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Anthracyclines are among the most potent chemotherapeutics; however,
cardiotoxicity significantly restricts their use. Indeed, anthracycline-induced
cardiotoxicity (AIC) fares among the worst types of cardiomyopathy, and may
only slowly and partially respond to standard heart failure therapies including β-
blockers and ACE inhibitors. No therapy specifically designed to treat
anthracycline cardiomyopathy at present, and neither is it known if any such
strategy could be developed. To address this gap and to elucidate the molecular
basis of AIC with a therapeutic goal in mind, zebrafish has been introduced as
an in vivo vertebrate model about a decade ago. Here, we first review our
current understanding of the basic molecular and biochemical mechanisms of
AIC, and then the contribution of zebrafish to the AIC field. We summarize the
generation of embryonic zebrafish AIC models (eAIC) and their use for chemical
screening and assessment of genetic modifiers, and then the generation of
adult zebrafish AIC models (aAIC) and their use for discovering genetic modifiers
via forward mutagenesis screening, deciphering spatial-temporal-specific
mechanisms of modifier genes, and prioritizing therapeutic compounds via
chemical genetic tools. Several therapeutic target genes and related therapies
have emerged, including a retinoic acid (RA)-based therapy for the early phase
of AIC and an autophagy-based therapy that, for the first time, is able to reverse
cardiac dysfunction in the late phase of AIC. We conclude that zebrafish is
becoming an important in vivo model that would accelerate both mechanistic
studies and therapeutic development of AIC.
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1. Introduction

Since the 1990s there has been a steady decline in cancer-related mortality, and as a

consequence a steady increase in the number of cancer survivors (1). With this

development has come a deeper understanding of the significance of the side effects of

cancer therapy, some of the most impactful being cardiovascular in origin (2). While the

number and types of cancer therapies has been expanding remarkably over the years,

anthracyclines remain the class of chemotherapeutics most tightly linked to long-term

cardiotoxicity (3–11). Much of the focus on the topic of anthracycline-induced

cardiotoxicity (AIC) has been on prevention before and during chemotherapy. Efforts to

improve anthracycline cardiomyopathy once it has developed are limited.
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TABLE 1 Prominent genes involved in anthracyclines transportation.

Gene name Protein Function
Solute carrier 28A3 transporters
(SLC28A3)

• Anthracyclines entry point (17).

ATP-binding cassette proteins (ABCC1-
ABCC2-ABCC5)

• Exporting anthracyclines using ATP
hydrolysis (9, 19)

Carbonyl reductases (CBR) • Catalyzing anthracyclines into toxic
C-13 alcohol metabolites during
anthracycline metabolism (20, 21)
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Zebrafish is emerging as a vertebrate model with ample

potential to address these gaps. This model allows for high-

throughput genetic screening and thereby critical insight into

molecular pathways and therapeutic strategies to rectify defects

and recover biological function. In the current review, we will

first introduce our current understanding of key underlying

mechanisms of AIC. We will then summarize recent studies in

zebrafish that have led to advances in our understanding of AIC

and point to novel therapeutic strategies.
Uridine Diphosphate
glucuronosyltransferase family one
member A6 (UGT1A6)

• Detoxification glucuronidation
pathway.

• Recruits and converts poisonous
anthracycline metabolites into
water-soluble and excretable
compounds (21).

Sulfotransferase family cytosolic member
2B1 (SULT2B1)

• Conjugates sulphate to anthracycline
medicines, enhancing their water
solubility and facilitating excretion
(22).

Glutathione S-transferase M1 (GSTM1) • Catalyzing the detoxification of
many carcinogens drugs including
anthracyclines (23).
2. Anthracyclines structure, history and
clinical use

Anthracyclines are a family of natural antibiotics with planar

four-ringed structures comprising a quinone and an amino sugar

group. As part of a comprehensive search for anticancer drugs,

the archetypal compounds of this class were extracted from a

mutated strain of the soil bacterium Actinobacteria Streptomyces

Peucetius (12). Daunorubicin (daunomycin) was first discovered

in 1964 (13, 14), followed by doxorubicin (Adriamycin) in 1969

(15). They were clinically tested soon after, and by the early

1970s, they had been registered. Since then, they have been

marketed and become the anthracyclines’ prototypes (16).

Various anthracycline derivatives have been created and studied

over the last five decades, comprising epirubicin (doxorubicin’s

semisynthetic epimer), idarubicin (daunorubicin’s chemical

analog), mitoxantrone (doxorubicin’s stereoisomer) and

valrubicin (doxorubicin’s semisynthetic analog) (7). These are the

foundation for several chemotherapy plans in breast cancer,

lymphoma, leukemia, bladder and sarcomas (9).
3. Molecular mechanisms of AIC

Anthracyclines lead to cardiomyocyte death, progressive patchy

myocardial necrosis, and ultimately multifocal myocardial fibrosis.

This sequence is linked to the progression across the heart failure

stages from exposure to asymptomatic cardiomyopathy, clinical

heart failure and eventually end-stage heart disease (11). The

molecular mechanisms that underlie AIC are complex and

involve multiple pathological processes as reviewed in the following.
3.1. Anthracyclines transportation in cardiac
cell

The strategy for anthracycline neutralization and detoxification

in a cardiac cell is diverse, and failure of involved proteins can

result in anthracycline accumulation. The solute carrier (SLC)

28A3 transporters (also known as sodium-coupled nucleoside

transporters) are expressed in the human heart and are used by

anthracyclines as an entry point (17). The cardioprotective effects

of SLC28A3 has been recapitulated in human induced

pluripotent stem cell model, and desipramine, a SLC competitive

inhibitor, has been identified to exert protective effects on AIC
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(18). Moreover, ATP-binding cassette (ABC) proteins are

involved in exporting multiple chemotherapeutics, such as

anthracyclines, from cardiac cells using energy derived from ATP

hydrolysis. ABCC1-ABCC2-ABCC5, as prominent proteins of

this type, are membrane bound transporters highly expressed in

human cardiac cell (9, 19). In addition, the following genes listed

in Table 1 are among the most prominently involved.
3.2. Nucleus effects of anthracyclines

The proteasome is thought to be involved in transporting

anthracyclines from the sarcoplasm to the nucleus (24).

Anthracyclines through the planar ring system intercalate the DNA

bases and the amino sugar region, which prevents DNA replication

and transcription. Inhibition of Topoisomerase-2 (Top2alpaha in

cancer cells) interferes with the release of DNA supercoils and the

ternary complex of anthracycline, topoisomerase and DNA inhibits

the re-ligation of double-stranded breaks leading to their

persistence. Further, doxorubicin-induced oxidative stress facilitates

phosphorylation and activation of ERK and p53 (25). Subsequently,

activated p53 enters the nucleus and up-regulates the expression of

Bax and PUMAα. PUMAα can not only directly promote the

translocation of Bax to mitochondria, but also indirectly activates

Bax by competitive binding of Bcl-xL protein (26). Also, the

activated p53 protein facilitated down-regulation of transcription

factor GATA-4, which results in the lower expression of the Bcl-2

protein (27). The above-mentioned factors cause Bax to form pores

in the mitochondrial outer membrane, leading to release of

cytochrome C (Cyt c), which stimulates the activation of caspase-

9/-3 and thereby cell apoptosis (28–30).
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3.3. Mitochondrial effects of anthracyclines

There is considerable overlap between the mechanisms

accounting for anticancer effects and cardiotoxicity though

distinct differences exist. Anthracyclines, for example, block

topoisomerase-2 beta in cardiomyocytes and alpha in cancer

cells and have a preference for mitochondria in cardiomyocytes.

Mitochondrial injury appears to be a key component of

anthracycline-related cardiotoxicity, and has been hypothesized

as the cause of the long-term risk of cardiomyopathy linked

with anthracycline exposure (2). According to studies, the

expression of the transferrin receptor (TfR) is up to five times

higher in cancerous tissue than in healthy tissue (31), DOX-Tf

compound should be able to increase the intracellular

concentration of medicines in breast cancer cells, assisting in the

treatment of chemoresistance (32). As previously reported, DOX

conjugation with Tf markedly increased cytotoxicity in human

leukemia cells, both DOX-sensitive and DOX-resistant, as well

as those derived from solid tumor cells (33). According to

earlier studies, Tf-bound DOX triggers the TRAIL-dependent,

extrinsic apoptosis pathway, which results in programmed cell

death. TNF- and other cytokines are present, demonstrating a

connection between the conjugate’s pro-inflammatory effects

and its cytotoxicity (34, 35).
3.3.1. Role of cardiolipin
Cardiolipin (CL) is a major phospholipid located in the inner

membrane of the heart mitochondria and has a high structural

affinity for anthracyclines. The medicine can diffuse passively via

cell membranes and disseminate into mitochondria due to its

lipophilic substances. Afterward, anthracyclines can attach to the

cardiolipin, and be reduced from its quinone form to a

semiquinone by NADH dependent enzymes. The semiquinone

changes to a quinone state by donating an electron to an oxygen

(O2) molecule, creating a superoxide anion (O�
2 ). The

mitochondrial electron transport chain (ETC) is destroyed after

repeated redox cycles, and many reactive oxygen species (ROS)

are created. This damage cycle causes externalization of CLs

from the inner membrane to the outer membrane via nucleoside

diphosphate kinase (NDPK-D). Comprehensive studies have

declared that the chief corner-stone event in initiation of the

pro-apoptotic event is CL oxidation catalyzed by the peroxidase

function of an intermembrane space hemoprotein, Cyt c. CL-ox

interacts with essential players of autophagy, Beclin1, and

recruits the autophagic apparatus by its interaction with LC3. On

the other hand, apoptotic signaling pathways rely on CL-ox as a

binding scaffold for apoptotic components including tBid, Bax,

and caspase-8 to be recruited. CL-ox has an essential role in the

processing of procaspase-8 to the active form. Caspase-8

activation leads to BH3 interacting domain death agonist (BID)

cleavage, carboxynl fragment (tBID) activation and translocation

into mitochondria for oligomerization of Bax and Bak. Then,

cytochrome c is detached from CL-ox and released into the

cytosol space and activates caspase 9 to initiate apoptosis (36, 37).
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3.3.2. Role of free radical attack
Cardiomyocytes are extremely sensitive to ROS-induced injury

compared to other cell types, which can be described by the heart’s

high demand for the metabolism of oxidative substrates to pump

energy through a large number of mitochondrial (11).

