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Heart failure (HF) is a complex condition where the heart is unable to provide sufficient blood 
supply to meet the metabolic need. Myocardial infarction (MI) is the major cause for developing 
heart failure, and the prevalence of heart failure is over 10% in individuals over the age of 70. The 
zebrafish (Danio rerio) is widely used as an animal model for cardiovascular diseases, including 
heart failure. The highly conserved hypoxia response in vertebrates makes zebrafish a suitable 
disease model to study heart failure. In this study, I aimed to evaluate the role of the mmp13a, 
mmp13b, slc5a1, and slc5a2 genes in heart failure in a hypoxia-induced zebrafish embryo heart 
failure model using CRISPR/Cas9-mediated gene knockout techniques. The target genes were 
knocked out by microinjecting the Cas9 ribonucleoprotein (RNP) complex into the early-stage 
zebrafish embryos. The embryos were exposed to hypoxia at three days post-fertilization (3 dpf), 
and the heart was imaged at 4 dpf. The diameter of the heart at diastole and systole was measured, 
and the fractional shortening (FS%) was calculated. There was no difference in FS% after gene 
knockout without hypoxia exposure. After 45 minutes of hypoxia exposure, a reduction in the FS% 
was observed in the mmp13b knockout group, and after 60 minutes of hypoxia exposure, an 
improvement in the FS% was observed in the slc5a1 and slc5a2 knockout groups. These results 
suggest that knockout of slc5a1 and slc5a2 improves cardiac function (FS%), while mmp13b 
knockout impairs it under hypoxia-induced heart failure conditions in zebrafish embryos. 
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1. Introduction  

Heart failure  

Heart failure (HF) can be defined as the heart’s inability to provide sufficient blood supply 

to meet the metabolic need, and various conditions can lead to HF, such as ischemic heart 

disease and hypertension (Kemp & Conte, 2012). It is a complex condition that may result 

from functional or structural dysfunction, leading to decreased capacity of the ventricle to 

supply blood to different parts of the body (Warriner et al., 2015). When the heart is failing, 

the body tries to compensate through various mechanisms, which can be beneficial during 

the early stages but worsens HF in the long run. These may include an increase in cardiac 

output, myocardial remodeling, and different neurohormonal systems activation (Kemp & 

Conte, 2012). HF is not considered a dysfunction of a single organ; rather, it affects 

multiple organ systems in the body (Warriner et al., 2015).  

Epidemiology 

Approximately one third of all global deaths are caused by various cardiovascular diseases, 

making it the leading cause of mortality worldwide, accounting for 20.5 million deaths 

(Cesare et al., 2024). Annually, various cardiovascular diseases cause approximately 55% 

of deaths in women and 43% of deaths in men in Europe (Liu et al., 2024). 

The prevalence of HF is increasing with the aging population, and worldwide it is currently 

affecting around 64 million people (Shahim et al., 2023). The overall prevalence of HF in 

Europe and the USA can range from 1-12%. In the adult population, it is estimated to be 1–

2%, but in the population aged over 70, it can rise to over 10%. The lifetime risk of HF after 

age 55 is 33% and 28% for men and women, respectively (Ponikowski et al., 2016). The 

prevalence of heart failure is up to 22% in patients with diabetes (Pop-Busui et al., 2022). 

Currently, in Finland, the prevalence of heart failure is 13.9 per 1,000 individuals, with a 

five-year mortality rate of 62.6% among HF patients, and it is estimated that 16.7% of 
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people over age 65 seeking medical care for shortness of breath have undiagnosed heart 

failure. (Huusko et al., 2019). 

Classification 

Heart failure can be classified into three major categories based on the left ventricular 

ejection fraction (LVEF): HF with preserved ejection fraction (HFpEF), HF with mildly 

reduced ejection fraction (HFmrEF), and HF with reduced ejection fraction (HFrEF) (Table 

1). HF with improved ejection fraction (HFimEF) is a new category that has been recently 

introduced, as the LVEF demonstrates an absolute increase of ≥10% to a value higher than 

40% in 10% to 60% patients with HFrEF (Profire et al., 2025). 

Older people, mostly older women with a previous history of hypertension and atrial 

fibrillation, are more often diagnosed with HFpEF rather than HFrEF. A mixture of HFpEF 

and HFrEF characteristics is observed in the patients with HFmrEF. This indicates that 

patients with HFmrEF may experience symptoms and clinical features that overlap 

between HFpEF and HFrEF, which complicates their diagnosis and treatment (Ponikowski 

et al., 2016). 

Table 1. Heart failure classification and corresponding LVEF values 

Category LVEF EF Status 

HFpEF ≥ 50% Preserved 

HFmrEF 41-49% Mildly reduced 

HFrEF ≤ 40% Reduced 

HFimEF >40% (+ ≥10% increase) Improved 

Etiology 

Multiple factors are associated with the etiology of HF. For patient management and 

accurate diagnosis, understanding the underlying cause is necessary (Profire et al., 2025). 

Genetic predisposition plays a significant role in developing heart failure, and some genetic 

mutations can alter the cardiac structure, causing heart failure (Schwinger, 2021). Although 

there is no added diagnostic benefit of routine genetic testing in patients with a confirmed 
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clinical diagnosis of heart failure, in patients with hypertrophic cardiomyopathy or 

arrhythmogenic right ventricular cardiomyopathy, genetic counseling is still recommended 

(Ponikowski et al., 2016). 

Two-thirds of HF cases can be linked to chronic conditions such as arterial hypertension 

and ischemic heart disease (Kozman et al., 2025). Changes in the structure of the heart can 

be observed in patients with prolonged high blood pressure, which can decrease the 

heart’s ability to pump blood effectively (Ponikowski et al., 2016). 

Ischemic heart disease is the leading cause for patients with HFrEF or HFmrEF. 

Hypertension and valvular diseases are more prevalent in those with HFpEF. The impact of 

these causes on prognosis differs by HF type. Ischemic etiology is linked to higher mortality 

in HFrEF, while hypertensive and valvular etiologies are more associated with hospital 

admissions in other HF groups (Schwinger, 2021). Valvular heart disease (VHD) can lead to 

heart failure through mechanical damage to the heart, and different valve damage is 

associated with different VHD-related heart failure phenotypes. Damages in different heart 

valves can impair the heart’s ability to pump blood effectively, leading to increased oxygen 

demand and mitochondrial dysfunction. The progression of valvular heart disease is 

further promoted by valvular fibrosis caused by mitochondrial dysfunction (S. Zhang et al., 

2023).  

Myocarditis, an inflammatory disease of the heart muscle, can impair heart function and 

leads to heart failure. While various infectious and non-infectious factors can cause 

myocarditis, it is mostly caused by viral infections (Brociek et al., 2023). Although viral 

infections are the most common infectious factors for myocarditis, bacterial, fungal, and 

protozoal infections can also lead to myocarditis (Nappi, 2025).  

In patients with diabetes, heart failure is the most common cardiovascular complication, 

and patients with diabetes can develop heart failure irrespective of the presence of 

hypertension or coronary heart disease (Pop-Busui et al., 2022).  

Hypertension and ischemic heart disease are the main causes of heart failure in high-

income countries. At the same time, valvular heart disease is becoming more common due 
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to an aging population. In low-income countries in Asia and Africa, the major concern is 

rheumatic heart disease. The similarity in heart failure patterns between middle-income 

and high-income countries is due to increased life expectancy, Western dietary habits, and 

environmental changes (McBeath & Cowie, 2022).  

Pathophysiology  

Heart failure's underlying mechanisms are complex and involve several factors. 

Inflammation, hypoxia, oxidative stress, and both genetic and environmental influences 

can trigger the migration of cardiac fibroblasts and their differentiation into myofibroblasts. 

This process leads to cardiac remodeling and diastolic dysfunction (Biegus et al., 2021; 

Parichatikanond et al., 2020). Conditions that cause chronic stress on the heart, such as 

hypertension, can lead to cardiac remodeling, which involves changes in the size and 

shape of the heart. These changes ultimately lead to impaired heart functions (Cohn et al., 

2000).  

