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Heart failure causes significant morbidity and mortality worldwide. The understanding of heart failure pathomechanisms and options for treatment remain incomplete. Zebrafish has proven useful for modeling human heart diseases due to similarity of zebrafish and mammalian hearts, fast easily tractable development, and readily available genetic methods. Embryonic cardiac development is rapid and cardiac function is easy to observe and quantify. Reverse genetics, by using morpholinos and CRISPR-Cas9 to modulate gene function, make zebrafish a primary animal model for in vivo studies of candidate genes. Zebrafish are able to effectively regenerate their hearts following injury. However, less attention has been given to using zebrafish models to increase understanding of heart failure and cardiac remodeling, including cardiac hypertrophy and hyperplasia. Here we discuss using zebrafish to study heart failure and cardiac remodeling, and review zebrafish genetic, drug-induced and other heart failure models, discussing the advantages and weaknesses of using zebrafish to model human heart disease. Using zebrafish models will lead to insights on the pathomechanisms of heart failure, with the aim to ultimately provide novel therapies for the prevention and treatment of heart failure.
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INTRODUCTION

Heart disease is the number one cause of mortality and years of life lost globally (GBD 2016 Causes of Death Collaborators, 2017). Heart failure (HF) is defined as the heart’s inability to provide sufficient blood to meet the body’s needs. More than 1% of the adult population has HF, and the 5-year mortality is over 50% (Bleumink et al., 2004). Due to aging populations, this severe clinical syndrome is becoming increasingly prevalent. By 2030, almost 3% of the population is predicted to have HF (Virani et al., 2020).

Coronary artery disease and hypertension account for over 80% of the etiology of HF. Other important etiologies include valvular heart diseases, cardiomyopathies (CMs), myocarditis, and inflammatory heart diseases. Dilated cardiomyopathy (DCM) and hypertrophic cardiomyopathy (HCM) are the most prevalent non-ischemic CMs, with estimated prevalence of >0.4% and >0.2%, respectively (McKenna and Judge, 2021). More rare causes of HF include congenital heart diseases, arrhythmias, cardiotoxicity, infections, high-output HF, right-sided HF, and pericarditis (Ponikowski et al., 2016).

Over the past couple of decades, zebrafish has emerged as a powerful vertebrate model for studying heart diseases. It is increasingly used to study development, anatomy, and physiology by genetic, pharmacological, and numerous other experimental techniques. The advantages of using zebrafish are clear (Table 1A). Zebrafish are used for high-throughput drug screening and for assessing drug efficacy and toxicity (Gut et al., 2017). The zebrafish genome is fully sequenced and readily available (Howe et al., 2013). Humans and zebrafish are genetically similar, with the great majority of genes having orthologs with significant similarity at the protein level (Barbazuk et al., 2000). This enables the use of targeted mutagenesis techniques for modeling human genetic diseases (Arnaout et al., 2007).


TABLE 1. Advantages and disadvantages of using zebrafish for modeling human diseases in general (A) and specifically for cardiac diseases (B).

[image: Table 1]The technique of anti-sense morpholino oligonucleotides (MOs) for targeted knockdown of genes has been used for over two decades (Nasevicius and Ekker, 2000). MOs must be distinguished from the following truly genetic methods that produce heritable changes, for MO knockdown is transient, as the anti-mRNAs injected into fertilized eggs gradually dilute within a few days (Nasevicius and Ekker, 2000). In recent years, several genetic methods have been used for gene-specific targeting. These include engineered nucleases, such as the zinc-finger nucleases (ZFNs) (Doyon et al., 2008; Meng et al., 2008) and the transcription activator-like effector nucleases (TALENs) (Huang et al., 2011; Sander et al., 2011), and most recently, the CRISPR-Cas9 (Hwang et al., 2013). CRISPRs have recently been established as a powerful reverse genetic screening strategy in the zebrafish (Shah et al., 2015).

Here we first briefly review early developmental mutants discovered in forward genetic mutagenesis screens, as they demonstrated the value of investigating cardiac phenotypes in embryonic zebrafish, and paved way for the increasing number of studies using reverse genetic techniques for modeling cardiovascular disease in zebrafish. These developmental mutants are not reviewed in detail, as they are not primarily for modeling HF. We review both embryonic and adult zebrafish models for studying cardiac remodeling and impaired cardiac function, grouping these into main groups of genetic and drug-induced models, and also examine other HF models. As the etiologies of HF range from fully congenital to fully acquired and everything in between, we seek to include examples from this vast range, focusing on the suitability of zebrafish models for investigating candidate genes and genetic factors predisposing to HF. We discuss the genetic and physiological suitability of using zebrafish to model human HF. For clarity, here we arbitrarily call all zebrafish younger than 7 days post fertilization (dpf) as “embryonic,” including larval zebrafish older than 3 dpf.



DEFINING HEART FAILURE IN ZEBRAFISH

First, it is vital to define what is meant by HF in zebrafish embryos and adults, and how cardiac function is measured and quantified. In embryonic zebrafish assessing cardiac size and function is easy under a normal stereo-microscope due to optical translucency. Adult zebrafish require echocardiography, which is technically and financially more challenging. Both embryonic and adult fish require anesthesia for the imaging. A combination of the following factors should be used when evaluating cardiac function:


(a)Ventricular size. Increased ventricular size is associated with HF.

In embryos ventricular area or at least short and long axes of the ventricle measured at the end of systole and at the end of diastole under a normal stereo-microscope (Figure 1).
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FIGURE 1. Zebrafish at 4 dpf with a zoom-in of the ventricle. Ventricular width a and length b. Adapted with permission from Paavola et al. (2020).



In adult zebrafish, cardiac ultrasound (echocardiography) is used (Wang et al., 2017).

More broadly, cardiac structure at the organ-level as a whole is important to assess already during in vivo video-microscopy and echocardiography. This will then direct following steps into possible biochemical experiments and microscopic imaging.