Anthracyclines generate ROSs by two enzymatic and non-

enzymatic pathways:

(i) Enzymatic pathways

• Comprising single-electron reduction of the quinone ring and

converting into semiquinone under the action of

nicotinamide adenine dinucleotide phosphate (NADPH)

oxidase (NOXs) is highly expressed in the cardiomyocyte

mitochondrial and, has a key role in the anthracycline-

induced production of ROS in the myocardium which can

alter the risk of AIC. In line with this hypothesis, NADPH

oxidase knockout mice revealed decreased risk of AIC in a

mouse model (38). Studies showed that the activity of

NOXs in cardiomyocytes treated with doxorubicin was

augmented and the expression of NOX2/NOX4 mRNA was

unregulated, suggesting NOXs activation might be a vital

mechanism for cardiomyocyte apoptosis and injury caused

by anthracycline (38).

(ii) Non-enzymatic pathways

• The iron in the mitochondria is involved in forming ROSs.

The Fenton reaction can convert hydrogen peroxide

generated by anthracycline metabolism into a hydroxyl

radical with the availability of free iron (iron-catalyzed

Haber-Weiss reaction). Alternatively, doxorubicin’s positive

charge facilitates a strong affinity for iron, bringing about

the formation of the Dox-Fe complex, which disrupts iron

metabolism. Physiologically, Nrf2, a redox-sensitive

transcription factor, creates a complex in the cytoplasm

with the negative regulator Kelch-like epichlorohydrin-

associated protein-1 (Keap1) and impeding its function

(39). Anthracycline-induced ROS uncoupled Nrf2-Keap1

complex and facilitates it nucleus translocation to link with

an antioxidant response element (ARE) in the nucleus and

causing hemoxygenase-I up-regulation. Therefore, heme is

degraded in the heart as a result of this overexpression and

huge amount of iron release and deposit in the

mitochondria. This phenomenon starts the process of

cardiomyocyte ferroptosis (25). On the other hand, the

oxygen free radicals caused by doxorubicin can inhibit

PI3K expression/Akt phosphorylation and thereby control

microfilament rearrangement, which affects the

depolymerization of actin and interferes with the nuclear

translocation of Nrf2 (40, 41). HO-1 expression reduces

which exacerbates oxidative stress condition an encouraging

cardiomyocyte apoptosis (41, 42). The free iron content

levels in normal physiology are not sufficient to bind DOX,

and thus cardiotoxicity does not occur. Conversely, the

only licensed cardio-protective medication against

anthracycline cardiotoxicity is Dexrazoxane (DXZ), an iron

chelator.
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• Free radicals induced by anthracycline disrupt mitochondrial

calcium homeostasis. Decreased mitochondrial calcium load

capacity due to ROS can lead to high concentrations of Ca2

+ in the cytoplasm, activating calcineurin, which inhibits

PI3K/Akt/mTOR pathway activation and promotes

dephosphorylation, activation and nuclear translocation of

nuclear factor of activated T cells (NFAT). In

cardiomyocytes, NFAT interacts with the promoter region

of the FasL gene in the nucleus, and up-regulates

transcription of FasL mRNA resulting in increased

production of soluble and membrane FasL proteins. Fas

triggers apoptosis by activating caspase-3 by binding to

Fas-associated protein with death domain (FADD) and

caspase-8 (42).

3.4. Sarcoplasmic reticulum effect of
anthracyclines

Homeostasis in the sarcoplasmic reticulum can break down

due to various physical and chemical factors. Anthracyclines

create ROS by single electron transfer under the action of SR

flavoenzymes such as NADPH-cytochrome P450 reductase,

which can disrupt Ca2+ homeostasis in the SR of cardiomyocytes

and impair the function of Ca2+-dependent chaperone proteins

and enzymes; hence, triggering the unfolded protein response

(UPR). In fact, anthracycline-induced ROS and RNS can

suppress the expression of sarco/endoplasmic reticulum Ca2

+-ATPase2 (SERCA) resulting in decreased Ca2+ absorption

across a concentration gradient from sarcoplasm to SR. As a

result, there is an increase in the phosphorylation level of Ca2

+/calmodulin-dependent protein kinase II (CaMK II), an

essential kinase that regulates Ca2+ homeostasis, and over-

activated CaMK II abnormally up-regulates the phosphorylation

of SR calcium channels and calcium pumps, leading to calcium

imbalance (43). Therefore, excessive accumulation of abnormal

proteins due to Ca2+-dependent chaperone protein impairment,

activates SR transmembrane sensors including protein kinase-like

endoplasmic reticulum kinase (PERK), transcription factor 6α

(ATF6α) and inositol-requiring kinase 1α (IRE1α). Thereafter,

luminal SR chaperone, glucose-regulated protein 78 (GRP78;

known as immunoglobulin-binding protein or BiP) is activated

and released from these sensors and allows dimerization and

auto-phosphorylation of PERK as well as IRE1α, and

translocation of ATF6α and further processing in the nucleus.

PERK is a kinase enzyme which phosphorylates and inactivates

the elongation initiation factor (eIF2a), leading to a broad

reduction in protein translation, which in turn leads to the

translation activating transcription factor 4 (ATF4) and

transcription factor C/EBP homologous protein (CHOP) (44, 45).

The abnormal expression of CHOP can change Bax/Bak by

inhibiting Bcl-2, leading to increased mitochondrial outer

membrane permeability, which makes large amounts of Ca2+ leak

from the SR lumen into sarcoplasm. Subsequently, calmodulin is

activated and then mediates the activation of caspase-12, which

further activates caspase-9/-3 and finally initiates apoptotic

pathway in cardiomyocyte (44).
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4. Contribution of zebrafish embryos
to AIC

Danio rerio, a bony fish (teleost), resident of freshwater rivers

“Ganges mainly” of Himalayan area of South Asia has been

recruited for biological studies. These fish belong to the

Cyprinidae family and class of Actinopterygii (ray-finned fishes)

sharing an outstanding genetic and physiologic similarity with

humans (46). The genome of zebrafish, shows almost 70%

homology with human, and over 80% of the disease-related

genes. Zebrafish produce approximately 200 fertilized eggs per

mating. Their extrauterine growth is rapid—the major organs of

the zebrafish are developed by 5 day-post-fertilization (dpf). They

are tiny (1–1.5 inch) and require a low-cost diet (47). The optical

clarity of embryo and larvae enables time-lapse non-invasive

fluorescent imaging and protein/cell marker tracking. Together

with its powerful forward genetic, reverse genetic and chemical

genetic tools, zebrafish have been leveraged for deciphering

molecular mechanisms of AIC (48, 49).
4.1. Embryonic zebrafish models for AIC
(eAIC)

Cardiotoxicity in zebrafish embryos can be noted when

doxorubicin (DOX) is administered at different time windows

ranging from hatching (0–3 dpf) (50) to post-hatching larva (after

3 dpf) (51). To avoid early cardiogenesis, Liu et al. (2014)

incubated zebrafish embryos with solutions containing 100 µM

doxorubicin at 1 day post-fertilization (dpf), when the heart had

formed and circulation had begun (50). Given that zebrafish

embryos are encircled within a protective chorion before 3 dpf,

and most drugs are enriched inside the chorion (52), some

researchers prefer to use either post-hatch larvae that naturally

remove the chorion or dechorionated embryos for modeling AIC.

An alternative method to incubation is to deliver anthracyclines

via intrapericardial injections (53). Consistent cardiac phenotypes

have been noticed among different delivery methods, including

pericardial edema, impaired cardiac contractility, decreased blood

flow, and increased apoptosis (50). We termed these models as

embryonic AIC models (eAIC) in this review. Besides

doxorubicin (DOX), Han et al. assessed cardiotoxicity incurred by

other anthracyclines in zebrafish embryos, including daunorubicin

(DAU), pirarubicin (PIRA), and epirubicin (EPI), as well as a

liposome encapsulated DOX. They found that cardiotoxicity of

DOX can be partially attenuated by the liposome packaging,

while DAU caused the least cardiotoxicity. While DOX reduces

heart rates significantly, the other four anthracyclines do not (54).
4.2. Utilization of eAIC to discover
therapeutic strategies

An attractive attribute of the eAIC models is their powerful

chemical genetic capacity, which enables rapid assessment and
frontiersin.org
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screening of large number of compounds. eAIC models have been

used widely to assess candidate therapeutic compounds that have

been reported to exert therapeutic effects on other types of

cardiotoxicity and/or cardiomyopathy and to elucidate the

underlying mechanisms. D006-induced cardioprotection on eAIC

was noted, which may be facilitated by maintenance of

mitochondrial biogenesis and augmentation of HO-1 expression

(55). Derivative of danshensu and tetramethylpyrazine–DT-010

might rescued cardiomyocytes in eAIC by decreasing ROS

generation and preventing cell death, which may be facilitated

through the stimulation of the PGC-1α/Nrf2/HO-1 pathway (56).

Cardioprotective functions of synthesized Isosteviol analogues on

eAIC could be exerted through blocking NF-κB signaling

pathway and rising the mitochondrial action (57).

