discovery for AIC.

Using an eAIC model to assess the therapeutic efficacy of drugs for late phase aAIC 

is counterintuitive because of the assumption that an eAIC model would recapitulate the 

acute damage incurred by DOX. However, the strategy is supported by coherent findings of 

autophagic flux defects, therapeutic effects of autophagy activators, and deleterious effects 

of autophagy inhibitors in both eAIC and late phase aAIC. It is possible that both early 

phase and late phase effects manifest in the eAIC model, with the late phase effect playing a 

more predominant role.

Spironolactone, acting through competitive binding of receptors at the aldosterone­

dependent sodium-potassium exchange site in the distal convoluted renal tubule, is currently 

used clinically as a diuretic drug, antihypertensive treatment, and an aldosterone antagonist 

in patients with heart failure. Pravastatin has been used to reduce hypercholesterolemia 

and the risk of cardiovascular events. Here, our pharmacological studies in both zebrafish 

and mice suggest therapeutic effects of these drugs on AIC via autophagy activation. As 

a future direction, these drugs should be further tested in large mammals and/or in human 

clinical trials with the aim of translating our discovery to reverse cardiac dysfunction in AIC 

patients.

In summary, this work established autophagy-based therapy as the first mechanism-based 

therapeutic avenue that can lead to a reversal of AIC in patients after their cardiac function 

has deteriorated. Compared to therapies targeting the early phase, such as Top2b-based 

therapy, that need to preventatively treat all chemotherapy patients, therapies directed to 

late phase AIC are administered only to a subpopulation of patients who manifest chronic 

cardiac phenotypes. Superior to therapies targeting the early phase that need to ensure 

minimal interference with the anticancer functions of DOX, this new type of therapeutic 

strategy bypasses this requirement because of differences in the treatment time windows. It 

is highly anticipated that more mechanism-based therapies targeting the late phase of AIC 

will be developed and that an efficient zebrafish model will accelerate the discovery process.
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Nonstandard Abbreviations and Acronyms:

AIC
Anthracycline-induced cardiotoxicity

aAIC
adult Anthracycline-induced cardiotoxicity

BafA1
bafilomycin A1

CYP1
cytochrome P450 family 1

CMC
carboxymethylcellulose

CK-MB
creatine kinase-MB

DOX
doxorubicin

dpi
day post-injection

DMSO
dimethyl sulfoxide

DHE
Dihydroethidium

DBS
double strand breaks

ED
effective dose
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EF
ejection fraction

eAIC
Embryonic Anthracycline-induced cardiotoxicity

FDA
Food and Drug Administration

FAA
FDA-approved autophagy activator

FS
fraction shortening

HE
Hematoxylin and eosin

HF
heart failure

IV
intravenous

LDH
lactate dehydrogenase

LVEDD
left ventricular end-diastolic dimension

LVESD
eft ventricular end-systolic dimension

Mino
minoxidil

nppa 
natriuretic peptide A

nppb 
natriuretic peptide B

OE
overexpression

Pra
pravastatin

Rapa
rapamycin

Wang et al. Page 13

Circ Res. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Spi
spironolactone

Top 2b
Topoisomerase 2b

TEM
Transmission electron microscopy

wpi
weeks post injection

WT
wild type

ZIRC
Zebrafish International Resource Center

4HT
4-hydroxytamoxifen
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Anthracycline-induced cardiotoxicity (AIC) is caused by initial damage 

incurred by anthracyclines in the heart during chemotherapy, which results 

in reduced cardiac function months or years post chemotherapy.

• Autophagy dysregulation is an important pathological event that could be 

leveraged for therapeutic benefits for AIC.

What New Information Does This Article Contribute?

• There is a biphasic response in autophagy dysregulation - activation in 

the early phase and suppression in the later phase when cardiac function 

deteriorates.

• atg7-based autophagy activation in cardiomyocytes exerts therapeutic effects 

in the late phase, but deleterious effects in the early phase of AIC.

• A zebrafish-mouse drug assessment platform has been established to identify 

top FDA-approved autophagy activating drugs to treat the late phase AIC.

The utility of anthracyclines as chemotherapeutics is compromised by their dose­

dependent cardiotoxicity. No effective drug is available to reverse chronic AIC when 

cardiac function has already deteriorated. Here, the authors carried longitudinal studies 

of autophagy and found that autophagy dysregulation in the late phase of AIC is 

different from its early phase. In consistent to this observation, Atg7-based autophagy 

activation exerts therapeutic effects only in the late phase, but detrimental effects in the 

early phase. The time-dependent nature of the autophagy-based therapy was confirmed 

pharmacologically by administering autophagy activators in both zebrafish and mouse 

AIC models. Together, the work raised an important new concept that pathological 

signaling in the late phase of AIC can be quite different from, or even opposite 

to, the signaling in the early phase. Therefore, time-dependent therapies are needed. 