Growth of the heart muscle may involve growth of cell size (hypertrophy) or growth of cardiomyocyte number due to proliferation (hyperplasia). Size and number (in embryos) of cardiomyocytes may be quantified from dissected and stained zebrafish hearts (Figure 2).
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FIGURE 2. Treatment with isoproterenol increases cardiomyocyte size. 4 dpf zebrafish without (A) and with (B) 300 μM isoproterenol-treatment 2–4 dpf. Staining with Mef-2 antibody (red) to identify cardiomyocyte nuclei and with ZN-5 antibody (green) to delineate cardiomyocyte cell borders. Ventricles marked with arrows and atria marked with arrowheads. Adapted with permission from Paavola et al. (2020).



(b)Cardiac contractility and relaxation. Impaired contractility and prolonged relaxation are associated with HF.

Cardiac function may be quantified in several ways and the same parameters can be used in embryonic and adult fish. Common ways of measuring contractility are ejection fraction and fractional shortening (Fink et al., 2009). Fractional shortening may be measured 1- (diameter), 2- (area), or 3- (volume) dimensionally. In adult zebrafish, we found fractional volume shortening to be the most reliable method (Narumanchi et al., 2019). From the same fast frame-rate recordings, cardiac relaxation time may be measured (Paavola et al., 2020).

In embryonic zebrafish, stroke volume may also be quantified with measurement of erythrocyte flow velocity in the aorta (Paavola et al., 2013). When measurements of ventricular size are challenging, complicated by e.g., pericardial edema (see below), blood flow measurement may be more reliable.

Additionally, valvular function is important to assess to rule out flow-limiting stenosis or backflow.

(c)Edema. Increased edema is associated with HF.

Pericardial edema is easy to quantify in embryonic zebrafish (Paavola et al., 2020), however on its own it is a very non-specific finding. To our knowledge, pericardial or peripheral edema remain largely unquantified in adult zebrafish. However, accurate weighing is one way to follow fluid build-up.

(d)Rhythm. Cardiac arrhythmias and conduction delays are associated with HF.

Zebrafish are prone to changes in heart rate and development of atrioventricular conduction block (Milan et al., 2003; Paavola et al., 2013; Zhu et al., 2014). Various methods to investigate cardiac rhythm and conductance in embryonic and adult zebrafish have been established (Santoso et al., 2020). Electrocardiogram (ECG) remains the gold standard in adult zebrafish (Milan et al., 2006).

(e)Biochemical HF markers. Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are the most established biomarkers that show increased expression levels in HF (Becker et al., 2012; Shi et al., 2017).



As in humans, a combination of the above-mentioned factors may indicate HF. For concluding HF in zebrafish, abnormal cardiac structure and/or function (impaired blood flow, contractility or relaxation) must be shown. In addition to the above-mentioned factors, the interpretation as HF is further supported by the zebrafish showing rapid breathing, exercise intolerance, and increased mortality (Wang et al., 2011).

Additionally, numerous less used/available methods for quantifying heart size and function have been reported, including magnetic resonance imaging (Koth et al., 2017; Merrifield et al., 2017). More broad review of experimental techniques such as optogenetics (Arrenberg et al., 2010), voltage mapping and calcium imaging is beyond the scope of this article (Genge et al., 2016; Lin et al., 2020).



GENETIC HEART FAILURE MODELS

Several zebrafish models of cardiac hypertrophy, hyperplasia, dysfunction, and remodeling have been established by genetic manipulation (Table 2) or by drug treatment (Table 3).


TABLE 2. Genetic models of heart failure.
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TABLE 3. Drug-induced models of heart failure.

[image: Table 3]Cardiac hypertrophy is a common adaptive change to pathological processes leading to cardiac dysfunction and failure. With currently available genetic tools to modify gene expression in zebrafish, several molecular pathways have been associated with development of cardiomegaly and cardiac dysfunction. The list of reported genetic HF models in zebrafish, some of which are briefly described below and in Table 2, is constantly expanding.

The first zebrafish genetic models of hypertrophy/hyperplasia and cardiac dysfunction, silent heart (sih) and pickwickm171 (pikm171), having mutations in tnnt2 and ttn, respectively, were reported in Sehnert et al. (2002); Xu et al. (2002). tnnt2 encodes cardiac Troponin T (cTNT), a contractile protein involved in cardiac muscle contraction. Mutations in tnnt2 cause familial HCM (Thierfelder et al., 1994) and DCM (Kamisago et al., 2000). sih mutant hearts are non-contractile, the embryos die at 7 dpf when circulation becomes necessary. Pericardial edema is observed in embryos and sarcomere assembly is disturbed (Sehnert et al., 2002). tnnt2 knockdown zebrafish embryos reveal sarcomeric disarray and cardiac hyperplasia (Becker et al., 2011). ttn encodes Titin, a large sarcomeric protein. Also mutations in ttn cause DCM and HCM (Gigli et al., 2016). ttn mutant hearts contract poorly, edema develops and the embryos die. The absence of titin results in failure of sarcomeric assembly (Xu et al., 2002). These first models, identified from forward genetic mutagenesis screens, demonstrated the value of embryonic zebrafish developing without functional circulation for the study of severe cardiac phenotypes.

Another sarcomere protein, myosin binding protein C (MyBP-C) maintains structural integrity of the sarcomere and regulates cardiac function (McClellan et al., 2001; Harris et al., 2002; Dhandapany et al., 2009; Girolami et al., 2010). MyBP-C dysfunction is associated with HCM (Harris et al., 2002; Girolami et al., 2010). In embryonic zebrafish, knockdown of mybpc3 with morpholinos leads to cardiac hypertrophy, diastolic HF and pericardial edema (Chen et al., 2013). Cardiac hyperplasia was not reported.

As the above examples demonstrate, dysfunction of the sarcomere often leads to HF. In the embryonic lethal zebrafish HF mutant main squeeze (msq) stress-responsive genes are severely down-regulated (Bendig et al., 2006). HF in these mutants is due to a mutation in integrin-linked kinase (ilk), which reduces ILK kinase activity and disrupts binding to a sarcomeric adaptor protein. Cardiac contractility quantified as fractional shortening is rescued by multiple players in this pathway. This study elegantly shows how hearts sense mechanical stretch and respond to it (Bendig et al., 2006).