Myocardial infarction (MI) is the most common cause for the development of heart failure, 

and acute myocardial infarction (AMI) can worsen HF through cardiac remodeling and 

other mechanical dysfunctions (Jugdutt, 2012). Chronic coronary artery disease (CAD) and 

AMI can lead to severe myocardial ischemia, where the metabolic need for oxygen is not 

met due to either reduced coronary blood supply or increased need for oxygen in the 

myocardium. Although hypoxia is playing a crucial role, the ischemic heart undergoes 

increased oxidative stress after reperfusion as the heart attempts to return to aerobic 

respiration and produces reactive oxygen species (ROS) that could be toxic to the 

myocardium. Compromised mitochondrial function during hypoxia causes this production 

of toxic levels of ROS (Shohet & Garcia, 2007). Oxidative stress causes endothelial 

dysfunction, leading to increased vascular resistance and cardiac demand. Endothelial 

dysfunction is involved in the pathophysiology of both heart failure with preserved ejection 

fraction (HFpEF) and heart failure with reduced ejection fraction (HFrEF) (Zuchi et al., 

2020). People with heart failure often have higher levels of inflammatory markers, such as 

TNF-α, E-selectin, interleukin-6 (IL-6), and intercellular adhesion molecule 1 (ICAM-1). 
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Inflammaging, a chronic, low-level inflammation seen in older adults, is characterized by 

increased levels of TNF-α, IL-6, and interleukin-1 beta (IL-1β) compared to younger people. 

These inflammatory markers can then increase oxidative stress by activating nicotinamide 

adenine dinucleotide phosphate oxidase (NADPH oxidase, NOX) (Murphy et al., 2020). 

Moreover, CD4+ T lymphocytes and M1 macrophages can worsen the inflammatory 

response. At the same time, a decrease in the activity of anti-inflammatory regulatory T 

cells can increase the inflammatory response (H. Liu et al., 2024b). The sympathetic 

nervous system (SNS) and the renin-angiotensin-aldosterone system (RAAS) can cause 

neurohormonal activation (Figure 1). Activation of this process helps to maintain cardiac 

output, but prolonged activation becomes harmful as angiotensin II (Ang II) stimulates 

cardiomyocyte hypertrophy and interstitial fibrosis (McBeath & Cowie, 2022).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The basic pathophysiology of heart failure due to left ventricular damage. Adopted 

from (McBeath & Cowie, 2022).  
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Fractional shortening (FS%) is the change in diameter in the left ventricle (LV) during 

diastole and systole, and it is a rapid process that is often performed in emergency 

situations and can reflect how the left ventricle is operating (Weekes et al., 2012). Although 

FS% and ejection fraction (EF) are being used for the assessment of LV performance, in 

some cases, for example, in left ventricular hypertrophy (LVH), these two measurements 

can remain preserved, and mid-wall FS could be an alternative to conventional FS 

measurement to obtain more accurate insights (Yoshikawa et al., 2012).  

Diagnosis of heart failure  

The diagnosis of heart failure relies on the comprehensive assessment of clinical 

symptoms such as shortness of breath, persistent cough, fatigue, and generalized or lower 

extremity edema, as well as on various imaging techniques and biomarkers (Golla et al., 

2026).  

Echocardiography is a widely used, non-invasive imaging technique for the clinical 

diagnosis of heart failure. This technique can detect abnormalities in the heart valves and 

structural changes in heart failure. Heart failure can be categorized based on the 

echocardiographic assessment of the ejection fraction (EF) (Dini et al., 2024). Cardiac 

magnetic resonance (CMR) is another non-invasive imaging technique, which is used for 

the assessment of the heart chambers and myocardial tissue. Compared to 

echocardiography, CMR is superior in assessing myocardial tissue and left ventricular (LV) 

function. CMR is also used to identify ischemic and non-ischemic causes of heart failure 

(C. Liu et al., 2021). Although echocardiography and cardiac magnetic resonance (CMR) is 

the most used imaging techniques for the diagnosis of heart failure, with the increase in 

computation power, computed tomography angiography (CTA) is becoming a valuable 

diagnostic tool for heart failure. CTA provides detailed images of cardiac anatomy, which 

might be useful for diagnosing heart failure due to complex coronary abnormalities (Aziz et 

al., 2019).  

Natriuretic peptides such as brain natriuretic peptide (BNP) and N-terminal pro-BNP (NT-

proBNP) can be used as biomarkers of heart failure. In patients with heart failure, a 
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significant increase in BNP is observed, and it is proportional to the severity of heart failure. 

In patients who are at high risk of developing heart failure, such as those with diabetes 

mellitus or hypertension, natriuretic peptides can be used to assess the risk of developing 

heart failure (Vergani et al., 2024). Troponin is another important biomarker of heart failure, 

and increased levels of troponin indicate myocardial injury and heart failure. In heart 

failure, increased troponin levels strongly correlate with the underlying pathology 

(GHERASIM, 2019).  

Heart failure management 

Pharmacological treatment  

The pharmacological management of HF includes several classes of drugs (Table 2). Some 

of these treatment options are considered first-line therapy regardless of other co-

morbidities such as chronic kidney disease (CKD) (Rist et al., 2024).  

Table 2. Pharmacological treatment options and clinical benefits in HF management 

Drug Class Clinical Benefits Patient Groups 

Beta-blockers First-line therapy All HF patients 

Angiotensin-Converting Enzyme 

Inhibitors / Angiotensin II Receptor 

Blockers (ACEIs/ARBs) 

First-line therapy All HF patients 

Mineralocorticoid Receptor Antagonists 

(MRAs) 

First-line therapy All HF patients 

Angiotensin Receptor-Neprilysin 

Inhibitors (ARNIs) 

Reduce HF hospitalizations CKD 

Sodium-Glucose Co-Transporter 2 

Inhibitors (SGLT2 inhibitors) 

Reduce cardiovascular 

death and HF 

hospitalizations 

Elderly, CKD, 

diabetes, HFrEF 

Soluble Guanylate Cyclase Stimulators 

(sGC stimulators) 

Improve HF outcomes CKD 
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The pharmacological management of heart failure depends on the severity, and often a 

combination of different classes of drugs is used (Table 2) (Safi et al., 2017). Beta-blockers 

are considered a first-line therapy for the management of heart failure due to their ability to 

reverse the hyperactivation of the renin angiotensin-aldosterone system and sympathetic 

nervous system (SNS) (Masarone et al., 2021). Among the three types of beta-receptors 

(beta1, beta2, and beta3), beta1 is mainly expressed in the heart, and activation of the beta1 

receptor leads to increased heart rate (positive chronotropic effect) and contractility 

(positive inotropic effect) (Safi et al., 2017). The prolonged activation of the sympathetic 

nervous system (SNS) after a cardiac insult results in increased plasma levels of 

epinephrine and norepinephrine (Masarone et al., 2021). The persistent activation of the 

beta1 receptor by epinephrine and norepinephrine leads to cardiac beta-receptor 

dysfunction in heart failure. By blocking the beta1 receptor, beta-blockers inhibit the 

chronotropic and inotropic effects (Farzam & Jan, 2026). It is recommended to initiate 

treatment with beta-blockers at a low dose, and if needed, increase the dose slowly. The 

clinical benefits of beta-blockers in chronic heart failure are dose-dependent, and a higher 

dose is tolerable and provides better benefits (Niriayo et al., 2020). Only the selective beta1 

blockers (metoprolol and bisoprolol) and third-generation non-selective combined alpha 

and beta blockers (carvedilol) are recommended for the management of heart failure (Safi 

et al., 2017). The recommended daily target dose of metoprolol, bisoprolol, and carvedilol 

is 200 mg, 10 mg, and 50 mg, respectively (Niriayo et al., 2020).  

The neuropeptide angiotensin II (Ang-II) plays an essential role in the development of 

essential hypertension; however, inhibition of Ang-II has additional benefits other than only 

lowering blood pressure (Shrimpton et al., 2020). Angiotensin-converting enzyme inhibitors 

(ACEIs), such as enalapril and lisinopril, and angiotensin II receptor blockers (ARBs), such 

as valsartan and losartan, are also considered first-line therapy in heart failure 

management. ACEIs decrease systolic wall stress, preload, and afterload, which results in 

improved cardiac output without an increase in heart rate (Herman et al., 2026). 