Cardioprotective effects of allium extracts, including allium

flavum and allium carinatum, have been noted (58). Tanshinone

IIA, a component of Salvia miltiorrhiza, exerts cardioprotective

effects on eAIC by increasing the autophagic flux via

autophagosome formation and autolysosome clearance through

the Beclin1/LAMP1 molecular pathway (59). A009, a polyphenol-

rich Olive mill wastewater (OMWW) extract, was able to

counteract the doxorubicin-induced cardiotoxic effects in the

zebrafish eAIC model, which is consistent to its cardioprotective

activities on rat and human cardiomyocytes. Intriguingly, this

waste material from extra-virgin olive oil (EVOO) processing is

able to increase the effects of breast cancer chemotherapy via its

antiangiogenic and antiproliferative activities (60). While all of

these aforementioned compounds are able to rescue cardiac

dysfunction to a certain degree, therapeutic target genes for these

compounds remain elusive and further mechanistic studies are

needed to translate these discoveries to AIC patients. In addition

to chemical genetic studies, eAIC has been used as an animal

model to assess gene modifying effects. Yamashita et al. used

CRISPR–cas 9 technique to knock down the key antioxidant

responsive gene–nuclear factor erythroid 2-related factor 2a

(nrf2a). They found that Nrf2a-deficient zebrafish showed

increased sensitivity to DOX-induced oxidative stress, prompting

further studies of this gene as a beneficial modifier to AIC (61).

Besides testing known candidate therapeutic compounds and

genes, eAIC models have been successfully utilized to discover

new therapeutic antidotes. Dr. Peterson’s laboratory completed

two non-biased screens of compound libraries. Using an eAIC

model whereby 1 dpf zebrafish embryos was treated with DOX

for 48 h, they assessed 3,000 small molecules from the Prestwick

and Spectrum chemical libraries and identified visnagin (VIS)

and diphenylurea (DPU) as two hits. Through studying effects of

mitochondrial malate dehydrogenase 2 (MDH2) inhibitors on

the zebrafish eAIC model, the authors propose that visnagin’s

cardioprotective effect is associated with MDH2 modulation (50).

Further studies uncovered cytochrome P450 family 1 (CYP1) as

an important genetic factor for AIC (62). This conclusion was

later confirmed by screening 2,271 small molecules from a

proprietary, target-annotated tool compound collection. A total

of 120 compounds with anti-cardiotoxicity effects were identified

with seven of them being extremely efficacious (63). Interestingly,

all seven highly effective compounds exhibited inhibitory activity
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towards cytochrome P450 family 1 (CYP1), despite their

structural differences. In addition to the cardioprotective effects

of CYP1 inhibitors, a zebrafish CYP1A mutant was found to be

resistant to DOX cardiotoxicity, providing genetic evidence to

support CYP1 as a therapeutic target gene for eAIC (63).
5. Contribution of adult zebrafish to
AIC

5.1. Adult zebrafish models for AIC (aAIC)

Despite a convenient in vivo model with high throughput,

eAIC cannot fully recapitulate the progressive pathological

process that often occurs months or years post chemotherapy in

human patients. To address this shortcoming, Ding and co-

workers reported the first DOX-induced cardiotoxicity model in

an adult zebrafish (64). They injected a single bolus of DOX

intraperitoneally into zebrafish of two months to one-year of age.

Significant mortality was noted 8–12 weeks later, when their

hearts showed cardiomyopathy hallmarks including activation of

fetal gene expression, muscular disarray, and myofibril loss (64).

Ma et al. presented a detailed summary of their injection

protocol, and described two intraperitoneal injection methods,

aiming to reduce the variation that might be associated with

internal organ damage (65). Later, Wang et al. introduced a third

intraperitoneal injection method, whereby the needle penetrated

the ventral midline between the pectoral fins (66). Using this

new method, significant mortality is avoided, while the fish still

manifests severe cardiac dysfunction at 8 weeks post injection.

Because aAIC was among the first cardiomyopathy models in

adult zebrafish, this model has been used extensively to develop

phenotyping tools. When the aAIC model was first reported in

2011, high-frequency echocardiography (HFE) was not available

and survival rate at 8 week post injection (wpi) or later has been

used as a noninvasive index to assess aAIC. The other non-

invasive index was critical swimming speed (Ucrit) that was

measured using a swimming tunnel, which corresponds to

exercise capacity measured by treadmill testing in rodent models

or patients (67, 68). Later, Zhang et al. developed a Langendorff-

like ex vivo system to measure cardiac function in an isolated

adult zebrafish heart, which was used to quantify ejection

fraction (EF) in aAIC models (69). A transient decline of EF was

noted during the first week post-injection (wpi), reflecting early

stage acute cardiac damage. EF then recovered after 1 wpi, only

to drop again after 4 wpi, with a statistically significant decease at

8 wpi, reflecting a later cardiomyopathy phase of the aAIC

model. Packard et al. developed an automated segmentation

approach based on histogram analysis of raw axial images

acquired by light-sheet fluorescent imaging (LSFI) to establish

rapid reconstruction of the 3-D zebrafish cardiac architecture

(70). They noted reduction of heart size in the early phase of the

aAIC model, which is consistent with a recent report in human

AIC patients (71, 72). Later, the same laboratory developed a

semiautomated, open-source method—displacement analysis of

myocardial mechanical deformation (DIAMOND)—for
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quantitative assessment of 4D segmental cardiac function. They

demonstrated that basal ventricular segments adjacent to the

atrioventricular canal display the highest 3D displacement and

are also the most susceptible to doxorubicin-induced injury (73).

The introduction of high frequency echocardiography enables

reliable non-invasive quantification of ejection fraction in an

adult zebrafish heart (74). The technology has been applied to

the aAIC model, which was able to non-invasively report

reduced EF at the late phase of aAIC (66).
5.2. Comparison between zebrafish and
rodent aAIC models

One of the most clinically relevant aAIC models in mice is

created by administering low dosage doxorubicin (5 mg/kg)

intravenously (IV) four times per week (75, 76). This dosage was

chosen based on the pharmacokinetics of DOX in mice following

a single dose of 5 mg/kg, which is equivalent to the

pharmacokinetics of DOX in cancer patients after a normal dose

of DOX therapy (60 mg/m2) (75). In mice, the IV route was

preferred to the intraperitoneal (IP) route because IP injection of

DOX causes damage, fibrosis, and consequent malaise, anorexia,

weight loss, and noncardiac decease (75, 77–79). Because 20 mg/

kg doxorubicin was administered in the zebrafish aAIC model

ages 2 months up to 1 year, this dose is the same with the

accumulative dose in the mouse aAIC model (64). In the

zebrafish aAIC model, reduced ejection fraction can be first noted

at 4 weeks post injection (wpi) and the end functional readout is

typically carried at 8 wpi, which is similar to the mouse aAIC

model, whereby reduced ejection fraction is first noted at 2 wpi

and the end functional readout is typically done at 7 wpi when

cardiac function has become stable. Because adult zebrafish have

strong regenerating abilities in their heart muscle, which

mammals lack (80), it was unclear if the zebrafish aAIC model

has distinct responses to DOX at the cellular level. To address

this concern, Ding et al. revealed that while cardiomyocyte

hypertrophy contributes to cardiac remodeling, cardiomyocyte

hyperplasia does not, as evidenced by unaltered PCNA index and

5-bromo-2-deoxyuridine (BrdU) incorporation (64). Based on

these data, they concluded that the pathogenesis in the zebrafish

aAIC model is likely conserved with that in mouse aAIC, without

incurring significant compensational cardiac regeneration.
5.3. A forward genetic screening strategy in
aAIC enables systematic discovery of AIC
susceptibility genes

The generation of aAIC models and the development of

phenotyping tools in zebrafish paved the way towards leveraging

powerful zebrafish genetic tools to study AIC. A non-biased

forward genetic approach has been recently established, which

enables the discovery of modifying genes for AIC, i.e., genes that

either accelerate or slow down the progression of AIC (82, 83).

The screen was built on a gene breaking transposon (GBT)-based
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insertional mutagenesis system that is proven to effectively

disrupt tagged genes (84, 85). Besides efficient gene disruption in

each GBT mutant line, the expression pattern of the endogenous

gene can be reported by a RFP fluorescent protein reporter.

Around 1,000 GBT mutant lines have been generated at Mayo

Clinic, ∼20% of which manifest visually noticeable cardiac

expression, resulting in the generation of a zebrafish insertional

cardiac (ZIC) mutant collection (86). Ding et al. stressed

heterozygous ZIC lines with DOX to search for genetic factors

that modify the survival and/or cardiac function of aZIC (86). By

screening 609 GBT lines, they identified 4 candidate aAIC-

modifying genes, including GBT0002/sorbs2b, GBT0136/ano5a,

GBT0411/dnajb6b (L) and GBT0419/rxraa.