Noonan syndrome (NS) and LEOPARD (LS) syndrome are developmental disorders caused by autosomal dominant mutations in PTPN11, which encodes Shp2, a ubiquitously expressed non-receptor protein-tyrosine phosphatase that is involved in numerous signal transduction pathways. NS and LS are characterized by congenital heart defects and HCM. To investigate the pathomechanisms of these developmental disorders, NS and LS Hsp2-variants were expressed in embryonic zebrafish, which exhibit elongated heart tubes, reduced cardiomyocyte migration and impaired leftward displacement of the heart (Bonetti et al., 2014). Ciliogenesis and cilia function in Kupffer’s vesicle is impaired, as a result of hyperactivation of MAPK signaling. Inhibition of MAPK signaling prior to gastrulation rescues cilia length and heart laterality defects. This study shows how the pathomechanisms of developmental disorders may be investigated with embryonic zebrafish. Some autosomal-recessive NS patients show variations in Leucine-zipper-like transcription regulator 1 (LZTR1). CRISPR-Cas9 genome editing was used to generate lztr1-mutant zebrafish (Nakagama et al., 2020). These adult zebrafish phenocopy the human disease, showing ventricular hypertrophy and vascular malformations, demonstrating that also adult zebrafish models are relevant for investigating congenital heart disease.

PKD2 encodes polycystin-2 (PC2), a non-selective calcium-regulated cation channel expressed on the endoplasmic/sarcoplasmic membrane and in primary cilia. In cardiomyocytes it participates in intracellular calcium handling. Mutations in PKD2 cause autosomal dominant polycystic kidney disease (ADPKD) (Mochizuki et al., 1996). Knockdown of pkd2 with morpholinos in embryonic zebrafish results in reduced cardiac contractile function and atrioventricular block due to impaired cardiomyocyte calcium cycling (Paavola et al., 2013). PKD2 mutations are associated with DCM, and this study gives insights into possible pathomechanisms of HF associated with ADPKD.

Septins are small GTPases associated with actin filaments and play an important role in cytoskeleton organization. Knockdown of sept7b with morpholinos in embryonic zebrafish reveals reduced expression of actin and sarcomeric disassembly leading to reduced ventricular size and contractility (Dash et al., 2017).

Vascular endothelial zinc finger 1 (vezf1) is a transcription factor regulating vasculogenesis and angiogenesis. Expression of vezf1 is decreased in diseased human and murine myocardium (Paavola et al., 2020). Knockdown of vezf1 with morpholinos in zebrafish embryos impairs cardiac growth and contractile response to beta-adrenergic stimuli suggesting a role for vezf1 in cardiac remodeling (Paavola et al., 2020).

Screening for novel HF-associated genetic variants revealed a potentially damaging variant of tripartite motif containing 55 (TRIM55), encoding an E140K variant. TRIM55 is a protein involved in sarcomere assembly and is highly expressed in heart and skeletal muscle. Deletion of trim55a or overexpression of trim55 E140K with CRISPR-Cas9 reduces cardiac contractility in embryonic zebrafish (Heliste et al., 2020). This study demonstrates the usability of zebrafish as a principal animal model for investigating candidate genes and genetic variants.

GTP-binding protein 3 (GTPBP3) is an RNA modifying enzyme and mutations in GTPBP3 are associated with HCM (Kopajtich et al., 2014). gtpbp3 knockout embryonic zebrafish, generated with CRISPR-Cas9, exhibit impaired mitochondrial translation leading to cardiac hypertrophy, impaired contractility, and myocardial disarray (Chen et al., 2019). These findings recapitulate the clinical phenotype of HCM patients carrying mutations in GTPBP3 (Kopajtich et al., 2014).

Leucine-rich repeat containing protein 10 (Lrrc10) is believed to provide structural framework for protein-protein interactions that are essential during cardiac development. Knockdown of lrrc10 with morpholinos in embryonic zebrafish reveals developmental defects including cardiac looping failure, reduced contractility, pericardial edema and embryonic lethality (Kim et al., 2007). Morphants have less cardiomyocytes, lower ejection fraction, and higher expression levels of atrial natriuretic factor (ANF), whose expression levels are upregulated in cardiac hypertrophy (Rockman et al., 1994).

RNA binding protein, fox-1 homolog (RBFox1), an RNA splicing regulator, is required for postnatal cardiac maturation and is expressed during cardiac development. Knockdown of rbfox1 in embryonic zebrafish with morpholinos decreases ejection fraction and increases pericardial edema (Gao et al., 2016). RBFox1 is required for splicing of transcription factor myocyte enhancer factor-2 (Mef2) family members yielding Mef2 isoforms with varying effects on cardiac hypertrophic gene expression. This study shows that regulation of RNA splicing by RBFox1 is an important player in transcriptome reprogramming during HF.

Neural crest cells migrate to embryonic hearts and transform into cardiomyocytes (Li et al., 2003; Sato and Yost, 2003). In zebrafish ventricles, neural crest-derived cardiomyocytes (NC-Cms) express a notch ligand, jagged canonical Notch ligand 2b (jag2b). Genetic ablation of NC-Cms in embryonic zebrafish reveals altered notch signaling, reduced jag2b expression and changes in trabeculation patterns (Abdul-Wajid et al., 2018). The transgenic NC-Cm-depleted zebrafish survive to adulthood. However, as adults these zebrafish show severe HCM and HF upon exercise stress testing. Adult jag2b mutant zebrafish show similar cardiac phenotype. These are interesting models for investigating adult-onset HCM and stress-induced HF.

Erb-B2 Receptor Tyrosine Kinase 2 (Erbb2) plays an important role in trabeculae formation (Lee et al., 1995; Liu et al., 2010). Trabeculae-deficient erbb2 mutant embryonic zebrafish develop HCM-like phenotype for compensation of aberrant trabeculae formation (Fleming et al., 2018). Rapamycin treatment rescues impaired cardiac contractility and cardiac hypertrophy through the inhibition of target of rapamycin (TOR) pathway. In line with these results, previously a transgenic zebrafish line with dominant negative expression of erbb2 showed DCM-like phenotype and aberrant trabeculae formation (Reischauer et al., 2014). These models enable investigation of the role of trabeculae in cardiac structure and function.