Angiotensin II causes vasoconstriction, reduces water and sodium excretion, stimulates 

cardiac myocyte hypertrophy, and inhibits norepinephrine reuptake. Angiotensin-
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converting enzyme inhibitors (ACEIs) modulate the renin-angiotensin-aldosterone system 

and block the conversion of angiotensin I to angiotensin II. Decreased angiotensin II levels 

lead to an increase in sodium and water excretion and lower blood pressure (M. G. Khan, 

2015). The principal binding site for angiotensin II is the G protein-coupled receptor Ang-II 

type 1 (AT1). Angiotensin II receptor blockers (ARBs) inhibit the binding of angiotensin II to 

the AT1 receptor. The physiological effects of ACEIs and ARBs also include a decrease in 

cardiac remodeling and fibrosis (Shrimpton et al., 2020). The benefits of angiotensin-

converting enzyme inhibitors (ACEIs) and angiotensin II receptor blockers (ARBs) are dose 

dependent, with higher doses significantly reducing all-cause mortality in heart failure (M. 

S. Khan et al., 2017). Neprilysin inhibitors in combination with angiotensin II receptor 

blockers, also known as angiotensin receptor neprilysin inhibitors (ARNIs), reduce 

hospitalization due to heart failure (Shrimpton et al., 2020). The recommended daily dose 

of commonly used angiotensin-converting enzyme inhibitors (ACEIs) in heart failure, such 

as enalapril and lisinopril, is 10-15 mg once or twice daily and 2.5-5 mg once daily, 

respectively, and for widely used angiotensin II receptor blockers (ARBs), such as valsartan 

and losartan, it is 80-160 mg once daily and 25-50 mg once or twice daily, respectively (M. 

S. Khan et al., 2017).  

Mineralocorticoid receptor antagonists (MRAs), such as spironolactone and eplerenone, 

play a vital role in the management of heart failure, particularly in heart failure with reduced 

ejection fraction (HFrEF) (Y. Zhang et al., 2025). The overactivation of the renin-angiotensin-

aldosterone system (RAAS) due to renal hypoperfusion caused by decreased cardiac 

output increases aldosterone secretion (Sica, 2015). Increased aldosterone secretion 

worsens the progression of heart failure by acting on the mineralocorticoid receptor, as 

overexpression of aldosterone causes electrolyte imbalance, water retention, myocardial 

fibrosis and remodeling, endothelial dysfunction, and arrhythmia (Zannad et al., 2012). The 

current guidelines for managing heart failure recommend the early administration of 

mineralocorticoid receptor antagonists (MRAs) in cases of heart failure with reduced 

ejection fraction (HFrEF). Additionally, it is advised to combine MRAs with sodium-glucose 

cotransporter 2 inhibitors (SGLT2i) in female patients, irrespective of their left ventricular 



 14 

ejection fraction (LVEF). For male patients on SGLT2i, the addition of MRAs is suggested if 

the LVEF is below 55–60% (Sethi et al., 2026). Hyperkalemia is most common and often 

fatal side effect with mineralocorticoid receptor antagonists (MRAs), particularly in 

patients with chronic kidney disease (CKD). Regular serum K+ levels monitoring is 

recommended while using MRAs (Sica, 2015).  

Sodium-glucose cotransporter 2 inhibitors (SGLT2i), such as empagliflozin, were 

developed for the management of type 2 diabetes; however, this class of drugs is currently 

recommended for the management of heart failure regardless of diabetes (Talha et al., 

2023). A significant reduction in cardiovascular adverse events, including hospitalization 

due to heart failure, was observed with SGLT2i (Epperson et al., 2024). Although the exact 

cardiovascular protective mechanism of sodium-glucose cotransporter-2 inhibitors 

(SGLT2i) is still under investigation, there are diverse proposed mechanisms, including 

increasing diuresis, improving cardiac energy metabolism, reducing inflammation, and 

promoting weight loss. SGLT2i also improve left ventricular ejection fraction (LVEF) and 

reduce myocardial remodeling (Lopez-Usina et al., 2024).  

The low-density lipoprotein cholesterol (LDL-C) should be monitored regularly after a 

myocardial infarction, and the target level of LDL-C should be less then 70 mg/dl. Through 

numerous randomized controlled trials and epidemiological studies, the relationship 

between high levels of low-density lipoprotein cholesterol (LDL-C) and cardiovascular 

disease has been established (Grundy et al., 2019). The use of statins at a higher intensity 

is associated with better LDL-C management than moderate-intensity statins (Cholesterol 

Treatment Trialists’ (Ctt) Collaboration, 2010). It is recommended to start high-intensity 

statin therapy after a myocardial infarction, and if the expected low-density lipoprotein 

cholesterol (LDL-C) level is not achieved with statin monotherapy, other therapies that also 

reduce LDL-C, such as ezetimibe, could be added to statins (Grundy et al., 2019). There are 

some statin-intolerant patients who cannot use statin medication due to some side effect, 

bempedoic acid is recommended for lipid management. Bempedoic acid is an effective 

therapy for lowering low-density lipoprotein cholesterol (LDL-C) and risk of cardiovascular 

diseases (Nissen et al., 2023).  
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Lifestyle modification 

Low sodium diets are one of the most recommended non-pharmacological interventions 

used together with the pharmacological treatment options for heart failure. In theory, 

excessive sodium intake can cause fluid overload, which may worsen the progression of 

heart failure (Patel & Joseph, 2020). However, the study of dietary intervention under 100 

mmol in heart failure (SODIUM-HF), which was an international open-label randomized 

control trial, did not find any significant reduction in cardiovascular-related hospitalization 

in heart failure patients following a low sodium diet (less then 1500 mg/day) (Ezekowitz et 

al., 2022). Moreover, low sodium diets have no positive effects on the quality of life (QoL) 

and mortality of heart failure patients (C. Zhu et al., 2022). There is much variability in the 

outcomes from the studies on dietary sodium intake and its impact on heart failure 

because most studies rely on self-reports from the patients, which might not be accurate 

due to poor dietary sodium adherence among heart failure patients (Basuray et al., 2015). 

However, the Dietary Approaches to Stop Hypertension (DASH) diet, which is low in 

sodium, red and processed meat, and sugar and includes whole grains, fruits, vegetables, 

low-fat dairy, nuts, and legumes, is associated with a lower risk of heart failure (Ibsen et al., 

2022).  

Smoking is one of the major risk factors associated with cardiovascular diseases, and after 

an acute myocardial infarction (AMI), smoking cessation is associated with significant 

reduction in mortality. After an AMI, even without complete cessation of smoking, the 

beneficial effects of reducing the number of cigarettes smoked daily can be observed in the 

reduced mortality rate by 18% (Gerber et al., 2009). It could be difficult for patients who are 

addicted to tobacco to stop smoking completely or even reduce the number of cigarettes 

they smoke daily. Behavioral support and nicotine replacement therapies have been found 

to be beneficial for smoking cessation (Stead et al., 2016). The majority of hospitalized 

patients after an acute coronary syndrome (ACS) do not stop smoking, and other comorbid 

conditions such as depression and chronic lung disease can further increase the odds of 

smoking cessation (Lovatt et al., 2021). Studies have shown that pharmacotherapy with 
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varenicline and bupropion combined with patient counseling is an effective strategy for 

smoking cessation in patients with cardiovascular disease (Suissa et al., 2017). 

Zebrafish  

The zebrafish (Danio rerio) is a well-established model organism in biomedical research. 

Comparative genomic studies estimated that 70% of human genes have at least one 

zebrafish orthologue, and 84% of disease-causing genes in humans have a zebrafish 

counterpart. However, this high number of similarities does not always translate to 

complete functional conservation, as some genes may perform different roles in zebrafish 

compared to humans, which can affect the applicability of zebrafish models in studying 

human diseases (Siddiqui et al., 2025).  

Zebrafish are a popular animal model because they have some advantages, such as a fully 

sequenced genome, ease of genetic manipulation, external fertilization, rapid embryonic 

development, high fecundity, and short generation time (Teame et al., 2019).  