To query where the screen is effective in discovering

meaningful genes in AIC and/or cardiomyopathy, follow up

studies of these 4 GBT mutant lines and affected genes were

carried out. (1) ANO5 is a known dilated cardiomyopathy

(DCM) causative gene (87) (2) Studies of a mouse Sorb2 knock

out (KO) mutant confirmed the modifying effects of

heterozygous Sorb2 KO on AIC (88). Interestingly, Sorbs2

encodes an intercalated disc (ICD) protein and homozygous

Sorb2 KO mutant manifests arrhythmogenic right ventricular

cardiomyopathy (ARVC)-like phenotypes, including enlarged

right ventricle and cardiac arrhythmia. Preliminary human

genetic studies identified likely pathogenic variants from two

ARVC patients, supporting SORBS2 as a candidate ARVC gene

(88). (3) The DNAJB6 gene encodes a member of the J protein

family, which serves as a chaperone molecule to aid folding and

quality control of the protein (89). Alternate splicing of the same

gene results in two DNAJB6 isoforms: a short DNAJB6(S)

isoform that is encoded by the first 6 exons, and a longer

DNAJB6 (L) isoform that adds two additional exons to the 3′
end of the gene (86). Different from the short DNAJB6(S)

isoform that is a causative gene for limb girdle muscular

dystrophy (LGMD) (90, 91), DNAJB6(L) is a cardiac-enriched

isoform (86). Pathogenic sequence variants were found in dilated

cardiomyopathy (DCM) patients, and a transgenic fish line

harboring the human variant DNAJB6 (L)-S316W exerts

deleterious modifying effects on aAIC in zebrafish. In contrast to

deleterious modifying effects of GBT411/dnajb6(L), Tg(DNAJB6

(L)) exerts therapeutic effects on aAIC (86). The therapeutic

benefits of Dnajb6 (L) overexpression were confirmed in a mouse

AIC model by using a AAV9-based gene delivery system. (4) In

contrast to the other 3 GBT lines that exert deleterious

modifying effects, GBT419 exerts salutary modifying effects on

aAIC. Detailed molecular studies unveiled that the salutary

modifying effects of GBT0419 can be ascribed to gain-of-function

of retinoid x receptor alpha a (rxraa) in endothelial cells, but not

in cardiomyocytes or in epicardial cells (67). The statement that

RXRA is a new susceptibility gene for AIC was supported by a

GWAS analysis of 1,191 patients with early-stage breast cancer

treated with DOX (67).

In summary, follow-up studies of 4 GBT lines from a pilot

screen confirmed important roles of these genes in AIC. In

addition to modifying effects on AIC, many genes turned out to

be susceptibility genes in cardiomyopathies, and some genes
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could be potential therapeutic target genes (Figure 1). This series

of work established a new method for discovering genetic factors

for AIC, which differs from the ongoing technologies such as

genome-wide association studies (GWASs) in humans and

quantitative trait locus analyses in rodents. There are significant

limitations with these statistics-based methods, which often point

to sizable genomic regions that cover a large number of

candidate genes, making it difficult to confidently establish

genotype-phenotype relationships (92). Conversely, the identity

of each modifier gene identified from an aAIC-based forward

genetic screen can be unambiguously determined. Therefore, the

zebrafish aAIC model potentially opens the door to systematic

discoveries of genetic modifiers of AIC, which could be achieved

by scaling this forward genetic strategy to the whole genome.
5.4. A time-dependent mechanism has
been suggested from studies of aAIC

Using the aAIC model, Ding et al. demonstrated that a

heterozygous mTOR mutant exerts therapeutic benefits on aAIC,

providing the first genetic evidence on cardioprotective effects of

mTOR inhibition on AIC (64). During this study, dynamic

changes in mTOR signaling were noted over the dynamic course

of aAIC. Consistent with this notion, they found that rapamycin,

a mTOR inhibitor, exerts deleterious effects in the early stage of

aAIC, which is opposite to cardioprotective effects in the late

stage (66). Similar to mTOR signaling, biphasic changes in

autophagy activity were noted in the aAIC model: increase in the

early and decrease in the late stage. In line with time-dependent

signaling changes, overexpression of Atg7, a core autophagy

protein, exerts deleterious effects in the early stage, but salutary

effects in the late stage of aAIC. Next, Ding et al. leveraged to

use the efficient zebrafish model for screening FDA-approved

drugs with autophagy activating function (FAA). They reported

that top-ranking FAAs are able to revert declined cardiac

function in the late phase of aAIC, but exert deleterious effects

in the early phase (66).
FIGURE 1

Both deleterious modifiers and salutary modifiers of AIC can be identified by u
GBT0136/ano5a, and GBT0411/dnajb6b(L) were identified as deleterious mo
studies of GBT0411/dnajb6b(L) identified Tg(dnajb6b(L)) that exerts salutary m
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Besides autophagy, a time-dependent effect was also reported

for RXRA-based therapy (67). The therapeutic effects of RXRA

agonists only occur when administered during the early, but not

the late, phase of AIC. Together, these studies in the in vivo

zebrafish model raised an 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. Different types

of therapeutic strategies must be designed to treat the early phase

and late phase of AIC, respectively (Figure 2).
6. New therapeutic avenues for AIC
have emerged from zebrafish studies

At present, AIC patients are mainly treated with universal heart

failure therapies such as beta-blockers and angiotensin-converting

enzyme inhibitors and as few as only 10% may experience complete

recovery of their cardiac function (93). Dexrazoxane (DXZ) is the

only approved AIC-specific agent but approved only for patients

with metastatic breast cancer who benefit from additional

anthracycline therapy after having already received 300 mg/m2

(94–96).

As such, there is no specific mechanism-based therapy to

reverse chronic AIC. As outlined earlier, the introduction of

zebrafish as an animal model of AIC has identified the following

therapeutic target genes as potential therapeutic revenues for AIC:

1) CYP1, identified from compound screens using the eAIC

model: CYP1 encodes a group of highly conserved

monooxygenases responsible for the metabolism of

environmental toxicants, including polycyclic aromatic

hydrocarbons similar in structure to DOX. The lead

compound is visnagin (62), and additional seven compounds

have been identified (62, 63).

2) RXRA, discovered from a mutagenesis screen that identified

GBT419 as a salutary aAIC modifier: Overexpression of

RXRA in endothelial cells is therapeutic in the early phase of

aAIC. Isotretinoin and bexarotene, two FDA-approved RA
sing a forward mutagenesis screening approach. While GBT0002/sorbs2b,
difiers, GBT0419/rxraa was identified as a salutary modifier. Mechanistic
odifying effects on AIC (86).
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FIGURE 2

Two time-dependent therapeutic avenues have been suggested for aAIC. While RA agonist have been identified to exert therapeutic effects at the early
phase of aAIC, autophagy activators have been identified to exert therapeutic effects at the later phase of aAIC (66, 67).
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activating compounds, have been identified as top compounds

with therapeutic effects. Mechanistically, it is proposed that

retinoic acid (RA) activation in endothelial cells repairs the

damaged tight junction incurred by DOX that compromises

the barrier function of endocardial cell layer to slow down

the penetration of DOX from the blood to myocardium (67).

3) DNAJb6 (L), discovered from a mutagenesis screen that

identified GBT411 as a deleterious aAIC modifier:

Overexpression of DNAJb6 (L) in cardiomyocytes exerts

therapeutic effects on AIC in both zebrafish and mouse

models (81). Mechanistically, it has been suggested that

unfolded protein response (UPR) signaling is a critical

downstream signaling. UPR inhibitors such as

phenylbutyrate, a FDA approved drug, seems effective in

treating aAIC (86).

4) mTOR, discovered from a candidate gene approach that was

prompted by therapeutic effects of rapamycin (64): mTOR

inhibition exerts therapeutic effects in the late but not the

early phase of aAIC. Its therapeutic effects is likely owing to

its functions in protein quality control (PQC) pathways such

as autophagy.

5) Atg7, discovered during a follow up study of therapeutic effects

of mTOR inhibition: Overexpression of ATG7 in

cardiomyocytes exerts therapeutic effects in the late, but not

the early phase of AIC. Pravastatin and spironolactone have

been identified as top FDA-approved autophagy activators

(FAAs) that might reverse cardiac dysfunction in aAIC via

restoring the suppressed autophagic flux (66).

7. Conclusion and perspective for
future research efforts

Since the introduction of zebrafish AIC models, the last decade

has witnessed significant contributions of this animal model to

genetic underpinning and therapeutic development of AIC. The
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possibility of conducting non-biased genetic and compound

screens in this efficient vertebrate model creates unprecedented

opportunity to discover novel therapeutic target genes and to

develop mechanism-based therapeutic strategies. Spatial-temporal

specific mechanisms can be deciphered by using genetic tools in

this simple in vivo animal model, prompting zebrafish an

efficient in vivo model to assess discoveries made in in vitro cell

culture models. Because signaling pathways can be quite different

in early vs. late phase of AIC, studies in an in vivo animal model

is critically important, which would resolve many conflicting

results in this field. Based on the rapid progress in the last

decade, it is predicted that zebrafish will continue to advance the

AIC field at the following three fronts:

1) The unique mutagenesis screening approach in zebrafish will

continue to yield new genetic factors of AIC. As exemplified

by similar approaches in yeast, Drosophila and C. elegans,

the efficient zebrafish model brings this powerful forward

genetic tool to a vertebrate. Without any a priori assumption,

novel genes and signaling pathways will be discovered. Based

on the pilot screen, whereby 4 AIC modifiers were identified

by screening 669 candidate GBT lines (86), it is estimated

that ∼200 genetic modifiers of AIC will be resulted, if the

screen covers the whole zebrafish genome. Detailed studies of

these AIC modifiers would generate a comprehensive genetic

landscape of pathophysiology of AIC.

2) The reverse genetic tools in zebrafish will continue to uncover

new mechanisms and discover new therapeutic target genes.

While some therapeutic target genes were directly suggested

by salutary modifiers such as GBT419/rxraa, others emerged

during detailed mechanistic studies of deleterious modifiers

such as GBT411/DNAJb6 (L) (86). Gene knockout mutants

can be conveniently generated using genome editing

technology, including transcription activator-like effector

nucleases (TALENs) and clustered regularly interspaced short

palindromic repeats/CRISPR associated proteins technologies
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(CRISPR/Cas9) (97–99). Gain-of-function studies can also be

efficiently carried in zebrafish, and spatiotemporal regulation

of gene expression can be achieved by adding binary control

elements such as GAL4/UAS or Cre/LoxP system (96). More

myocardial and/or endocardium-based genes and signaling

pathways will be uncovered for AIC, and more therapeutic

strategies that target at either the early or late phase of AIC

will be discovered, respectively.