Specifically, an autophagy-based therapy has been established as the first mechanism­

based therapeutic avenue that can benefit AIC patients after their cardiac function has 

deteriorated. Several FDA-approved autophagy activating drugs including spironolactone 

and pravastatin have been identified using a zebrafish-mouse drug screen platform, which 

could be translated into human AIC patients.
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Fig 1. Dynamic autophagy signaling in a zebrafish adult AIC (aAIC) model and modifying 
effects of atg7+/−.
(A) Schematics of the experimental procedure of an anthracycline-induced cardiotoxicity 

(AIC) in an adult (aAIC) zebrafish model (DOX, doxorubicin). (B) Dynamics of EF% in the 

DOX-treated zebrafish and the control group using a high-frequency echo system (n=15). 

(C) Representative Western blot showing temporal changes in LC3-II protein expression in 

the hearts of adult zebrafish with AIC. Bafilomycin A1 (30 nM) was administered 4 h before 

the zebrafish were sacrificed. (D to G) Quantification of LC3-II and the ratio between hearts 

treated with and without BafA1 in (C), n=3 hearts/group. (H) Representative images of a 
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Western blot showing the LC3 expression in the hearts of WT and atg7+/− zebrafish in 

the absence or presence of 30 nM BafA1 for 4 h. (I) and (J) Quantification of the Western 

blot data in (H), n = 3 in each group. (K) Ventricular ejection fraction of WT and atg7−/+ 
zebrafish with or without DOX stress 8 weeks post injection (wpi) (n=10 fish/group). (L) 

Quantification of nppa and nppb gene expression by quantitative RT-PCR. n=3 per group. 

Student’s t test was used in (B); Mann-Whitney test in (E), (G) and (J); Kruskal-Wallis test 

in (D), (F), (I), and (L); one-way ANOVA followed by post hoc Tukey’s test in (K).
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Fig 2. atg7 overexpression (OE) activates autophagy and exerts deleterious effects in the early 
phase of aAIC.
(A) Schematics of the atg7 conditional transgenic line. (B and C) Fluorescence images 

of hearts in fish at 1 week after 24-h treatment with 4HT or EtOH. Signals in the 

cerulean channel represent cardiomyocyte-specific atg7 overexpression after conditional 

gene activation. (D) Relative transcript level of atg7 RNA in a wild-type sibling and 

zebrafish with atg7 OE and with and without 4HT treatment. (E) Representative Western 

blot showing increased LC3-II levels in a zebrafish with atg7 OE and control treated with 

BafA1 (n=3/treatment). (F) Quantification of LC3-II and the ratio of LC3-II between the 
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hearts treated with and without BafA1 in (E). (G) Schematics of the experimental procedure 

for activating atg7 in the early phase of aAIC. (H and J) High-frequency echocardiography 

was performed at the indicated times to quantify cardiac function. One-way ANOVA 

followed by Tukey’s post hoc test was used. (I) Evaluation of nppa and nppb gene transcript 

expression by quantitative RT-PCR. (n = 3). Kruskal-Wallis test was used followed by post 

hoc Tukey’s test in in (D), (F) and (I). WT, wild type; DOX, doxorubicin.
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Fig 3. atg7 OE can reverse the decline in cardiac function in the late phase of aAIC.
(A) Schematics of the experimental schedule for activating atg7 in the late phase of aAIC. 

(B and C) High-frequency echocardiography was performed at the indicated times to 

quantify cardiac function. (WT, wild type; DOX, doxorubicin) (n=15). We used bright red 

to represent data at the early AIC phase; dark red to represent data at the late AIC phase. 

One-way ANOVA followed by post hoc Tukey’s test was used. (D) Evaluation of nppa and 

nppb gene transcript expression by quantitative RT-PCR. (n = 3). (E) Western blotting was 

used to assess autophagy activity in atg7;Cre fish hearts injected with DOX with or without 
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4HT treatment, as indicated by LC3-II expression. (F) Quantification of LC3-II and the ratio 

of LC3-II between the hearts treated with and without BafA1 in (E). (n = 3). Kruskal-Wallis 

test was used followed by post hoc Tukey’s test in (D) and (F).
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Fig 4. FDA-approved autophagy activators (FAAs) were ranked based on their therapeutic 
effects in a zebrafish embryonic AIC (eAIC) model.
(A) Schematics of the experimental procedure for an embryonic AIC (eAIC) model. (B and 

C) Representative Western blot of LC3-II in eAIC and LC3-II quantification (n=4/group). 