Zebrafish as a model for cardiovascular diseases 

The zebrafish (Danio rerio) has become a versatile model for cardiovascular research and 

drug development due to the genetic conservation and capacity to perform large-scale 

drug and genetic screening. Although zebrafish have a simplified cardiovascular system, it 

shares similarities with the mammalian cardiovascular system, and with their transparent 

embryos, different microscopic techniques can be applied to visualize the development of 

heart diseases (Angom & Nakka, 2024). 

The heart development in zebrafish starts in the blastula phase and resembles the heart 

formation in early mammals. The zebrafish heart at 48 hours post fertilization is 

morphologically and physiologically comparable to a human embryo that is 35 days old. 

The zebrafish embryos can survive without connective circulation, as they can intake 

required oxygen through diffusion, which allows the heart to develop for extensive 

phenotypic assessment (Lu et al., 2020).  
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The first functioning organ during zebrafish embryonic development is the heart. The 

zebrafish heart can be divided into four separate components: the sinus venosus, one 

atrium, one ventricle, and the bulbus arteriosus (Singleman & Holtzman, 2012). The atrium 

and ventricle are the only parts of the heart that are considered chambers in zebrafish. This 

is because they can contract and have valves at both the entrance and exit (Hoareau et al., 

2022). Although the zebrafish heart lacks complex pulmonary vasculature, the early 

development of the heart and the pumping function is similar between zebrafish and 

humans (Angom et al., 2025). In zebrafish simplified circulation the deoxygenated blood 

enters the atrium from the sinus venosus. The deoxygenated blood is collected from the 

veins and enters the sinus venosus before it enters the atrium. The deoxygenated blood 

then enters the ventricle, and the bulbus arteriosus guides the blood to the ventral aorta 

from the ventricle. The deoxygenated blood then enters the afferent branchial arteries, 

which lead the blood to the gills to be oxygenated. The efferent branchial arteries receive 

the oxygenated blood from the gills, which is then collected in the dorsal aorta, and 

oxygenated blood is distributed to the rest of the body (Hoareau et al., 2022).  

There are high similarities in the electrocardiography (ECG) of zebrafish and human hearts. 

Zebrafish embryos from 3 days post fertilization (dpf) exhibit a similar ECG profile (Bowley 

et al., 2022). The basal heart rate of adult zebrafish at 28°C is 120-130 beats/minute, which 

is considered comparable to humans. In the ECG profile of zebrafish, similar to humans, 

there is a distinct P-wave. The QRS complex and T wave are observed (Verkerk & Remme, 

2012). The cardiac action potential in both zebrafish and humans has a long plateau phase, 

and the major current systems, both inward and outward, are qualitatively similar in 

zebrafish and human hearts (Vornanen & Hassinen, 2016). The QT interval in zebrafish is 

highly similar to humans, and as a result, zebrafish is widely used as a model organism for 

assessing drug-induced QT prolongation (Y. Zhao et al., 2019).  

Heart failure can be defined and quantified in various ways in zebrafish. Optical 

translucency in the zebrafish embryos permits the use of a normal stereomicroscope to 

assess cardiac function, whereas an electrocardiogram is required for adult zebrafish. 



 18 

Fractional shortening (FS%) is commonly used as a measurement to assess cardiac 

function (Narumanchi et al., 2021).  

𝐹𝑆% =
𝐷𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑙𝑒𝑛𝑔𝑡ℎ − 𝑆𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑙𝑒𝑛𝑔𝑡ℎ

𝐷𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑙𝑒𝑛𝑔𝑡ℎ
 × 100% 

The hypoxia-induced zebrafish larval cardiac model has several advantages for studying 

myocardial infarction. This model is a higher throughput alternative to the mouse model. 

The complexity of the whole organism is retained in the zebrafish larval model, which 

makes it a more realistic alternative than organoids and 2D cell culture. Increased 

pigmentation in the larval body wall can be a disadvantage, as it can reduce the ability to 

measure heart function. This limitation can be mitigated by using a pigment mutation strain 

such as Casper (Burggren et al., 2024).   

The embryonic cardiac development in zebrafish is rapid, and heart function can be easily 

observed. This rapid development, coupled with the similarities between zebrafish and 

mammalian hearts, makes zebrafish a useful model organism for studying human heart 

disease (Narumanchi et al., 2021). Due to similarities in the heart rate and comparable QT 

prolongation, the cardiovascular physiology is translatable between zebrafish and humans 

(Burggren et al., 2024).  

Zebrafish heart regeneration 

The zebrafish heart possesses remarkable regeneration capacity after a heart injury, similar 

to some other nonmammalian species such as frogs and axolotls. The heart regeneration 

capacity varies in vertebrates. Although the heart regeneration capacity is mostly lost in 

adult mammals, the neonatal mouse heart has the ability to regenerate in the first seven 

days after birth. Hence, the study of zebrafish and mouse hearts is important to 

understand the underlying mechanism of heart regeneration after a cardiac injury 

(Begeman & Kang, 2018).  

The cardiomyocytes are mostly diploid in zebrafish, whereas the adult mammalian 

cardiomyocytes are primarily polyploid, which limits the heart regeneration capacity in 



 19 

adult mammals. Diploid cells have a pair of homologous chromosomes, while polyploid 

cells can arise when the diploid cells go through DNA replication without cytokinesis, 

resulting in more than two complete sets of chromosomes. As a result of polyploidization, 

the cells might be terminally differentiated and exit the cell cycle (González-Rosa et al., 

2018). The presence of polyploid cardiomyocytes correlates with the regenerating capacity 

of the heart, as observed in different strains of mice containing a variable number of 

polyploid cardiomyocytes, with a higher number of polyploid cardiomyocytes leading to 

decreased proliferation of the cardiomyocytes after injury. A similar correlation is also 

observed in zebrafish (Travisano & Lien, 2025).  

In adult mammals, most cardiomyocytes are polyploid, and in species that have a high 

heart regeneration capacity, such as zebrafish, the cardiomyocytes are mostly diploid. In 

neonatal rodents, the cardiomyocytes transition from diploid to polyploid within the first 

seven days of their life, resulting in more than 90 percent polyploid cardiomyocytes. In 

humans, 90 percent of the cardiomyocytes also transition from diploid to polyploid within 

the first 20 years of life (González-Rosa et al., 2018). The adult mammalian cardiomyocyte 

and endothelial cells lose their ability to reactivate genes involved in proliferation, which 

leads to loss of regeneration after a cardiac injury (Begeman & Kang, 2018). The loss of the 

regeneration capacity of the heart coincides with the polyploidization of the 

cardiomyocytes, and studies have found that more than 50 percent of the cardiomyocytes 

need to be diploid for successful heart regeneration. In zebrafish, the inhibition of 

cytokinesis in the cardiomyocytes leads to polyploidization and loss of heart regeneration 

capacity (Travisano & Lien, 2025). The cardiomyocytes surrounding the wound after a 

cardiac injury divide 1-2 times to regenerate myocardium; therefore, if the number of 

diploid cells decreases and polyploid cells, which are proliferation-compromised, 

increase, the zebrafish heart regeneration capacity also decreases (González-Rosa et al., 

2018).  

The hearts of zebrafish, mice, and humans are composed of various cell types. The 

cardiomyocytes account for 33-49%, 25-35%, and 30-40% in human, mouse, and zebrafish 

hearts, respectively. The other cell types in the heart are fibroblasts, endothelial cells, 
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smooth muscle cells, and immune cells. These diverse cell types also play a crucial role in 

the regeneration process of the heart (Travisano & Lien, 2025).  

The epicardial cells are activated after a cardiac injury and play an important role in 

zebrafish heart regeneration. The activated epicardial cells deposit collagens and 

fibronectin in the injured area for heart regeneration, re-enter the cell cycle, and re-express 

developmental genes. In mammals, the mobilization of epicardial cells improve heart 

regeneration. The activated epithelial progenitor cells (aEPC) from the epicardium migrate 

to the site of cardiac injury for wound healing (Weinberger et al., 2024). The activated 

epithelial progenitor cells (aEPC) undergo epithelial-mesenchymal transition (EMT) during 

heart regeneration in zebrafish, and disruption of this process leads to impaired heart 

regeneration. In adult mammals, the epicardial cells exhibit negligible R(EMT) after a 

cardiac injury and during embryonic development phase; disruption in EMT results in 

congenital heart defects in mice. The activated epithelial progenitor cells (aEPCs) are a 

potential target for the study of heart regeneration in adult mammals (Xia et al., 2022).  