3) Blessed with powerful chemical genetics, Zebrafish would

accelerate the discovery of effective therapeutic compounds

for AIC. A zebrafish-mouse drug screen platform has been

proven to be effective in prioritizing therapeutic compounds

(66). Because of its small body size, much less compounds

are needed when testing in zebrafish than in rodents.

Consequently, much higher throughput can be achieved by

using this platform. New therapeutic compounds will be

benchmarked with existing therapies based on their

therapeutic efficacy.

The major limitation for zebrafish as a disease model is associated

with its identity as a lower vertebrate model. Some genes and

related mechanisms might only occur in the fish model, but not

be in humans. Therefore, it would be important to integrate

zebrafish with other in vivo and in vitro experimental models.

For example, more detailed mechanistic studies could benefit

from additional studies in rodents that have more sophisticated

genetic tools, as well as cell culture models for deciphering

signaling pathways. New therapeutic strategies discovered from

zebrafish need to be validated in larger mammalian models, and

finally in AIC patients. Nevertheless, there is compelling reason

to anticipate that the next decade will witness even more

significant contribution of the zebrafish model to both

mechanistic studies and therapeutic development of AIC.
Frontiers in Cardiovascular Medicine 09
Author contributions

Conceptualization: XX, XL and MM; original draft: MM on

section 1-3,7; XL on section 4–6 Review & editing: MM, XL, XX,

and JH; Project administration: XX; and Funding acquisition:

XX. All authors contributed to the article and approved the

submitted version.
Funding

This study was supported in part by grants from NIH

(HL107304, HL081753) and the Mayo Foundation to XX.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Fitzmaurice C, Dicker D, Pain A, Hamavid H, Moradi-Lakeh M, MacIntyre MF,
et al. The global burden of cancer 2013. JAMA Oncol. (2015) 1(4):505–27. doi: 10.
1001/jamaoncol.2015.0735

2. Herrmann J. Adverse cardiac effects of cancer therapies: cardiotoxicity and
arrhythmia. Nat Rev Cardiol. (2020) 17(8):474–502. doi: 10.1038/s41569-020-0348-1

3. Ewer MS, Ewer SM. Cardiotoxicity of anticancer treatments: what the cardiologist
needs to know. Nat Rev Cardiol. (2010) 7(10):564–75. doi: 10.1038/nrcardio.2010.121

4. Ewer MS, Ewer SM. Cardiotoxicity of anticancer treatments. Nat Rev Cardiol.
(2015) 12(9):547–58. doi: 10.1038/nrcardio.2015.65

5. Herrmann J, Lenihan D, Armenian S, Barac A, Blaes A, Cardinale D, et al.
Defining cardiovascular toxicities of cancer therapies: an international cardio-
oncology society (IC-OS) consensus statement. Eur Heart J. (2022) 43(4):280–99.
doi: 10.1093/eurheartj/ehab674

6. Alvarez-Cardona JA, Ray J, Carver J, Zaha V, Cheng R, Yang E, et al. Cardio-
oncology education and training: JACC council perspectives. J Am Coll Cardiol.
(2020) 76(19):2267–81. doi: 10.1016/j.jacc.2020.08.079

7. McGowan JV, Chung R, Maulik A, Piotrowska I, Walker JM, Yellon DM.
Anthracycline chemotherapy and cardiotoxicity. Cardiovasc Drugs Ther. (2017) 31
(1):63–75. doi: 10.1007/s10557-016-6711-0

8. Salazar-Mendiguchía J, González-Costello J, Roca J, Ariza-Solé A, Manito N, Cequier
Á. Anthracycline-mediated cardiomyopathy: basic molecular knowledge for the
cardiologist. Arch Cardiol México. (2014) 84(3):218–23. doi: 10.1016/j.acmx.2013.08.006

9. Leong SL, Chaiyakunapruk N, Lee SWH. Candidate gene association studies of
anthracycline-induced cardiotoxicity: a systematic review and meta-analysis. Sci Rep.
(2017) 7(1):39. doi: 10.1038/s41598-017-00075-1
10. Scott E, Hasbullah JS, Ross CJD, Carleton BC. Reducing anthracycline-induced
cardiotoxicity through pharmacogenetics. Pharmacogenomics. (2018) 19:1147–50.
doi: 10.2217/pgs-2018-0124

11. Bhatia S. Genetics of anthracycline cardiomyopathy in cancer survivors: JACC:
cardiooncology state-of-the-art review. Cardio Oncol. (2020) 2(4):539–52. doi: 10.
1016/j.jaccao.2020.09.006

12. Moudgil R, Yeh ETH. Molecular mechanisms of anthracycline–induced
cardiotoxicity. Cardio–Oncol Princ Prev Manag. (2016):55–68.

13. Arcamone F, Franceschi G, Orezzi P, Cassinelli G, Barbieri W, Mondelli R.
Daunomycin. I. The structure of daunomycinone. J Am Chem Soc. (1964) 86
(23):5334–5. doi: 10.1021/ja01077a059

14. Arcamone F, Cassinelli G, Orezzi P, Franceschi G, Mondelli R. Daunomycin. II.
The structure and stereochemistry of daunosamine. J Am Chem Soc. (1964) 86
(23):5335–6. doi: 10.1021/ja01077a060

15. Arcamone F, Franceschi G, Penco S, Selva A. Adriamycin (14-
hydroxydaunomycin), a novel antitumor antibiotic. Tetrahedron Lett. (1969) 10
(13):1007–10. doi: 10.1016/S0040-4039(01)97723-8

16. Martins-Teixeira MB, Carvalho I. Antitumour anthracyclines: progress and
perspectives. ChemMedChem. (2020) 15(11):933–48. doi: 10.1002/cmdc.202000131

17. Tripaydonis A, Conyers R, Elliott DA. Pediatric anthracycline-induced
cardiotoxicity: mechanisms, pharmacogenomics, and pluripotent stem-cell
modeling. Clin Pharmacol Ther. (2019) 105(3):614–24. doi: 10.1002/cpt.1311

18. Magdy T, Jouni M, Kuo H-H, Weddle CJ, Lyra-Leite D, Fonoudi H, et al.
Identification of drug transporter genomic variants and inhibitors that protect
frontiersin.org

https://doi.org/10.1001/jamaoncol.2015.0735
https://doi.org/10.1001/jamaoncol.2015.0735
https://doi.org/10.1038/s41569-020-0348-1
https://doi.org/10.1038/nrcardio.2010.121
https://doi.org/10.1038/nrcardio.2015.65
https://doi.org/10.1093/eurheartj/ehab674
https://doi.org/10.1016/j.jacc.2020.08.079
https://doi.org/10.1007/s10557-016-6711-0
https://doi.org/10.1016/j.acmx.2013.08.006
https://doi.org/10.1038/s41598-017-00075-1
https://doi.org/10.2217/pgs-2018-0124
https://doi.org/10.1016/j.jaccao.2020.09.006
https://doi.org/10.1016/j.jaccao.2020.09.006
https://doi.org/10.1021/ja01077a059
https://doi.org/10.1021/ja01077a060
https://doi.org/10.1016/S0040-4039(01)97723-8
https://doi.org/10.1002/cmdc.202000131
https://doi.org/10.1002/cpt.1311
https://doi.org/10.3389/fcvm.2023.1080299
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Moossavi et al. 10.3389/fcvm.2023.1080299
against doxorubicin-induced cardiotoxicity. Circulation. (2022) 145(4):279–94.
doi: 10.1161/CIRCULATIONAHA.121.055801

19. Krajinovic M, Elbared J, Drouin S, Bertout L, Rezgui A, Ansari M, et al.
Polymorphisms of ABCC5 and NOS3 genes influence doxorubicin cardiotoxicity in
survivors of childhood acute lymphoblastic leukemia. Pharmacogenomics J. (2016)
16(6):530–5. doi: 10.1038/tpj.2015.63

20. Sági JC, Kutszegi N, Kelemen A, Fodor LE, Gézsi A, Kovács GT, et al.
Pharmacogenetics of anthracyclines. Pharmacogenomics. (2016) 17(9):1075–87.
doi: 10.2217/pgs-2016-0036

21. Visscher H, Ross CJD, Rassekh SR, Sandor GSS, Caron HN, Van Dalen EC, et al.
Validation of variants in SLC28A3 and UGT1A6 as genetic markers predictive of
anthracycline-induced cardiotoxicity in children. Pediatr Blood Cancer. (2013) 60
(8):1375–81. doi: 10.1002/pbc.24505

22. Visscher H, Ross CJD, Rassekh SR, Barhdadi A, Dubé M-P, Al-Saloos H, et al.
Pharmacogenomic prediction of anthracycline-induced cardiotoxicity in children.
J Clin Oncol. (2012) 30(13):1422–8. doi: 10.1200/JCO.2010.34.3467

23. Singh P, Wang X, Hageman L, Chen Y, Magdy T, Landier W, et al. Association
of GSTM1 null variant with anthracycline-related cardiomyopathy after childhood
cancer—a children’s oncology group ALTE03N1 report. Cancer. (2020) 126
(17):4051–8. doi: 10.1002/cncr.32948

24. Liu J, Zheng H, Tang M, Ryu Y-C, Wang X. A therapeutic dose of doxorubicin
activates ubiquitin-proteasome system-mediated proteolysis by acting on both the
ubiquitination apparatus and proteasome. Am J Physiol Circ Physiol. (2008) 295(6):
H2541–50. doi: 10.1152/ajpheart.01052.2008

25. Fang X, Wang H, Han D, Xie E, Yang X, Wei J, et al. Ferroptosis as a target for
protection against cardiomyopathy. Proc Natl Acad Sci. (2019) 116(7):2672–80.
doi: 10.1073/pnas.1821022116