(D and E) Tg(GFP-LC3) zebrafish were used to quantify LC3-II induction. Arrows indicate 

LC3 aggregates. (n=3/group). (F and G) Autophagy activators exert therapeutic effects, and 

autophagy inhibitors exert detrimental effects on eAIC, as indicated by changes in both 

mortality and cardiac function. (H) The rank of the top 18 FAA drugs based on a composite 

score of their therapeutic effects based on survival rate, heart rate, heart function and 
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phenotypes. Mann-Whitney test in (C); Kruskal-Wallis test followed by post hoc Tukey’s 

test in (D), (F) and (G); Kruskal-Wallis test followed by Bonferroni post hoc test in (G).
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Fig 5. Top-ranking FAAs used with the eAIC model exerted therapeutic effects in the zebrafish 
aAIC model in a time-dependent fashion.
(A) Schematics of the experimental procedure for drug administration in the early 

phase of aAIC. (B and C) High-frequency echocardiography was performed to evaluate 

cardiac function. (D) Kaplan–Meier survival curves showing the survival of DOX-stressed 

adult fish after drug administration in the early phase. n=15~25. (E) Schematics of the 

experimental procedure for drug administration in the late phase of aAIC. (F and G) 

High-frequency echocardiography was performed 8 wpi to evaluate cardiac functions. (H) 

Kaplan–Meier survival curves showing the survival of DOX-stressed adult zebrafish after 
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drug administration in the late phase. n=15~25. Log-rank test was used in (D) and (H) for 

comparisons; one-way ANOVA followed by post hoc Tukey’s test in (B), (C), (F) and (G). 

wpi, weeks after DOX injection. WT, wild type; DOX, doxorubicin.
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Fig 6. Top-ranking FAAs, including spironolactone (Spi), pravastatin (Pra), minoxidil (Mino) 
and rapamycin (Rapa), exerted therapeutic effects in a mouse AIC model in a time-dependent 
fashion.
(A) Schematics of the experimental procedure for drug administration in the early phase 

of the mouse AIC model. (B to D) Echocardiography was performed to evaluate cardiac 

functions. (n=5) (E) Schematics of the experimental procedure for drug administration to the 

AIC model mice in the late phase. (F to H) Echocardiography was performed to evaluate 

cardiac functions. (n=5) (I and J) All four drugs attenuated the increase in serum LDH and 

CKMB. (n=8). (K) All four drugs reversed body weight loss in the AIC model mice. (n=10). 
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One-way ANOVA followed by post hoc Tukey’s test was used. Log-rank test was used in 

(K) for comparisons with the model group. We applied a 0.5% aqueous solution of sodium 

carboxymethylcellulose (CMC) as a vehicle.
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Fig 7. Spironolactone (Spi) and rapamycin (Rapa) activated autophagosome formation in an 
Atg7-dependent fashion.
(A) Representative Western blot and quantification of the relative amounts of LC3-II in the 

hearts from mice injected with a single bolus of DOX. Activated LC3-II and an increased 

response to BafA1 (n=5/treatment) were observed. (B) Representative Western blots and 

quantification of Atg7 from the hearts of mice administered the four drugs daily in the 

later phase. (C) Representative Western blot and quantification of Atg7 from the H9C2 

cardiac cell line. Spi and Rapa induced an increase in Atg7 protein levels. (D) H9C2 

cells were transiently transfected with mRFP-GFP-LC3 adenovirus and then treated with 
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Spi and Rapa. Representative images of GFP-LC3 and mRFP-LC3 puncta are shown. (E) 

Quantification of the yellow puncta (autophagosomes) and red puncta (autolysosomes) is 

shown in (D). (F) qRT-PCR was used to confirm that Atg7 transcripts were reduced by Atg7 

siRNA. (G) Quantitative analysis of the yellow puncta (autophagosomes) and red puncta 

(autolysosomes) showing that Atg7 siRNA ablates the induction of autophagosomes induced 

by Spi or Rapa. Kruskal-Wallis test was used followed by post hoc Tukey’s test in (A) and 

(C); one-way ANOVA followed by post hoc Tukey’s test in (B), (E) and (G); student’s test 

in (F).
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Fig 8. Top2b is required for atg7-mediated autophagy in the early but not the late phase of AIC.
(A) Temporal changes of Atg7 protein level post the first dose of DOX in the mouse AIC 

model. N=5 mice per group. 4 wpi would be considered as the early phase, because it 

is equal to 1 week post the last dose of DOX. (B) H9C2 cells were transfected with the 

indicated siRNA. Cell lysates were analyzed by Western blots to check the knock down 

effects. H9C2 cells transfected with NC RNAi or Top2b RNAi were treated by DOX for 

3 h (C) or 18 h (D), then levels of Atg7 and LC3II were examined by Western blots. 

Kruskal-Wallis test was used followed by post hoc Tukey’s test.
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