After a cardiac injury, fibroblasts deposit extracellular matrix (ECM), leading to cardiac 

fibrosis, which is an essential step for cardiac tissue repair. In mammals the ECM is not 

degraded when it has been deposited after myocardial infarction, whereas in zebrafish this 

fibrosis is transient, and studies have shown that the reduction in fibroblast ECM 

production is necessary for fibrosis regression. In the early stage of heart regeneration after 

a heart injury, fibrosis is essential, and a decrease in extracellular matrix (ECM)-producing 

cells leads to impaired cardiomyocyte proliferation (Sánchez-Iranzo et al., 2018). The 

fibroblasts in zebrafish have the ability to switch between reparative and fibrotic states, 

which is essential for reducing fibrosis and improving heart regeneration (Hu et al., 2022).  

CRISPR as a gene-editing tool in zebrafish 

Clustered regularly interspaced short palindromic repeats (CRISPR) technology is now 

being used widely, but it also faces various controversies due to the use of different animal 

models and cell lines (Moreno-Sánchez et al., 2025). Zebrafish has become an important 

model for CRISPR technologies due to various advantages, such as transparent embryos 
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and the short time requirement for their reproductive cycle. Although the model has been 

used since the 1980s, it was very time-consuming and laborious work to induce 

mutagenesis before CRISPR/Cas9 was introduced to use in this model, and now it is an 

efficient model for gene knockout studies (Wijerathna et al., 2024).  

Sequencing technologies have advanced significantly, resulting in a large amount of 

genomic data; however, we still lack sufficient functional genomics data to characterize the 

genes, and it is estimated that around 30% of human gene functions remain unknown. The 

existence of noncoding genes causes further disadvantages in this regard. CRISPR/Cas9 

provides a simplified way of addressing this issue (Varshney & Burgess, 2025). The 

efficiency and versatility of CRISPR/Cas9 made it an effective gene editing tool in zebrafish, 

and currently it is being extensively used for functional genomics studies, modeling 

cardiovascular diseases, and investigating the regeneration capacity of the zebrafish heart 

(Apolínová et al., 2024).  

Targeted genetic mutation with efficiency similar to using zinc finger nucleases (ZFNs) and 

transcription activator-like effector nucleases (TALENs) can be achieved with the 

CRISPR/Cas9 system in zebrafish embryos (Hwang et al., 2013). Bi-allele mutation can be 

induced with the CRISPR/Cas9 system in the zebrafish F0 generation, which allows for 

rapid phenotype analysis with a 75-99% mutagenesis rate (Jao et al., 2013). It is possible to 

target multiple genes with the CRISPR/Cas9 system in zebrafish, which can be used to 

model multifactorial diseases and study the polygenic nature of disease (Angom et al., 

2025). Furthermore, prime editing and base editing with CRISPR/Cas9 allow more precise 

gene editing (Kantor et al., 2020). 

Gene targets 

The target genes were selected based on a previous study (Huttunen et al., 2024) 

conducted at the Zebrafish Core at Turku Bioscience Centre. In the study, zebrafish 

embryos were treated with Empagliflozin prior to hypoxia exposure. Empagliflozin is a 

sodium glucose co-transporter 2 (SGLT2) inhibitor. In response to the Empagliflozin 

treatment, decreased expression of matrix metalloproteinase 13a (mmp13a) was 
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observed. Improvement in fractional shortening (FS%) was also observed in both the 

empagliflozin-treated and MMP13 inhibitor-treated groups.  

The expression of sodium glucose co-transporter 1 (SGLT1) is higher (approximately 10-

fold) in human heart compared to the kidneys (Zhou et al., 2003). However, SGLT2 

expression in the heart is relatively low. Therefore, the cardioprotective effects of SGLT2 

inhibitors might be mediated through pleiotropic mechanisms (Huttunen et al., 2024). The 

cardioprotective effect of empagliflozin was also observed in SGLT2 knockout mice, 

suggesting the beneficial effect on the heart is not SGLT2 dependent (Chen et al., 2023).   

In this study, we aimed to further investigate the effect of slc5a1 (Solute Carrier Family 5 

Member 1), slc5a2 (Solute Carrier Family 5 Member 2), mmp13a (Matrix Metalloproteinase 

13a), and mmp13b (Matrix Metalloproteinase 13b) gene knockout using CRISPR/Cas9 on 

heart failure in zebrafish embryos.  

slc5a1 

The slc5a1 gene (ZDB-GENE-040426-1524) in zebrafish encodes a protein-coding gene and 

is located on chromosome 10 (GRCz12tu assembly). The protein in zebrafish is predicted 

to function as a D-glucose:sodium symporter, which plays a role in sodium ion and 

monoatomic ion transport. This gene is expressed in the digestive system and pronephric 

duct, and the encoded protein is localized at the apical plasma membrane of zebrafish. 

The zebrafish slc5a1 gene is orthologous to the human SLC5A1 gene, and in humans, 

SLC5A1 is involved in glucose-galactose malabsorption (Bradford et al., 2022). 
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The expression of the slc5a1 (Figure 2) gene in zebrafish was detected in the endoderm, 

gut, PGCs, and pronephros clusters. The expression becomes more prominent at later 

developmental stages (84-120 hpf). The highest mean expression levels (log2 > 1.00) were 

observed in the endoderm and gut clusters. Minimal to no expression was detected in 

cardiac-related clusters such as the heart. The low expression seen in the heart-related 

clusters is consistent with the low heart expression reported in previous studies (Sur et al., 

2023).  

 

Figure 2. Expression pattern of slc5a1 across developmental stages and cell clusters in 

zebrafish embryos. The gene expression was detected primarily in the endoderm, gut, 

PGCs, and pronephros clusters. Data obtained from Daniocell 

(https://daniocell.nichd.nih.gov/gene/S/slc5a1/slc5a1.html) (Sur et al., 2023).  

https://daniocell.nichd.nih.gov/gene/S/slc5a1/slc5a1.html
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slc5a2 

The slc5a2 gene (ZDB-GENE-040426-2498) in zebrafish encodes a protein-coding gene 

located on chromosome 15 (GRCz12tu assembly). Similar to the zebrafish slc5a1, the 

encoded protein is predicted to function as a D-glucose:sodium symporter and is involved 

in sodium ion transport, localized at the apical plasma membrane. In zebrafish the gene is 

expressed in the polster, pronephric proximal convoluted tubule, and hatching gland. The 

zebrafish slc5a2 gene is orthologous to the human SLC5A2 gene. SLC5A2 is involved in 

renal glycosuria and familial renal glucosuria in humans (Bradford et al., 2022).  

The expression of slc5a2 (Figure 3) in zebrafish was detected exclusively in the pronephros 

cluster, with no notable expression observed in any other cell cluster. Expression began at 

48-58 hpf with low levels and progressively increased and reached its highest mean 

expression levels (log2 > 1.5-2.0) between 96 and 120 hpf. No expression was observed in 

the heart cluster throughout all developmental stages (Sur et al., 2023).  
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Figure 3. Expression pattern of slc5a2 across developmental stages and cell clusters in 

zebrafish embryos, showing exclusive expression in the pronephros cluster. Data obtained 

from Daniocell (https://daniocell.nichd.nih.gov/gene/S/slc5a2/slc5a2.html) (Sur et al., 

2023).  

mmp13a 

The mmp13a gene (ZDB-GENE-031202-2), also known as matrix metallopeptidase 13a, is a 

protein-coding gene located on chromosome 10 in zebrafish. The gene is expressed in 

zebrafish in the heart, leukocytes, post-vent region, and intermediate cell mass of 

mesoderm, and the encoded protein acts upstream of or within macrophage chemotaxis. 

The zebrafish mmp13a is orthologous to the human MMP13 gene. In humans, MMP13 is 

https://daniocell.nichd.nih.gov/gene/S/slc5a2/slc5a2.html
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involved in various disease conditions, including artery disease, anodontia, and bone 

disease (Bradford et al., 2022). 