BAG Cochaperone 3 (Bag3) is classified as a cochaperone of the heat shock proteins, thought to assist mainly in degradation of cellular proteins. Mutations in Bag3 cause DCM in humans. Knockdown of bag3 by morpholinos in embryonic zebrafish results in impaired contractility and pericardial edema (Norton et al., 2011). In adult zebrafish, knockout of bag3 with TALEN genome editing technology results in enlarged cardiac chambers, reduced ejection fraction, and activation of mechanistic target of rapamycin (mTOR). Inhibition of mTOR signaling improves cardiac function and hence, could be a target gene for therapeutic treatment of DCM caused by mutations in Bag3 (Ding et al., 2019). However, CRISPR-Cas9 generated knockout of bag3 fails to show a DCM phenotype in adult zebrafish due to compensation by bag2 (Diofano et al., 2020). These studies also demonstrate how genetic compensation may influence the penetrance of disease-causing mutations in vivo, and underscores the importance of comparing various gene-editing techniques and solving possible discrepancies.

Lysosome-associated membrane protein 2 (Lamp2) is a membrane protein localized in lysosomes and endosomes (Ding et al., 2020). Mutations in Lamp2 cause Danon disease in humans, characterized by HCM and accelerated autophagy in tissues. The TALEN-generated lamp2 knockout adult zebrafish exhibit cardiac hypertrophy, reduced ventricular ejection fraction, increased autophagy, reduced physical exercise capacity, and attenuated β-adrenergic contractile response (Dvornikov et al., 2019). Cardiac hypertrophy and impaired contractile function are partially rescued by inhibition of mtor. This study demonstrates the feasibility of modeling inherited HCM in the adult zebrafish.

NADH:Ubiquinone Oxidoreductase Subunit A7 (NDUFA7) encodes a subunit of NADH:ubiquinone oxidoreductase (complex I) in the mitochondrial respiratory chain. Hedgehog acyltransferase-like (HHATL), a sarcoplasmic reticulum resident protein, is highly expressed in the heart and thought to be essential for postnatal muscle maturation (Van et al., 2015). Whole exome sequencing of HCM patients found an association with NDUFA7 and HHATL (Xu et al., 2015). In embryonic zebrafish, knockdown of ndufa7 and hhatla (HHATL ortholog in zebrafish) with morpholinos results in impaired contractility, cardiac hypertrophy, and increased expression of the hypertrophy markers nppa (ANP), nppb (BNP), and vmhc (ventricular myosin heavy chain) (Shi et al.,2020a,b). In both cases, calcineurin signaling is mechanistically implicated.

The heart development protein with EGF-like domains 1 (HEG1) receptor is expressed in endothelial cells and endocardium cells (Kleaveland et al., 2009). HEG1 is an important intercellular adhesion cadherin protein, maintaining cardiovascular function during embryonic development. Embryonic zebrafish heg1 mutants show signs of severe HF (Mably et al., 2003). heg1 knockout zebrafish generated with CRISPR-Cas9 show atrial and ventricular enlargement, slow heart rate and blood flow, and pericardial edema (Lu et al., 2020). The authors used this DCM model for drug screening. However, no data on cardiac contractility is reported.

Skeletal muscle growth 5 (USMG5) encodes Diabetes-associated protein in insulin-sensitive tissue (DAPIT). DAPIT is a component of ATP synthase, playing an important role in energy production. Knockdown of z-usmg5 with morpholinos in embryonic zebrafish results in impaired cardiac contractility, atrial enlargement, and pericardial edema (Nagata et al., 2017). This study suggests that insufficient energy production may lead to a DCM-like phenotype and HF.

Zebrafish mutant tr265/tr265, identified from an ENU mutagenesis screen, has malformed erythrocytes due to a solute carrier family 4 member 1 (slc4a1a) mutation leading to anemia and high-output cardiac stress (Sun et al., 2009). Hearts of the tr265/tr265 mutants show hypertrophy at 4 weeks post-fertilization and hyperplasia later at 16 weeks post-fertilization. This study is the first to show that unlike in mammalian models, both cardiomyocyte hypertrophy and hyperplasia contribute to the cardiac remodeling process in zebrafish. Adult zebrafish carrying mutations in atrial myosin heavy chain (myh6s459) have a weak atrium-phenotype. The atrium remains hypoplastic and shows elastin deposition while mutant ventricles exhibit increased size due to cardiomyocyte hyperplasia (Sarantis et al., 2019). Cardiac growth and vascularization are interlinked during development. Overexpression of the angiogenic factor vegfaa induces cardiac growth with hyperplasia in adult zebrafish (Karra et al., 2018). Gene-trap identified vinculin b (vclb) mutants, that were additionally generated with CRISPR-Cas9 technology, display multiple cardiac defects and abnormal coronary vessel development (Cheng et al., 2016). Epicardium-derived cells including cardiomyocytes overproliferate in vclb mutant fish. These, as well as some of the above-mentioned studies indicate that zebrafish respond to cardiac stress/injury with cardiomyocyte hyperplasia in addition to hypertrophy.