26. Zhang Y, Xing D, Liu L. PUMA promotes Bax translocation by both
directly interacting with Bax and by competitive binding to Bcl-XL during UV-
induced apoptosis. Mol Biol Cell. (2009) 20(13):3077–87. doi: 10.1091/mbc.e08-11-1109

27. Kobayashi S, Volden P, Timm D, Mao K, Xu X, Liang Q. Transcription factor
GATA4 inhibits doxorubicin-induced autophagy and cardiomyocyte death. J Biol
Chem. (2010) 285(1):793–804. doi: 10.1074/jbc.M109.070037

28. Vuong JT-T, Stein-Merlob AF, Cheng RK, Yang EH. Novel therapeutics for
anthracycline induced cardiotoxicity. Front Cardiovasc Med. (2022) 9:863314.
doi: 10.3389/fcvm.2022.863314

29. Chen W, Liu I, Tomiyasu H, Lee J, Cheng C, Liao AT, et al. Imatinib enhances
the anti-tumour effect of doxorubicin in canine B-cell lymphoma cell line. Vet J.
(2019) 254:105398. doi: 10.1016/j.tvjl.2019.105398

30. Sun J, Sun G, Cui X, Meng X, Qin M, Sun X. Myricitrin protects against
doxorubicin-induced cardiotoxicity by counteracting oxidative stress and inhibiting
mitochondrial apoptosis via ERK/P53 pathway. Evidence-Based Complement Altern
Med. (2016) 2016:6093783. doi: 10.1155/2016/6093783

31. Dong L, Neuzil J. Targeting mitochondria as an anticancer strategy. Cancer
Commun. (2019) 39(1):1–3. doi: 10.1186/s40880-018-0346-4

32. Szwed M, Matusiak A, Laroche-Clary A, Robert J, Marszalek I, Jozwiak Z.
Transferrin as a drug carrier: cytotoxicity, cellular uptake and transport kinetics of
doxorubicin transferrin conjugate in the human leukemia cells. Toxicol Vitr. (2014)
28(2):187–97. doi: 10.1016/j.tiv.2013.09.013

33. Szwed M, Wrona D, Kania KD, Koceva-Chyla A, Marczak A. Doxorubicin–
transferrin conjugate triggers pro-oxidative disorders in solid tumor cells. Toxicol
Vitr. (2016) 31:60–71. doi: 10.1016/j.tiv.2015.11.009

34. Wigner P, Zielinski K, Labieniec-Watala M, Marczak A, Szwed M. Doxorubicin–
transferrin conjugate alters mitochondrial homeostasis and energy metabolism in
human breast cancer cells. Sci Rep. (2021) 11(1):1–14. doi: 10.1038/s41598-020-
79139-8

35. Jedrzejczyk M, Wisniewska K, Kania KD, Marczak A, Szwed M. Transferrin-
bound doxorubicin enhances apoptosis and DNA damage through the generation
of pro-inflammatory responses in human leukemia cells. Int J Mol Sci. (2020) 21
(24):9390. doi: 10.3390/ijms21249390

36. Dudek J. Role of cardiolipin in mitochondrial signaling pathways. Front Cell Dev
Biol. (2017) 5:90. doi: 10.3389/fcell.2017.00090

37. Kagan VE, Chu CT, Tyurina YY, Cheikhi A, Bayir H. Cardiolipin asymmetry,
oxidation and signaling. Chem Phys Lipids. (2014) 179:64–9. doi: 10.1016/j.
chemphyslip.2013.11.010

38. Zhao Y, McLaughlin D, Robinson E, Harvey AP, Hookham MB, Shah AM, et al.
Nox2 NADPH oxidase promotes pathologic cardiac remodeling associated with
Doxorubicin chemotherapy. Cancer Res. (2010) 70(22):9287–97. doi: 10.1158/0008-
5472.CAN-10-2664

39. Wang J, Hu X, Jiang H. ERS-PERK signaling pathway-mediated Nrf2/ARE-HO-
1 axis: a novel therapeutic target for attenuating myocardial ischemia and reperfusion
injury. Int J Cardiol. (2015) 203:779–80. doi: 10.1016/j.ijcard.2015.11.033

40. Kang KW, Lee SJ, Park JW, Kim SG. Phosphatidylinositol 3-kinase regulates
nuclear translocation of NF-E2-related factor 2 through actin rearrangement in
response to oxidative stress. Mol Pharmacol. (2002) 62(5):1001–10. doi: 10.1124/
mol.62.5.1001
Frontiers in Cardiovascular Medicine 10
41. Sahu R, Dua TK, Das S, De Feo V, Dewanjee S. Wheat phenolics suppress
doxorubicin-induced cardiotoxicity via inhibition of oxidative stress, MAP kinase
activation, NF-κB pathway, PI3K/Akt/mTOR impairment, and cardiac apoptosis.
Food Chem Toxicol. (2019) 125:503–19. doi: 10.1016/j.fct.2019.01.034

42. Shati AA. Doxorubicin-induces NFAT/Fas/FasL cardiac apoptosis in rats
through activation of calcineurin and P38 MAPK and inhibition of mTOR
signalling pathways. Clin Exp Pharmacol Physiol. (2020) 47(4):660–76. doi: 10.1111/
1440-1681.13225

43. Cappetta D, Esposito G, Coppini R, Piegari E, Russo R, Ciuffreda LP, et al.
Effects of ranolazine in a model of doxorubicin-induced left ventricle diastolic
dysfunction. Br J Pharmacol. (2017) 174(21):3696–712. doi: 10.1111/bph.13791

44. Wang Z, Wang M, Liu J, Ye J, Jiang H, Xu Y, et al. Inhibition of TRPA1
attenuates doxorubicin-induced acute cardiotoxicity by suppressing oxidative stress,
the inflammatory response, and endoplasmic reticulum stress. Oxid Med Cell
Longev. (2018) 2018:5179468. doi: 10.1155/2018/5179468

45. Malik A, Bagchi AK, Jassal DS, Singal PK. Interleukin-10 mitigates doxorubicin-
induced endoplasmic Reticulum stress as well as cardiomyopathy. Biomedicines.
(2022) 10(4):890. doi: 10.3390/biomedicines10040890

46. Khan FR, Alhewairini SS. Zebrafish (Danio rerio) as a model organism. Curr
Trends Cancer Manag. (2018):3–18. doi: 10.5772/intechopen.81517

47. Dang M, Fogley R, Zon L. Cancer and zebrafish: mechanisms, techniques, and
models: chemical genetics. Adv Exp Med Biol. (2016) 916:103. doi: 10.1007/978-3-
319-30654-4_5

48. Zhao S, Huang J, Ye J. A fresh look at zebrafish from the perspective of cancer
research. J Exp Clin Cancer Res. (2015) 34(1):1–9. doi: 10.1186/1756-9966-29-1

49. Gutiérrez-Lovera C, Vázquez-Ríos AJ, Guerra-Varela J, Sánchez L, de la Fuente M.
The potential of zebrafish as a model organism for improving the translation of genetic
anticancer nanomedicines. Genes (Basel). (2017) 8:349. doi: 10.3390/genes8120349

50. Liu Y, Asnani A, Zou L, Bentley VL, Yu M, Wang Y, et al. Visnagin protects
against doxorubicin-induced cardiomyopathy through modulation of mitochondrial
malate dehydrogenase. Sci Transl Med. (2014) 6(266):266ra170. doi: 10.1126/
scitranslmed.3010189

51. Igartúa DE, Azcona PL, Martinez CS, del Valle Alonso S, Lassalle VL, Prieto MJ.
Folic acid magnetic nanotheranostics for delivering doxorubicin: toxicological and
biocompatibility studies on Zebrafish embryo and larvae. Toxicol Appl Pharmacol.
(2018) 358:23–34. doi: 10.1016/j.taap.2018.09.009

52. Huang B, Cui Y-Q, Guo W-B, Yang L, Miao A-J. Waterborne and dietary
accumulation of well-dispersible hematite nanoparticles by zebrafish at different life
stages. Environ Pollut. (2020) 259:113852. doi: 10.1016/j.envpol.2019.113852

53. Reischauer S, Arnaout R, Ramadass R, Stainier DYR. Actin binding GFP allows
4D in vivo imaging of myofilament dynamics in the zebrafish heart and the
identification of Erbb2 signaling as a remodeling factor of myofibril architecture.
Circ Res. (2014) 115(10):845–56. doi: 10.1161/CIRCRESAHA.115.304356

54. Han Y, Zhang J, Qian J, Hu C. Cardiotoxicity evaluation of anthracyclines in
zebrafish (Danio rerio). J Appl Toxicol. (2015) 35(3):241–52. doi: 10.1002/jat.3007

55. Wang L, Zhang X, Chan JY, Shan L, Cui G, Cui Q, et al. A novel danshensu
derivative prevents cardiac dysfunction and improves the chemotherapeutic efficacy
of doxorubicin in breast cancer cells. J Cell Biochem. (2016) 117(1):94–105. doi: 10.
1002/jcb.25253

56. Tang F, Zhou X, Wang L, Shan L, Li C, Zhou H, et al. A novel compound DT-
010 protects against doxorubicin-induced cardiotoxicity in zebrafish and H9c2 cells by
inhibiting reactive oxygen species-mediated apoptotic and autophagic pathways. Eur
J Pharmacol. (2018) 820:86–96. doi: 10.1016/j.ejphar.2017.12.021

57. Jayachandra R, Zhao H, Cheng Z, Luo L, Sun T, Tan W. Synthesis of Isosteviol
analogues as potential protective agents against Doxorubicin-induced cardiomyopathy
in zebrafish embryos. Bioorg Med Chem Lett. (2019) 29(14):1705–9. doi: 10.1016/j.
bmcl.2019.05.033