The expression mmp13a gene in zebrafish was detected in immune cells in the overall cell 

cluster analysis (Figure 4), with the highest mean expression (log2 > 3.0) observed at 14-21 

hpf, followed by sustained expression throughout 24-120 hpf. Prominent expression was 

observed in granulocytes in the hematopoietic subcluster from 36-46 hpf onwards, with 

high mean expression (log2 > 3.0-5.0) sustained until 120 hpf. Expression was also 

detected in macrophages, hematopoietic stem cells, fin epidermis, and visceral smooth 

muscle, heart myocardium, and heart epicardium subclusters (Sur et al., 2023). 

 

 



 27 

 

Figure 4. Expression pattern of mmp13a across developmental stages and cell clusters in 

zebrafish embryos. mmp13a expression was predominantly detected in immune cells. 

Data obtained from Daniocell 

(https://daniocell.nichd.nih.gov/gene/M/mmp13a/mmp13a.html) (Sur et al., 2023).  

mmp13b 

The mmp13b (ZDB-GENE-030131-6152) gene, also known as matrix metallopeptidase 13b 

in zebrafish, is a protein-coding gene located on chromosome 15 (GRCz12tu assembly). 

The encoded protein in zebrafish is predicted to function as a metalloendopeptidase. This 

gene is involved in the collagen catabolic process and extracellular matrix organization and 

is localized in the extracellular region and extracellular space. The mmp13b gene in 

https://daniocell.nichd.nih.gov/gene/M/mmp13a/mmp13a.html
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zebrafish is expressed in both the caudal fin and the posterior cardinal vein. The zebrafish 

mmp13b is orthologous to the human MMP13 gene (Bradford et al., 2022). An overall low 

expression profile was observed in the expression pattern of the mmp13b gene across 

zebrafish developmental stages (Figure 5). Expression was detected (log2 < 0.08) primarily 

in fin epithelia at 14-21 hpf in the overall cell cluster analysis. No detectable expression 

was observed in cardiac-related clusters (Sur et al., 2023). 

 

Figure 5. Expression pattern of mmp13b across developmental stages and cell clusters in 

zebrafish embryos. mmp13b expression was predominantly detected in fin epithelia at 

early stages (14-21 hpf). Data obtained from Daniocell 

(https://daniocell.nichd.nih.gov/gene/M/mmp13b/mmp13b.html) (Sur et al., 2023). 

https://daniocell.nichd.nih.gov/gene/M/mmp13b/mmp13b.html
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Molecular mechanism of hypoxic response 

The cellular adaptive response in a hypoxic condition is mediated by a transcription factor 

known as hypoxia-inducible factor α (HIF-α). As this response is evolutionarily conserved, 

zebrafish can be used as a model organism to study the cellular responses to hypoxia 

(Greenald et al., 2015). 

The level of HIF-α is controlled post-translationally. When sufficient oxygen is available, the 

HIF-α is hydroxylated by prolyl hydroxylase domain-containing proteins (PHDs) and factor-

inhibiting HIF (FIH) (He et al., 2017). The hydroxylated products subsequently bind to the 

von Hippel-Lindau tumor suppressor (pVHL) protein for proteasomal degradation (Jopling 

et al., 2012). Oxygen is needed for the hydroxylase activity of PHD enzymes, and during 

hypoxia, this enzymatic activity is reduced, leading to HIF-α stabilization. Stable HIF-α 

forms a heterodimeric complex with HIF-β, and this complex transcribes hypoxia response 

element (HRE)-containing genes in the regulatory regions (S. & Santhakumar, 2025).  

HIF-1α activates many important genes and affects many physiological processes. In the 

cellular adaptive response under hypoxia, HIF-1α activates vascular endothelial growth 

factor (VEGF), which promotes angiogenesis. To increase the supply of oxygen and 

nutrients, HIF-1α also promotes the expression of extracellular matrix (ECM) remodeling 

proteins (Wei et al., 2022). 

The myocardium has a high energy demand and can use different energy sources for 

oxidative phosphorylation to produce the required ATP. Glucose is used when the blood 

glucose level is high, otherwise, the main substrate is free fatty acids (FFAs). During a 

hypoxic event, e.g., myocardial ischemia, the energy supply from oxidative metabolism is 

not sufficient, and a switch to an anaerobic glycolytic metabolic pathway occurs. This 

anaerobic pathway produces less ATP and is less energy efficient (García-Ropero et al., 

2019).   

The metabolic shift in hypoxic conditions from oxidative to glycolytic metabolism is 

mediated through the upregulation of glucose transporter-1 (GLUT1), glucose transporter-3 
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(GLUT3), and glycolysis-related enzymes by active HIF-1α (Taylor & Scholz, 2022). During 

this anaerobic metabolism, pyruvate is produced, which is further metabolized to lactate, 

and accumulation of lactate can lead to intracellular acidosis (Wei et al., 2022). 

To counteract the increased cellular acidity after ischemia, the Na+/H+ exchanger 1 (NHE1) 

is activated, leading to proton extrusion. NHE1 is essential to regulate the pH homeostasis 

in cardiomyocytes (Lawrence et al., 2010). The activation of NHE1 causes intracellular Na+ 

accumulation. During ischemia the Na+/K+ ATPase becomes inactive, and as a result the 

Na+/Ca2+ exchanger is activated, leading to intracellular Ca2+ accumulation. This 

intracellular Ca2+ overload leads to myocardial injury and dysfunctions (Al-Shamasi et al., 

2021).  

Nitric oxide (NO) is produced by NO synthases (NOSs), which require oxygen for NO 

production, but under hypoxia, NO can be produced through the reduction of nitrite (NO₂⁻) 

(Umbrello et al., 2013). NO plays an important role in cardiac development and controlling 

heart rate in zebrafish. In mammals, during hypoxia, NO modulates mitochondrial oxygen 

consumption and reduces ROS production. The NO/HIF-1α cardioprotective pathway is 

conserved throughout vertebrates. During ischemia, NOS genes are activated by HIF-1α in 

the mammalian myocardium, and a high concentration of NO stabilizes HIF-1α, promoting 

further NOS expression (Cerra et al., 2023). NO is also involved in NHE1 activation, with low 

physiological levels of NO activating NHE1 and high levels of NO inhibiting the exchanger 

(M. Zhang & Shah, 2020).  

Zebrafish can tolerate and acclimate to hypoxic conditions through various complex 

physiological mechanisms. During the larval stage, zebrafish embryos can uptake oxygen 

through the skin by diffusion, and the larvae can even survive in a carbon monoxide (CO)-

containing atmosphere (1-5%), where hemoglobin oxygen transport is totally blocked by 

CO (Kopp et al., 2014). Zebrafish exhibit variable oxygen sensitivity during different 

developmental stages, becoming more hypoxia intolerant as the developmental stage 

progresses (Cerra et al., 2023). In a study conducted by (Padilla & Roth, 2001), it was 

observed that during prolonged hypoxia or anoxia (0% O₂) exposure, zebrafish embryos can 
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enter a suspended animation stage during which cell division and motility are suspended. 

In the same study, 98.8% out of 85 embryos aged 13 hpf were alive after 24 hours of anoxia 

exposure, whereas only 4.4% out of 91 embryos aged 30 hpf and 0% out of 130 embryos 

aged 50 hpf were alive after 24 hours of anoxia exposure. 

Conserved hypoxia response pathway between humans and zebrafish 

In mammals, among the three isoforms of HIF-α (HIF-1α, HIF-2α, and HIF-3α), HIF-1α is 

primarily regulated under hypoxia. All vertebrates have at least three HIF-α subunits, and 

the HIF biology is well conserved across species. In zebrafish, the homologues of HIF-α are 

represented as Hif-1αa, Hif-1αb, Hif-2αa, Hif-2αb, Hif-3αa, and Hif-3αb, with Hif-1αb being 

the major hypoxic responsive homologue. Zebrafish Hif-1αb shares 57.8% amino acid 

identity with human HIF-1α (Elks et al., 2015). The most highly represented binding motif of 

HIF-1α in zebrafish is RCGTG, which is identical to that in human hypoxia response genes 

(Greenald et al., 2015).   