Mitochondrial calcium uniporter (MCU) is the major route for calcium uptake into the mitochondrial matrix (Baughman et al., 2011; De Stefani et al., 2011). Mitochondrial calcium uptake is essential for energy production, cell survival, and is shown to regulate cardiac calcium signaling and physiology (Drago et al., 2012; Wu et al., 2015). Adult zebrafish mcula2446 mutants, generated with TALEN technology, exhibit weakly contracting hypoplastic ventricles, sinus arrest, defects in the conduction system, as well as swollen mitochondria and damaged myofibrils in the ventricles (Langenbacher et al., 2020). This model is relevant for investigating mitochondrial calcium handling in the heart. Atrial fibrillation (AF) is the most common clinical arrhythmia; however, the underlying mechanisms of AF remain incompletely understood. Transgenic cmlc1 (cmlc1 is the zebrafish ortholog of atrial-specific myosin light chain, MYL4) mutant adult zebrafish hearts display disrupted sarcomeric structure, atrial enlargement, and electrical abnormalities associated with human AF (Orr et al., 2016). These findings describe the cause of a rare subtype of AF due to a primary, atrial-specific sarcomeric defect. dcos226 embryonic zebrafish mutants, identified from an ENU mutagenesis screen, develop HF due to interrupted morphogenesis following uncoordinated ventricular contraction, as investigated with optical mapping/calcium imaging (Chi et al., 2010). dco encodes the gap junction protein Gja3/Cx46. Mouse Cx46 mutants show cardiac conduction defects associated with human HF (Chi et al., 2010). This interesting study shows that cardiac electrical forces are required to preserve cardiac chamber morphology and may act as an important epigenetic factor in cardiac remodeling. Together these studies demonstrate the usability of zebrafish to model human arrhythmias and conduction defects.

Non-syndromic mitral valve prolapse (MVP) is a common cardiac valvular disease manifested by mitral regurgitation and HF (Guy and Hill, 2012). Genome-wide association studies have identified candidate genes for MVP (Dina et al., 2015). These include LIM and cysteine-rich domains 1 (LMCD1), a co-regulator of transcription highly expressed in cardiac tissue and a direct regulator of Gata6 in mice (Rath et al., 2005). Knockdown of lmcd1 with morpholinos in embryonic zebrafish results in significantly increased atrioventricular regurgitation (Dina et al., 2015). Another candidate gene, tensin 1 (TNS1), encodes a focal adhesion protein involved in cytoskeleton organization. TNS1 variants have been linked to a rare X-linked form of MVP (Kyndt et al., 2007). Knockdown of tns1 with morpholinos in embryonic zebrafish results in a similar phenotype of atrioventricular regurgitation (Dina et al., 2015). This study demonstrates the feasibility of modeling human valvular heart defects in zebrafish.



DRUG-INDUCED HEART FAILURE MODELS

β-adrenergic receptor (β-AR) signaling is known to be dysregulated in human HF. In rodents, acute or chronic β-AR activation by isoproterenol (ISO) causes myocardial damage leading to cardiac dysfunction and remodeling, hence it represents an established HF model (Grimm et al., 1998; Heather et al., 2009; Wang et al., 2019). In adult zebrafish, chronic ISO-treatment for 14 days induces severe systolic cardiac dysfunction similar to mammals, accompanied by transcriptional changes of β-AR components, increased gene expression of ANP and BNP, increased cell death, elevated inflammation and impaired calcium handling (Kossack et al., 2017). However, as a difference to mammalian models, no fibrosis is detected. In embryonic zebrafish, chronic ISO-treatment for 5 days induces systolic cardiac dysfunction and gene expression of ANP and BNP (Kossack et al., 2017). Thus, ISO stimulation in embryonic and adult zebrafish is feasible for studying the pathophysiological mechanisms underlying cardiac hypertrophy, cardiac remodeling and HF.

Phenylephrine (PE) is selective α1-adrenergic receptor activator. Treatment with PE increases blood pressure and causes cardiac hypertrophy in mice by increasing ventricular afterload (Iaccarino et al., 2001). PE treatment induces hypertrophy in ex vivo cultured adult zebrafish hearts (Romano and Ceci, 2020). Treatment of ex vivo zebrafish hearts with PE induces cardiomyocyte hypertrophy and epicardial hyperplasia as indicated by phalloidin staining of actin filaments and Wilms’ tumor suppressor (WT1, embryonic epicardial marker) staining of the epicardium (Romano and Ceci, 2020). This ex vivo zebrafish cardiac hypertrophy model is similar to mammalian models and may offer advantages for studying cardiac hypertrophy due to easy manipulation of experimental conditions.

Aristolochic Acid (AA) is a phytochemical commonly found in the Aristolochiaceae family of flowering plants. AA is a component of Chinese herbs and is known to be toxic to multiple organs (Huang et al., 2007). In embryonic zebrafish, treatment with AA causes cardiac hypertrophy and gradual loss of contractility. This worsening HF is lethal (Huang et al., 2007, 2014). Histological and electron microscopic studies of the heart samples reveal loss of endocardium, hypertrophy of cardiomyocytes and disorganized cardiac fibers (Huang et al., 2007). The authors also show the potential of this model for drug discovery and identify three compounds that attenuate HF; mitogen-activated protein kinase 1 (MEK-1), a chalcone derivative C25, and a phenolic compound A11 (Huang et al., 2013). Another study, using the same AA-induced HF model, shows that treatment with empagliflozin, a sodium-glucose cotransporter 2 (SGLT2) inhibitor, used in the treatment of type 2 diabetes and HF, attenuates cardiac morphological changes, and reduces the expression of BNP and ANP as well as mortality of embryonic zebrafish (Shi et al., 2017).

Exposure to polycyclic aromatic hydrocarbons (PAHs) by pollution associates with cardiac pathologies such as hypertrophy, arrhythmias and contractile dysfunction (Marris et al., 2020). In zebrafish, exposure to PAHs during embryonic development is cardiotoxic and leads to adverse effects on heart development (Hicken et al., 2011; Incardona et al., 2011). A high-ring PAH, benzo[a]pyrene (BaP) causes bradycardia and pericardial edema at high concentrations (Incardona et al., 2011). Exposure to low dose BaP during embryonic development causes cardiac hypertrophy in adult zebrafish as revealed by increased heart weight to body weight ratio, deposition of collagen in the heart, and elevated gene expression of ANP, BNP, and proto-oncogene c-Myc (Huang et al., 2014). Similarly, transient exposure of embryonic zebrafish to low concentrations of crude oil affects heart function at later stages (Hicken et al., 2011).