58. Aleksandar P, Dragana M-Ć, Nebojša J, Biljana N, Nataša S, Branka V, et al.
Wild edible onions—allium flavum and Allium carinatum—successfully prevent
adverse effects of chemotherapeutic drug doxorubicin. Biomed Pharmacother.
(2019) 109:2482–91. doi: 10.1016/j.biopha.2018.11.106

59. Wang X, Li C, Wang Q, Li W, Guo D, Zhang X, et al. Tanshinone IIA restores
dynamic balance of autophagosome/autolysosome in doxorubicin-induced
cardiotoxicity via targeting beclin1/LAMP1. Cancers (Basel). (2019) 11(7):910.
doi: 10.3390/cancers11070910

60. Benedetto N, Calabrone L, Gutmańska K, Macrì N, Ricotta R, Bruno A, et al. An
olive-oil mill waste water extract improves chemotherapeutic activity against breast
cancer cells while protecting from cardiotoxicity. Front Cardiovasc Med. (2022)
9:867867. doi: 10.3389/fcvm.2022.867867

61. Yamashita A, Deguchi J, Honda Y, Yamada T, Miyawaki I, Nishimura Y, et al.
Increased susceptibility to oxidative stress-induced toxicological evaluation by
genetically modified nrf2a-deficient zebrafish. J Pharmacol Toxicol Methods. (2019)
96:34–45. doi: 10.1016/j.vascn.2018.12.006

62. Asnani A, Zheng B, Liu Y, Wang Y, Chen HH, Vohra A, et al. Highly potent
visnagin derivatives inhibit Cyp1 and prevent doxorubicin cardiotoxicity. JCI
insight. (2018) 3(1):e96753. doi: 10.1172/jci.insight.96753
frontiersin.org

https://doi.org/10.1161/CIRCULATIONAHA.121.055801
https://doi.org/10.1038/tpj.2015.63
https://doi.org/10.2217/pgs-2016-0036
https://doi.org/10.1002/pbc.24505
https://doi.org/10.1200/JCO.2010.34.3467
https://doi.org/10.1002/cncr.32948
https://doi.org/10.1152/ajpheart.01052.2008
https://doi.org/10.1073/pnas.1821022116
https://doi.org/10.1091/mbc.e08-11-1109
https://doi.org/10.1074/jbc.M109.070037
https://doi.org/10.3389/fcvm.2022.863314
https://doi.org/10.1016/j.tvjl.2019.105398
https://doi.org/10.1155/2016/6093783
https://doi.org/10.1186/s40880-018-0346-4
https://doi.org/10.1016/j.tiv.2013.09.013
https://doi.org/10.1016/j.tiv.2015.11.009
https://doi.org/10.1038/s41598-020-79139-8
https://doi.org/10.1038/s41598-020-79139-8
https://doi.org/10.3390/ijms21249390
https://doi.org/10.3389/fcell.2017.00090
https://doi.org/10.1016/j.chemphyslip.2013.11.010
https://doi.org/10.1016/j.chemphyslip.2013.11.010
https://doi.org/10.1158/0008-5472.CAN-10-2664
https://doi.org/10.1158/0008-5472.CAN-10-2664
https://doi.org/10.1016/j.ijcard.2015.11.033
https://doi.org/10.1124/mol.62.5.1001
https://doi.org/10.1124/mol.62.5.1001
https://doi.org/10.1016/j.fct.2019.01.034
https://doi.org/10.1111/1440-1681.13225
https://doi.org/10.1111/1440-1681.13225
https://doi.org/10.1111/bph.13791
https://doi.org/10.1155/2018/5179468
https://doi.org/10.3390/biomedicines10040890
https://doi.org/10.5772/intechopen.81517
https://doi.org/10.1007/978-3-319-30654-4_5
https://doi.org/10.1007/978-3-319-30654-4_5
https://doi.org/10.1186/1756-9966-29-1
https://doi.org/10.3390/genes8120349
https://doi.org/10.1126/scitranslmed.3010189
https://doi.org/10.1126/scitranslmed.3010189
https://doi.org/10.1016/j.taap.2018.09.009
https://doi.org/10.1016/j.envpol.2019.113852
https://doi.org/10.1161/CIRCRESAHA.115.304356
https://doi.org/10.1002/jat.3007
https://doi.org/10.1002/jcb.25253
https://doi.org/10.1002/jcb.25253
https://doi.org/10.1016/j.ejphar.2017.12.021
https://doi.org/10.1016/j.bmcl.2019.05.033
https://doi.org/10.1016/j.bmcl.2019.05.033
https://doi.org/10.1016/j.biopha.2018.11.106
https://doi.org/10.3390/cancers11070910
https://doi.org/10.3389/fcvm.2022.867867
https://doi.org/10.1016/j.vascn.2018.12.006
https://doi.org/10.1172/jci.insight.96753
https://doi.org/10.3389/fcvm.2023.1080299
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Moossavi et al. 10.3389/fcvm.2023.1080299
63. Lam P, Kutchukian P, Anand R, Imbriglio J, Andrews C, Padilla H, et al. Cyp1
inhibition prevents doxorubicin-induced cardiomyopathy in a zebrafish heart-failure
model. Chembiochem. (2020) 21(13):1905–10. doi: 10.1002/cbic.201900741

64. Ding Y, Sun X, Huang W, Hoage T, Redfield M, Kushwaha S, et al.
Haploinsufficiency of target of rapamycin attenuates cardiomyopathies in
adult zebrafish. Circ Res. (2011) 109(6):658–69. doi: 10.1161/CIRCRESAHA.111.
248260

65. Ma X, Ding Y, Wang Y, Xu X. A doxorubicin-induced cardiomyopathy model in
adult zebrafish. J Vis Exp. (2018) (136):57567. doi: 10.3791/57567

66. Wang Y, Lu X, Wang X, Qiu Q, Zhu P, Ma L, et al. atg7-based autophagy
activation reverses doxorubicin-induced cardiotoxicity. Circ Res. (2021) 129(8):
e166–82. doi: 10.1161/CIRCRESAHA.121.319104

67. Ma X, Zhu P, Ding Y, Zhang H, Qiu Q, Dvornikov AV, et al. Retinoid X receptor
alpha is a spatiotemporally predominant therapeutic target for anthracycline-induced
cardiotoxicity. Sci Adv. (2020) 6(5):eaay2939. doi: 10.1126/sciadv.aay2939

68. Ma X, Xu X. A swimming-based assay to determine the exercise capacity of adult
zebrafish cardiomyopathy models. Bio Protoc. (2021) 11(15):e4114. doi: 10.21769/
BioProtoc.4114

69. Zhang H, Dvornikov AV, Huttner IG, Ma X, Santiago CF, Fatkin D, et al. A
langendorff-like system to quantify cardiac pump function in adult zebrafish. Dis
Model Mech. (2018) 11(9):dmm034819. doi: 10.1242/dmm.032698

70. Packard RRS, Baek KI, Beebe T, Jen N, Ding Y, Shi F, et al. Automated
segmentation of light-sheet fluorescent imaging to characterize experimental
doxorubicin-induced cardiac injury and repair. Sci Rep. (2017) 7(1):1–11. doi: 10.
1038/s41598-016-0028-x

71. Willis MS, Parry TL, Brown DI, Mota RI, Huang W, Beak JY, et al. Doxorubicin
exposure causes subacute cardiac atrophy dependent on the striated muscle–specific
ubiquitin ligase MuRF1. Circ Hear Fail. (2019) 12(3):e005234. doi: 10.1161/
CIRCHEARTFAILURE.118.005234

72. Ferreira de Souza T, Silva TQAC, Osorio Costa F, Shah R, Neilan TG, Velloso L,
et al. Anthracycline therapy is associated with cardiomyocyte atrophy and preclinical
manifestations of heart disease. JACC Cardiovasc Imaging. (2018) 11(8):1045–55.
doi: 10.1016/j.jcmg.2018.05.012

73. Chen J, Ding Y, Chen M, Gau J, Jen N, Nahal C, et al. Displacement analysis of
myocardial mechanical deformation (DIAMOND) reveals segmental susceptibility
to doxorubicin-induced injury and regeneration. JCI insight. (2019) 4(8):e125362.
doi: 10.1172/jci.insight.125362

74. Wang LW, Huttner IG, Santiago CF, Kesteven SH, Yu Z-Y, Feneley MP, et al.
Standardized echocardiographic assessment of cardiac function in normal adult
zebrafish and heart disease models. Dis Model Mech. (2017) 10(1):63–76. doi: 10.
1242/dmm.026989

75. Li DL, Wang ZV, Ding G, Tan W, Luo X, Criollo A, et al. Doxorubicin blocks
cardiomyocyte autophagic flux by inhibiting lysosome acidification. Circulation.
(2016) 133(17):1668–87. doi: 10.1161/CIRCULATIONAHA.115.017443

76. Abdullah CS, Alam S, Aishwarya R, Miriyala S, Bhuiyan MA, Panchatcharam M,
et al. Doxorubicin-induced cardiomyopathy associated with inhibition of autophagic
degradation process and defects in mitochondrial respiration. Sci Rep. (2019) 9
(1):1–20. doi: 10.1038/s41598-018-37186-2

77. Zhang Y, Kang YM, Tian C, Zeng Y, Jia LX, Ma X, et al. Overexpression of
Nrdp1 in the heart exacerbates doxorubicin-induced cardiac dysfunction in mice.
PLoS One. (2011) 6(6):e21104. doi: 10.1371/journal.pone.0021104