There are three functional PHD enzymes in humans: PHD-1, PHD-2, and PHD-3. Zebrafish 

have one homologue for PHD-1 (Phd-1) and PHD-3 (Phd-3) and two homologues for PHD-2 

(Phd-2a, Phd-2b), with Phd-3 being mostly upregulated in zebrafish under hypoxia (Elks et 

al., 2015). In phd-3-null zebrafish, the hypoxia-responsive genes were observed to be 

upregulated, and the mutant zebrafish were more resistant to hypoxia compared to wild-

type zebrafish (Liao et al., 2023).  

There is only one homologue of human VHL and FIH proteins in zebrafish, Vhl and Fih, 

sharing 52% and 79% amino acid similarity, respectively. There is 96% similarity in the 

enzymatically active domain between zebrafish Fih and human FIH protein (Elks et al., 

2015). It was observed that the fih-null mutation makes zebrafish more hypoxia tolerant 

compared to wild-type zebrafish (Cai et al., 2018). 
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Aim of the study  

The aim of this study was to evaluate the role of slc5a1, slc5a2, mmp13a, and mmp13b in a 

hypoxia-induced zebrafish embryo heart failure model using CRISPR/Cas9 gene knockout 

techniques. The role of sodium glucose cotransporter 2 (SGLT2) inhibitors in heart failure is 

being extensively studied, and other animal models, such as the Slc5a2 knockout mice 

model, are also being used to understand the role of SGLT2 inhibitors such as 

empagliflozin in heart failure (Chen et al., 2024). Zebrafish embryo models are also widely 

used to understand the role of slc5a2 in heart failure (Shi et al., 2017). The sodium glucose 

cotransporter 1 (SGLT1) is overexpressed in ischemic cardiomyopathy, and it has become 

an important drug target for heart failure treatment (Pérez-Carrillo et al., 2022). The role of 

MMP13 inhibitors in zebrafish heart regeneration has been evaluated with contradictory 

results, with higher doses of MMP13 inhibitors decreasing the zebrafish heart regeneration 

capacity (Xu et al., 2019). The target genes of this study are important drug targets for the 

treatment of heart failure, and they are currently being studied extensively. The goals of this 

study were to disrupt the genes in zebrafish embryos using CRISPR/Cas9 and analyze the 

heart physiology of the zebrafish embryos.  

We hypothesized that CRISPR/Cas9-mediated knockout (KO) of candidate genes will 

improve cardiac function (FS%) in zebrafish embryos under hypoxia-induced heart failure 

conditions. 

Summary 

Heart failure is a complex clinical syndrome where the functional or structural impairment 

of the heart leads to the decreased ability of the heart to pump blood effectively to satisfy 

the metabolic need of the body (Warriner et al., 2015). Currently, around 64 million people 

are suffering from heart failure worldwide (Shahim et al., 2023). Although the prevalence of 

heart failure is 1-2% in adults, it can rise over 10% after the age of 70 (Ponikowski et al., 

2016). 
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Myocardial infarction (MI) is considered the major cause for heart failure, and various non-

invasive imaging techniques such as echocardiography and cardiac magnetic resonance 

(CMR) can be used for the clinical diagnosis of heart failure (Aziz et al., 2019).  

The management of heart failure often includes a combination of drugs selected based on 

the severity of the condition and the presence of comorbidities such as diabetes and 

kidney disease (Rist et al., 2024). Changes in dietary habits is also a recommended non-

pharmacological intervention in heart failure (Patel & Joseph, 2020).  

Zebrafish is one of the most commonly used disease models for researching various 

diseases, including cardiovascular diseases such as heart failure (Burggren et al., 2024). 

The presence of disease-causing gene orthologs makes zebrafish a valuable disease model 

for assessing the role of different genes in various disease conditions (Siddiqui et al., 2025).  

In this study we aimed to evaluate the role of slc5a1, slc5a2, mmp13a, and mmp13b in 

heart failure using a zebrafish embryo model with the CRISPR/Cas9-mediated gene 

knockout technique. 
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2. Results 

The zebrafish embryos were injected with the CRISPR/Cas9 ribonucleoprotein (RNP) 

complex at the 1-4 cell stage to knock out the candidate genes, and with every candidate 

gene knockout, the slc45a2 (solute carrier family 45 member 2) gene was also knocked out. 

The slc45a2 gene in zebrafish is expressed in the melanocytes, and disruption of the gene 

results in a hypopigmentation phenotype (Bradford et al., 2022). The hypopigmentation 

phenotype was used as a visual biomarker to select the embryos in which the 

microinjection was successful.  

The embryos were imaged at 4 days post fertilization (4 dpf), and a 5-10 second heart movie 

was captured. The diameter of the zebrafish heart at diastole and systole was measured in 

ImageJ/Fiji, and the fractional shortening (FS%) of the heart was calculated with these two 

measurements.  

There was no statistically significant difference between the groups in the first experiment 

at baseline, and the successful knockout of the candidate genes was confirmed with the 

TIDE (Tracking of Indels by Decomposition) analysis. In the second experiment, after 45 

minutes of hypoxia exposure, the fractional shortening (FS%) in the mmp13b knockout 

group was significantly reduced compared to the negative control group, while in the 

mmp13a knockout group, a trend towards reduction, and in the slc5a1 and slc5a2 

knockout groups, a trend towards improvement in the fractional shortening (FS%), was 

observed. Based on the results of 45 minutes of hypoxia exposure, it was decided to 

expose only the slc5a1 and slc5a2 knockout group to 60 minutes of hypoxia. A significant 

improvement in fractional shortening (FS%) was observed in both slc5a1 and slc5a2 

knockout groups compared to the negative control group. 

Baseline calculation  

For baseline measurements, all groups (negative control (Neg. Ctrl), slc5a1, slc5a2, 

mmp13a, and mmp13b) were imaged at 4 dpf without hypoxia exposure at 3 dpf, and 

fractional shortening (FS%) was calculated. Individual FS% values for all groups are 
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provided in Supplementary Table 1. Only embryos exhibiting hypopigmentation were 

selected for imaging, while normally pigmented embryos were excluded. 

Mean fractional shortening was similar across all groups (Neg. Ctrl (negative control): n 

(number of embryos) = 25, 15.99 ± 3.85%; slc5a1: n = 9, 15.49 ± 3.64%; slc5a2: n = 15, 

17.78 ± 6.21%; mmp13a: n = 16, 13.89 ± 12.17%; mmp13b: n = 7, 14.46 ± 3.71%). Higher 

variability (SD = 12.17) was observed in the mmp13a knockout group compared to other 

groups (SD range: 3.64 - 6.21).  

Normality of fractional shortening data was assessed for each group using the Shapiro-

Wilk test. All groups were found to be normally distributed (Neg. Ctrl: W = 0.968, p = 0.598; 

slc5a1: W = 0.936, p = 0.540; slc5a2: W = 0.928, p = 0.257; mmp13a: W = 0.895, p = 0.067; 

mmp13b: W = 0.865, p = 0.166). Visual inspection of the histogram and Q-Q plot of model 

residuals (Supplementary Figure 1), as well as individual histograms and Q-Q plots for each 

group (Supplementary Figure 2), showed normality.  

Homogeneity of variances was assessed using the Brown-Forsythe test (Levene's test 

based on median). The assumption of equal variances was violated (F(4, 67) = 5.07, p = 

0.001); therefore, Welch's ANOVA was performed instead of the standard one-way ANOVA. 

No statistically significant difference in fractional shortening was found between groups (F 

= 0.66, p = 0.611, η2 =0.04) as shown in Figure 6; therefore, post-hoc analysis was not 

performed. 
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Figure 6. Fractional shortening (FS%) of zebrafish embryos at 4 dpf in negative control and 

CRISPR/Cas9 knockout groups (slc5a1, slc5a2, mmp13a, and mmp13b). Data presented 

as boxplots with individual data points. No statistically significant difference was observed 

between groups (Welch's ANOVA, p = 0.611). 

TIDE analysis 

In this study two CRISPR RNAs (crRNAs) were used to produce two guide RNAs (gRNAs) to 

knock out each candidate gene, and CRISPR knockout efficiency was verified using TIDE 

(Tracking of Indels by Decomposition) analysis for all target genes (Brinkman et al., 2014). 