Phenylhydrazine hydrochloride (PHZ) is a small molecule that induces anemia through lysis of red blood cells (Norman and Mc, 1958). Chronic anemia leads to cardiomegaly resulting from both hypertrophy and hyperplasia in adult zebrafish (Sun et al., 2009). Fractional shortening is reduced and ventricular diameter is increased after 5 weeks of PHZ treatment (Ernens et al., 2018). However, as zebrafish has tremendous capability to recover from HF, cardiac function is restored to baseline levels 3 weeks after PHZ treatment withdrawal. Hence, this model may be used to investigate mechanisms of cardiac repair.

Verapamil is a calcium channel blocker that is used for treating cardiac arrhythmias, hypertension, and angina. Overdose of verapamil causes HF in humans. Zhu et al. (2018) developed a verapamil-induced embryonic zebrafish HF model for drug screening. Treatment with verapamil causes pericardial edema and venous blood congestion with reduced cardiac output and blood flow velocity (Zhu et al., 2018). The model was validated by testing the efficacy of 8 human HF drugs, which all show significant therapeutic effect on the zebrafish HF model. This embryonic zebrafish HF model may thus be used for in vivo drug screening.

Tolterodine, a muscarinic receptor antagonist, has been identified as a modifier of cardiac conduction in embryonic zebrafish (Burczyk et al., 2019). Treatment with tolterodine leads to decreased heart rate, pericardial edema and arrhythmia. Additionally, it induces expression of Tbx18, which is essential for differentiation of contractile cardiomyocytes into pacemaker cells. Targeted inhibition of muscarinic receptors with tolterodine may induce new pacemaker cells in the adult heart and ameliorate cardiac arrhythmias (Burczyk et al., 2019). Thus, this model is useful for investigating the cardiac conduction system.

Terfenadine is a commonly used antihistamine for treating allergies. However, treatment with terfenadine involves a risk of developing arrhythmias. Gu et al. (2017) developed a terfenadine-induced embryonic zebrafish DCM model. Terfenadine treated zebrafish show reduced circulation, heart rate and cardiac contractility, atrioventricular block, pericardial edema and enlarged ventricular area (Gu et al., 2017). Additionally, cardiomyocyte apoptosis and gene expression of BNP are increased. This rapid and simple model may be used for drug screening and toxicity assays for non-ischemic HF.

Anthracyclines are commonly used anticancer drugs with serious side effects including cardiotoxicity. Developmental cardiotoxicity of anthracyclines has been investigated in embryonic zebrafish (Han et al., 2015), which show similar dose-dependent effects on the heart as mammalian models. Doxorubicin is a highly effective anthracycline class chemotherapy agent. A doxorubicin-induced CM model in embryonic zebrafish recapitulates the cardiomyocyte apoptosis and decline in contractility seen in human patients (Liu et al., 2014). This model may be used for screening cardioprotective drugs and investigating cardioprotective mechanisms.



OTHER HEART FAILURE MODELS

As HF commonly develops following cardiac injury, namely myocardial infarction (MI), various models have been developed in zebrafish to model MI. The first model was the ground-breaking observation that zebrafish regenerates its heart after resection of 20% of the ventricle (Poss et al., 2002). After that the cryoinjury model, in which the dead and injured cells remain in the injury area, was developed (Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel et al., 2011). The third common method to model MI is genetic ablation of cardiomyocytes driven either by nitroreductase (Curado et al., 2007) or diphtheria toxin (Wang et al., 2011). Additionally, ischemic cardiac injury in adult zebrafish has been induced by hypoxia/reoxygenation (Parente et al., 2013). 15 min in hypoxic conditions results in oxidative stress, inflammation, death and proliferation of cardiomyocytes. Fractional area change decrease measured 1 day post-injury, is fully recovered a month post-injury. These models have been used mainly to focus on the mechanisms of the regenerative capability of the zebrafish heart. This regenerative capability limits using the MI models for investigating chronic HF, as the impaired cardiac function recovers in a few weeks post-injury.

Exercise and physical stress are known to cause adaptive cardiac hypertrophy in humans (Nakamura and Sadoshima, 2018). Conversely, in zebrafish exercise-induced cardiomegaly is the result of hyperplasia, not hypertrophy (Jean et al., 2012). Cardiac function prevails during this adaptive cardiac hyperplasia. Thus, while unable to model HF, this model is relevant for investigating cardiac remodeling. However, others report zebrafish exercise-induced cardiomegaly to result from hypertrophy, oblivious to the possibility of cardiac hyperplasia (Zhou et al., 2020). The authors also describe notable cardiac contractile impairment in the exercised fish. However, no data on this is presented (Zhou et al., 2020). The effects of exercise have been studied in a zebrafish cardiac cryoinjury model (Rovira et al., 2018). Exercise improves cardiac function and scar tissue clearance post-injury, and increases cardiomyocyte proliferation. No cardiac damage or hypertrophy is reported. Additionally, exercise-induced physical stress can be used to bring out the pathological phenotype in those with a genetic predisposition. At baseline phenotypically unremarkable heterozygous zebrafish adults carrying mutations associated with CM in myosin light chain develop HF in response to physical stress (Scheid et al., 2016). This study demonstrates the usefulness of exercise-induced physical stress for revealing pathophysiology when cardiac function remains compensated under resting conditions.

Hyperglycemia predisposes to HF (Bell, 2003). Many zebrafish diabetes models have been published (Zang et al., 2018). In embryonic zebrafish, knockdown of glut12 with morpholinos causes hyperglycemia and HF (Jimenez-Amilburu et al., 2015). However, in this model of diabetic CM, abnormal valve formation and bradycardia are concluded to indicate HF, without showing data on cardiac size or pump function. A hyperglycemia-induced model of diabetic CM in adult zebrafish induces cardiac hypertrophy and impaired diastolic function followed by impaired systolic function (Sun et al., 2017). In another diabetic CM model, hyperglycemia is induced by intraperitoneal streptozocin injections, leading to heart enlargement, arrhythmias, and diastolic dysfunction followed by systolic dysfunction (Wang et al., 2020). These models are relevant for investigating diabetic CM and HF. Additionally, the effects of hyperglycemia on congenital heart defects have been investigated in developing zebrafish embryos (Liang et al., 2010).