78. Kawaguchi T, Takemura G, Kanamori H, Takeyama T, Watanabe T, Morishita
K, et al. Prior starvation mitigates acute doxorubicin cardiotoxicity through restoration
of autophagy in affected cardiomyocytes. Cardiovasc Res. (2012) 96(3):456–65. doi: 10.
1093/cvr/cvs282

79. Li M, Sala V, De Santis MC, Cimino J, Cappello P, Pianca N, et al.
Phosphoinositide 3-kinase gamma inhibition protects from anthracycline
cardiotoxicity and reduces tumor growth. Circulation. (2018) 138(7):696–711.
doi: 10.1161/CIRCULATIONAHA.117.030352

80. González-Rosa JM, Burns CE, Burns CG. Zebrafish heart regeneration: 15 years
of discoveries. Regeneration. (2017) 4(3):105–23. doi: 10.1002/reg2.83
Frontiers in Cardiovascular Medicine 11
81. Reuter H, Perner B, Wahl F, Rohde L, Koch P, Groth M, et al. Aging activates the
immune system and alters the regenerative capacity in the zebrafish heart. Cells. (2022)
11(3):345. doi: 10.3390/cells11030345

82. Deacon DC, Happe CL, Chen C, Tedeschi N, Manso AM, Li T, et al.
Combinatorial interactions of genetic variants in human cardiomyopathy. Nat
Biomed Eng. (2019) 3(2):147–57. doi: 10.1038/s41551-019-0348-9

83. Gifford CA, Ranade SS, Samarakoon R, Salunga HT, De Soysa TY, Huang YU,
et al. Oligogenic inheritance of a human heart disease involving a genetic modifier.
Science (80-). (2019) 364(6443):865–70. doi: 10.1126/science.aat5056

84. Ichino N, Serres MR, Urban RM, Urban MD, Treichel AJ, Schaefbauer KJ, et al.
Building the vertebrate codex using the gene breaking protein trap library. Elife. (2020)
9:e54572. doi: 10.7554/eLife.54572

85. Clark KJ, Balciunas D, Pogoda H-M, Ding Y, Westcot SE, Bedell VM, et al. In
vivo protein trapping produces a functional expression codex of the vertebrate
proteome. Nat Methods. (2011) 8(6):506–12. doi: 10.1038/nmeth.1606

86. Ding Y, Long PA, Bos JM, Shih Y-H, Ma X, Sundsbak RS, et al. A modifier
screen identifies DNAJB6 as a cardiomyopathy susceptibility gene. JCI insight.
(2016) 1(14):e88797. doi: 10.1172/jci.insight.88797

87. Wahbi K, Béhin A, Bécane HM, Leturcq F, Cossée M, Laforêt P, et al. Dilated
cardiomyopathy in patients with mutations in anoctamin 5. Int J Cardiol. (2013)
168(1):76–9. doi: 10.1016/j.ijcard.2012.09.070

88. Ding Y, Yang J, Chen P, Lu T, Jiao K, Tester DJ, et al. Knockout of SORBS2
protein disrupts the structural integrity of intercalated disc and manifests features of
arrhythmogenic cardiomyopathy. J Am Heart Assoc. (2020) 9(17):e017055. doi: 10.
1161/JAHA.119.017055

89. Hageman J, Rujano MA, Van Waarde MAWH, Kakkar V, Dirks RP,
Govorukhina N, et al. A DNAJB chaperone subfamily with HDAC-dependent
activities suppresses toxic protein aggregation. Mol Cell. (2010) 37(3):355–69.
doi: 10.1016/j.molcel.2010.01.001

90. Kakkar V, Månsson C, de Mattos EP, Bergink S, van der Zwaag M, van Waarde
MAWH, et al. The S/T-rich motif in the DNAJB6 chaperone delays polyglutamine
aggregation and the onset of disease in a mouse model. Mol Cell. (2016) 62
(2):272–83. doi: 10.1016/j.molcel.2016.03.017

91. Sarparanta J, Jonson PH, Golzio C, Sandell S, Luque H, Screen M, et al.
Mutations affecting the cytoplasmic functions of the co-chaperone DNAJB6 cause
limb-girdle muscular dystrophy. Nat Genet. (2012) 44(4):450–5. doi: 10.1038/ng.1103

92. Tam V, Patel N, Turcotte M, Bossé Y, Paré G, Meyre D. Benefits and limitations
of genome-wide association studies. Nat Rev Genet. (2019) 20(8):467–84. doi: 10.1038/
s41576-019-0127-1

93. Nadruz W, West E, Sengeløv M, Grove GL, Santos M, Groarke JD, et al.
Cardiovascular phenotype and prognosis of patients with heart failure induced by
cancer therapy. Heart. (2019) 105(1):34–41. doi: 10.1136/heartjnl-2018-313234

94. Deng S, Yan T, Jendrny C, Nemecek A, Vincetic M, Gödtel-Armbrust U, et al.
Dexrazoxane may prevent doxorubicin-induced DNA damage via depleting both
topoisomerase II isoforms. BMC Cancer. (2014) 14(1):1–11. doi: 10.1186/1471-
2407-14-1

95. Yeh ETH, Chang H-M. Oncocardiology—past, present, and future: a review.
JAMA Cardiol. (2016) 1(9):1066–72. doi: 10.1001/jamacardio.2016.2132

96. Zamorano JL, Lancellotti P, Rodriguez Munoz D, Aboyans V, Asteggiano R,
Galderisi M, et al. 2016 ESC position paper on cancer treatments and cardiovascular
toxicity developed under the auspices of the ESC committee for practice guidelines: the
task force for cancer treatments and cardiovascular toxicity of the European society of
cardiology (ESC. Eur Heart J. (2016) 37(36):2768–801. doi: 10.1093/eurheartj/ehw211

97. Hsu PD, Lander ES, Zhang F. Development and applications of CRISPR-Cas9
for genome engineering. Cell. (2014) 157(6):1262–78. doi: 10.1016/j.cell.2014.05.010

98. Bedell VM, Wang Y, Campbell JM, Poshusta TL, Starker CG, Krug RG II, et al.
In vivo genome editing using a high-efficiency TALEN system. Nature. (2012) 491
(7422):114–8. doi: 10.1038/nature11537

99. Choi T-Y, Choi T-I, Lee Y-R, Choe S-K, Kim C-H. Zebrafish as an animal model
for biomedical research. Exp Mol Med. (2021) 53(3):310–7. doi: 10.1038/s12276-021-
00571-5
frontiersin.org

https://doi.org/10.1002/cbic.201900741
https://doi.org/10.1161/CIRCRESAHA.111.248260
https://doi.org/10.1161/CIRCRESAHA.111.248260
https://doi.org/10.3791/57567
https://doi.org/10.1161/CIRCRESAHA.121.319104
https://doi.org/10.1126/sciadv.aay2939
https://doi.org/10.21769/BioProtoc.4114
https://doi.org/10.21769/BioProtoc.4114
https://doi.org/10.1242/dmm.032698
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005234
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005234
https://doi.org/10.1016/j.jcmg.2018.05.012
https://doi.org/10.1172/jci.insight.125362
https://doi.org/10.1242/dmm.026989
https://doi.org/10.1242/dmm.026989
https://doi.org/10.1161/CIRCULATIONAHA.115.017443
https://doi.org/10.1038/s41598-018-37186-2
https://doi.org/10.1371/journal.pone.0021104
https://doi.org/10.1093/cvr/cvs282
https://doi.org/10.1093/cvr/cvs282
https://doi.org/10.1161/CIRCULATIONAHA.117.030352
https://doi.org/10.1002/reg2.83
https://doi.org/10.3390/cells11030345
https://doi.org/10.1038/s41551-019-0348-9
https://doi.org/10.1126/science.aat5056
https://doi.org/10.7554/eLife.54572
https://doi.org/10.1038/nmeth.1606
https://doi.org/10.1172/jci.insight.88797
https://doi.org/10.1016/j.ijcard.2012.09.070
https://doi.org/10.1161/JAHA.119.017055
https://doi.org/10.1161/JAHA.119.017055
https://doi.org/10.1016/j.molcel.2010.01.001
https://doi.org/10.1016/j.molcel.2016.03.017
https://doi.org/10.1038/ng.1103
https://doi.org/10.1038/s41576-019-0127-1
https://doi.org/10.1038/s41576-019-0127-1
https://doi.org/10.1136/heartjnl-2018-313234
https://doi.org/10.1186/1471-2407-14-1
https://doi.org/10.1186/1471-2407-14-1
https://doi.org/10.1001/jamacardio.2016.2132
https://doi.org/10.1093/eurheartj/ehw211
https://doi.org/10.1016/j.cell.2014.05.010
https://doi.org/10.1038/nature11537
https://doi.org/10.1038/s12276-021-00571-5
https://doi.org/10.1038/s12276-021-00571-5
https://doi.org/10.3389/fcvm.2023.1080299
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Molecular mechanisms of anthracycline induced cardiotoxicity: Zebrafish come into play
	Introduction
	Anthracyclines structure, history and clinical use
	Molecular mechanisms of AIC
	Anthracyclines transportation in cardiac cell
	Nucleus effects of anthracyclines
	Mitochondrial effects of anthracyclines
	Role of cardiolipin
	Role of free radical attack

	Sarcoplasmic reticulum effect of anthracyclines

	Contribution of zebrafish embryos to AIC
	Embryonic zebrafish models for AIC (eAIC)
	Utilization of eAIC to discover therapeutic strategies

	Contribution of adult zebrafish to AIC
	Adult zebrafish models for AIC (aAIC)
	Comparison between zebrafish and rodent aAIC models
	A forward genetic screening strategy in aAIC enables systematic discovery of AIC susceptibility genes
	A time-dependent mechanism has been suggested from studies of aAIC

	New therapeutic avenues for AIC have emerged from zebrafish studies
	Conclusion and perspective for future research efforts
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