DISCUSSION

Heart failure is characterized either by impaired pump/systolic function of the heart [heart failure with reduced ejection fraction (HFrEF)] or impaired relaxation/diastolic function of the heart [heart failure with preserved ejection fraction (HFpEF)] (Ponikowski et al., 2016). HFpEF is becoming the predominant form of HF, and these patients are more likely to be women of advanced age with comorbidities (Dunlay et al., 2017). The etiology of HFpEF remains incompletely understood, and prognosis-improving drugs are lacking. When modeling HF, it is therefore important to characterize its sub-type as accurately as possible. Up until recently, zebrafish HF models have largely remained uncharacterized with regard to diastolic and/or systolic dysfunction. However, characterization of the HF sub-type in adult zebrafish is becoming more common with the development and availability of echocardiography (Lee et al., 2014; Ernens et al., 2016; Wang et al., 2017). For adult zebrafish echocardiography, the time has come to establish guidelines for standardized imaging conditions (anesthesia, water temperature etc.) and criteria for characterizing cardiac function. Additionally, embryonic zebrafish HF models now often elaborate on the sub-type of HF (Chen et al., 2013).

With chronic stress, HF develops slowly during a process of cardiac remodeling. Human adult cardiomyocytes are terminally differentiated, and cannot increase in number in response to stress. Instead, the cardiomyocytes increase in size (cardiac hypertrophy) to maintain sufficient heart function to meet the body’s demands. With time, this adaptive hypertrophy becomes maladaptive and progresses to HF via numerous molecular signaling pathways, which still remain largely elusive (McMullen and Jennings, 2007; Tham et al., 2015). These pathways leading to cardiac remodeling are known to involve modulation of cell growth and proliferation, gene expression (also by non-coding RNAs), immune responses, cellular metabolism, mitochondrial function, fibrosis, impaired intracellular calcium handling (Lou et al., 2012), cell death etc. The question of whether cardiac hypertrophy is beneficial (adaptive) or harmful (maladaptive) continues to trouble scientists (Carabello, 2014). Unlike humans, zebrafish hearts are able to respond to cardiac stress by proliferation of cardiomyocytes (hyperplasia) in addition to growth of cell size (hypertrophy), as shown for high-output cardiac stress due to anemia (Sun et al., 2009) and following ventricular resection (Karra et al., 2018). Quantification of cardiomyocyte numbers and sizes in embryonic zebrafish hearts is relatively straight-forward (Figure 2). Additionally, for quantifying cardiomyocyte number, transgenic zebrafish such as Tg (myl7:DsRed2-nuc) are useful (Miura and Yelon, 2011). This makes zebrafish an intriguing model for investigating the detailed mechanisms of adaptive versus maladaptive cardiac remodeling. However, understanding the similarities and differences of these remodeling pathways in human and in zebrafish is essential.

Zebrafish is a useful model for in vivo high-throughput drug and toxicity screening, and has been used for cardiac drug discovery (Kessler et al., 2015), investigation of drug-induced cardiotoxicity (Zakaria et al., 2018), as well as nanoparticle toxicity (Chakraborty et al., 2016). Importantly, drug-induced effects on the QT-interval show excellent correlation between human and zebrafish (Milan et al., 2006). Drugs used for treatment of HF have been shown to be beneficial for preventing acute HF in an embryonic zebrafish HF model (Zhu et al., 2018). Thus, from a pharmacological point of view, zebrafish offers a relevant vertebrate model for drug-screening and drug-induced HF.

Cardiac electrophysiology, namely heart rate and action potential duration, is qualitatively similar in zebrafish and humans (Arnaout et al., 2007; Nemtsas et al., 2010). The fundamentals of cardiac excitation-contraction coupling, conversion of the electrical signal (action potential) to the mechanical response (contraction), is conserved between humans and zebrafish (Bovo et al., 2013). Combined with the high degree of genetic similarity (Barbazuk et al., 2000), this conserved physiology allows zebrafish to be used for modeling human genetic and acquired CMs (Dahme et al., 2009; Gut et al., 2017; Ding et al., 2020). This supports the use of zebrafish as a first-line animal model for investigating phenotype and physiology of genetic variants, as has been successfully done for human primary genetic CMs: DCM (Shih et al., 2015), HCM (Dvornikov et al., 2018), restrictive cardiomyopathy (RCM) (Louw et al., 2018), arrhythmogenic right ventricular cardiomyopathy (ARVC) (Asimaki et al., 2014), and left ventricular non-compaction cardiomyopathy (LVNC) (Bainbridge et al., 2015).

However, it is essential to acknowledge the caveats of using zebrafish to model human heart disease (Table 1B). When modeling human HF, essential differences in hemodynamics are important to take into account. The zebrafish heart is two-chambered and lacks pulmonary circulation, obviously limiting chances to model human right-sided HF. In fish, ventricular filling during diastole is mainly determined by atrial contraction, as opposed to central venous pressure in humans (Cotter et al., 2008).

Although the fundamentals of cardiac electrophysiology are similar in zebrafish and humans, important differences exist. In zebrafish the balance of inward currents is different; sodium current is lower and calcium current higher than in humans. In repolarization, outward potassium currents differ because the transient outward potassium current and the slow component of the delayed rectifier current are absent in zebrafish (Vornanen and Hassinen, 2016). However, human genetic repolarization disorders, both short and long QT syndromes, have been successfully modeled in zebrafish (Milan et al., 2006; Arnaout et al., 2007; Thorsen et al., 2017). Some have concluded that zebrafish may provide a relevant model for cardiac electrophysiology associated with abnormal repolarization, but may be less suitable for studying depolarization disorders or calcium-modulated arrhythmias (Verkerk and Remme, 2012). Almost half of HF patients suffer sudden cardiac death (SCD) mainly due to ventricular tachyarrhythmias, putting SCD on par with failure of pump function as a cause of mortality in HF (Tomaselli et al., 1994). It follows that a better understanding of zebrafish cardiac electrophysiology and its limitations is needed for relevant modeling of human cardiac electrophysiology and arrhythmias associated with HF.

Impaired calcium handling plays an essential role behind both weakened cardiac pump function and arrhythmias in the failing human heart (Pogwizd and Bers, 2002). Dysregulation of calcium, in addition to triggering arrhythmias by causing afterdepolarizations, is also known to contribute to impaired cardiac function and formation of anatomical substrate for arrhythmias by increased fibrosis (Chen et al., 2005; Nakayama et al., 2007). In human ventricular cardiomyocytes, the majority of calcium responsible for muscle contraction comes from the intracellular stores of the sarcoplasmic reticulum (SR), whereas in zebrafish SR calcium release is limited, accounting for only a fraction of the calcium transient (Bovo et al., 2013). In zebrafish, the main source of calcium for muscle contraction is extracellular calcium, which enters mainly via sarcolemmal T-type calcium channels (Vornanen and Hassinen, 2016; Haverinen et al., 2018). In humans, the sarcolemmal calcium current necessary for calcium-induced calcium release occurs via L-type calcium channels, whereas significant expression of T-type calcium channels is lacking (Gaborit et al., 2007). At the cellular level, adult zebrafish ventricular cardiomyocytes more resemble their neonatal than adult mammalian counterparts. Zebrafish cardiomyocytes are clearly thinner, lack sarcolemmal T-tubules, have lower dependence on SR calcium cycling and larger dependence on sarcolemmal T-type calcium currents for muscle contraction (Haverinen et al., 2018). In healthy mammalian hearts, the force-frequency relationship (FFR) of cardiac muscle contraction is positive, i.e., the force of muscle contraction increases as the heart rate increases. A flat or negative FFR is a hallmark of HF (Pieske et al., 1998). Conversely, FFR is strongly negative in the zebrafish heart (Haustein et al., 2015), likely mainly due to low dependence of excitation-contraction coupling on SR calcium cycling. These differences need to be acknowledged when modeling human HF.

In zebrafish, gene duplication has resulted in gene paralogs that are not present in mammals (Howe et al., 2013). These paralogs may obtain novel or more limited roles, driving evolution and potentially producing genes without mammalian orthologs. Thus, gene duplication confounds the use of zebrafish to model mammalian genetic diseases (Genge et al., 2016). Furthermore, the rapid development or powerful gene-editing techniques necessitates continuous assessment of the advantages and disadvantages of each method. CRISPR-generated knockout of target genes might paradoxically result in milder phenotypes than transient morpholino-generated knockdown of the same target genes, due to transcriptional adaptation-derived compensation, where related genes are upregulated independently of protein feedback loops (El-Brolosy et al., 2019). These findings may help in designing mutant alleles that minimize this genetic compensation. On the other hand, the phenotypes in morpholino-generated knockdowns may be due to off-target or toxic effects of the reagents used knocking down the gene (Schulte-Merker and Stainier, 2014). For distinguishing possible off-target effects of MOs from specific phenotypes, MOs should be used according to established guidelines (Stainier et al., 2017).

Another aspect limiting the usability of zebrafish for modeling human HF is the apparent scarcity of chronic cardiac fibrosis in zebrafish (Gonzalez-Rosa et al., 2011; Sanchez-Iranzo et al., 2018). In addition to proliferation of cardiac fibroblasts and excessive deposition of extracellular matrix, macrophages are implicated in formation of cardiac fibrosis, leading to stiffening of the cardiac muscle (Simoes et al., 2020). In humans, cardiac fibrosis is closely associated with remodeling following cardiac injury such as MI, and is an important factor contributing to development of HF and arrhythmias involving conduction abnormalities (Kashani and Barold, 2005; de Jong et al., 2011; Braunwald, 2013). Fibrosis along with increased heart size delays conduction and contributes to forming an anatomical substrate for reentrant arrhythmias. Although zebrafish lack a specialized His-Purkinje conduction system, they possess ventricular cardiomyocytes expressing cx46, interpreted as the functional equivalent of the mammalian His-Purkinje system (Chi et al., 2010). With small hearts, differences in intracellular calcium cycling, and scarce fibrosis, the anticipated value of modeling structural arrhythmias and chronic cardiac fibrosis related to HF in zebrafish is limited. However, some do report significant chronic cardiac fibrosis in zebrafish (Huang et al., 2014; Sun et al., 2020). In addition to scarcity of chronic cardiac fibrosis in zebrafish, the same applies to lack of cardiac fatty tissue, a hallmark of human arrhythmogenic CM (Gerull and Brodehl, 2020). From another viewpoint, the apparent scarcity of chronic fibrosis and fatty tissue in zebrafish provides an excellent model system for studying the detailed molecular mechanisms of cardiac repair and regeneration, as the increasing research efforts of recent years indicate (Foglia and Poss, 2016; Karra and Poss, 2017; Sanz-Morejon and Mercader, 2020). Therefore, while modeling especially chronic human HF in zebrafish is in many aspects suboptimal, zebrafish provide an excellent model for investigating how to repair and regenerate the diseased heart.



CONCLUSION

Based on genotypic and phenotypic similarities, zebrafish provide a relevant model for investigating CMs and the phenotype/physiology of genetic variants. When its limitations are carefully acknowledged, zebrafish can also be useful for modeling pathological cardiac electrophysiology, and congenital heart disease (Gut et al., 2017). With each model, attention should be paid to characterize cardiac structure and function as accurately as possible, including quantification of cardiac size while distinguishing between cardiac hypertrophy and hyperplasia.

Factors limiting the value of zebrafish HF models for impaired cardiac function and arrhythmias include zebrafish having small two-chambered hearts with scarce fibrosis, and differences in calcium cycling and ionic currents, which lead to differences in hemodynamics and cardiac electrophysiology.

The most interesting zebrafish HF research avenue is the tremendous ability of zebrafish to repair and restore cardiac function of the failing heart and thus recover from HF. Diving into the depths of these molecular pathways with zebrafish will hopefully provide significant insights for advancing treatment of human HF in the years to come.
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