Editing efficiencies were as follows: mmp13a (Supplementary Figure 3) demonstrated the 

highest efficiency at 86.3% (R² = 0.86), with a predominant -1 deletion (69.9%, p < 0.001) at 

the expected cut site (234 bp). slc5a2 (Supplementary Figure 4) showed an efficiency of 

59% (R² = 0.74), with predominant mutations of -1 deletion (19.6%) at the expected cut site 

(270 bp). slc5a1 (Supplementary Figure 5) showed an efficiency of 42.2% (R² = 0.43) with 

multiple indels distributed across sizes at the expected cut site (205 bp). mmp13b 

(Supplementary Figure 6) demonstrated the lowest editing efficiency of 17.7% (R² = 0.21), 

with a predominant -8 deletion (8.7%) at the expected cut site (46 bp). The results of gene 

knockout efficacy are based on only one gRNA, and it is reasonable to assume that if we 

could consider both gRNAs, the actual efficacy would be higher.  
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45 minutes of hypoxia exposure 

Zebrafish embryos in all groups (Neg. Ctrl, slc5a1, slc5a2, mmp13a, and mmp13b) were 

exposed to 45 minutes of hypoxia at 3 dpf, followed by imaging at 4 dpf to calculate 

fractional shortening (FS%). Raw FS% values for all groups are provided in Supplementary 

Table 2. 

Mean fractional shortening following hypoxia exposure was similar across all groups (Neg. 

Ctrl: n = 18, 20.66 ± 5.60%; slc5a1: n = 22, 23.03 ± 3.46%; slc5a2: n = 15, 23.89 ± 3.67%; 

mmp13a: n = 8, 18.72 ± 5.05%; mmp13b: n = 10, 15.20 ± 4.37%). The mmp13b knockout 

group showed the lowest mean FS% compared to other groups. All groups were found to be 

normally distributed with the Shapiro-Wilk test (Neg. Ctrl: W = 0.958, p = 0.554; slc5a1: W = 

0.963, p = 0.561; slc5a2: W = 0.967, p = 0.811; mmp13a: W = 0.937, p = 0.583; mmp13b: W 

= 0.959, p = 0.769). Normality was also observed with Q-Q plots and histograms 

(Supplementary Figure 7 & Supplementary Figure 8).  

Homogeneity of variances was assessed using the Brown-Forsythe test (Levene's test 

based on median). The assumption of equal variances was met (F(4, 68) = 1.24, p = 0.303); 

therefore, a standard one-way ANOVA was performed. A statistically significant difference 

in fractional shortening was found between groups (F(4, 68) = 7.65, p < 0.001, η² = 0.31), as 

shown in Figure 7. Dunnett's post-hoc test revealed that only the mmp13b knockout group 

showed a statistically significant reduction in fractional shortening compared to the 

negative control (mean difference = -5.46%, p = 0.010). No significant differences were 

observed for slc5a1 (p = 0.290), slc5a2 (p = 0.132), or mmp13a (p = 0.711) knockout groups 

compared to the negative control. 
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Figure 7. Fractional shortening (FS%) of zebrafish embryos following 45 minutes of hypoxia 
exposure at 3 dpf. Data presented as boxplots with individual data points. Significant 
reduction in FS% is observed in the mmp13b knockout group (**p < 0.01) compared to the 
negative control (Dunnett's post hoc test).  

60 minutes of hypoxia exposure 

Following 45 minutes of hypoxia exposure, a slight but non-statistically significant increase 

in fractional shortening (FS%) was observed in the slc5a1 and slc5a2 knockout groups. 

Therefore, hypoxia duration was extended to 60 minutes for these two groups to further 

investigate the effect on fractional shortening (FS%). For this experiment, approximately 

half of the negative control embryos were exposed to hypoxia while the remaining embryos 

were maintained under normoxic conditions throughout. Raw FS% values for all groups 

after 60 minutes of hypoxia exposure are provided in Supplementary Table 3. 

Median fractional shortening following 60 minutes of hypoxia exposure was as follows 

(Neg. Ctrl_normoxia: n = 42, 17.76% (IQR = 4.62); Neg. Ctrl_hypoxia: n = 43, 15.33% (IQR = 

4.66); slc5a1: n = 31, 18.89% (IQR = 5.85); slc5a2: n = 27, 18.80% (IQR = 3.94)). The 

negative control hypoxia group showed the lowest median FS% compared to other groups. 

Normality was assessed using the Shapiro-Wilk test. While Neg. Ctrl_normoxia, slc5a1, 

and slc5a2 were found to be normally distributed (Neg. Ctrl_normoxia: n = 42, W = 0.967, p 

= 0.266; slc5a1: n = 31, W = 0.959, p = 0.282; slc5a2: n = 27, W = 0.960, p = 0.374), the 

** 
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negative control hypoxia group violated the assumption of normality (Neg. Ctrl_hypoxia: n = 

43, W = 0.904, p = 0.002). Normality was also assessed with Q-Q plots and histograms 

(Supplementary Figure 9 & Supplementary Figure 10).  

As the assumption of normality was violated in the negative control hypoxia group, a 

Kruskal-Wallis test was performed instead of a standard one-way ANOVA. A statistically 

significant difference in fractional shortening was found between groups (p < 0.001), as 

shown in Figure 8. Dunn's post-hoc test with Bonferroni correction revealed statistically 

significant differences between the negative control hypoxia group and all other groups. 

Fractional shortening was significantly higher in the negative control normoxia group (p = 

0.009), slc5a1 knockout group (p < 0.001), and slc5a2 knockout group (p = 0.004) 

compared to the negative control hypoxia group. 

 

 

 

 

 

 

 

 

 

 

Figure 8. Fractional shortening (FS%) of zebrafish embryos following 60 minutes of hypoxia 

exposure at 3 dpf. Data presented as boxplots with individual data points. Significant 

differences were observed between the negative control hypoxia group and all other groups 

(Kruskal-Wallis, p < 0.001; Dunn's post-hoc test: **p < 0.01, ***p < 0.001). 

** 

*** 

** 
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3. Discussion 

In this study, CRISPR/Cas9 gene editing technology was used to knockout slc5a1, slc5a2, 

mmp13a, and mmp13b genes in zebrafish embryos in the 1-4 cell stage. The embryos were 

exposed to hypoxia at 3 days post fertilization (dpf), and heart images were taken at 4 dpf to 

calculate the fractional shortening (FS%) of the heart. After 45 minutes of hypoxia 

exposure, a significant decrease in FS% was observed in the mmp13b group, and after 60 

minutes of hypoxia exposure, significant improvement in FS% was observed in the slc5a1 

and slc5a2 groups. A slight but not significant decrease in the FS% was observed in the 

mmp13a group after 45 minutes of hypoxia exposure.  

The hypoxia-inducible factor α (HIF-α)-mediated cellular response to hypoxia is highly 

conserved in vertebrates, which makes zebrafish a suitable model organism to study the 

cellular adaptation after a hypoxic injury (Greenald et al., 2015). There are three isoforms of 

HIF-α in mammals, and the cellular response to hypoxia is primarily regulated by HIF-1α. 

Hif-1αb is the homologue of HIF-α in zebrafish that is primarily involved in the hypoxia 

response, and 57.8% shared amino acid identity is observed between human HIF-1α and 

zebrafish Hif-1αb (Elks et al., 2015). This well-conserved HIF biology between zebrafish and 

humans allows us to study and speculate about the human cardiomyocyte’s response to 

hypoxia, which occurs during a myocardial infarction, by studying the zebrafish heart after 

a hypoxic injury.  

CRISPR/Cas9-mediated gene knockout validation by TIDE 

TIDE (Tracking of Indels by Decomposition) analysis is a computational method that uses 

Sanger sequencing data to evaluate the spectrum and frequency of CRISPR/Cas9-

mediated small insertions and deletions (indels). TIDE is useful for analyzing gene editing 

efficacy in samples containing a mixture of wild-type DNA and DNA with a diverse range of 

indels; however, it may not fully capture the complexity of CRISPR editing efficacy, 

particularly in cases involving large deletions, inversions, or translocations. TIDE uses a 

non-negative linear modeling (NNLS) approach to determine which combination of indels, 
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when superimposed on the WT reference sequence, best explains the observed aberrant 

signal in the experimental trace (Brinkman et al., 2014). High-efficiency gene editing was 

observed in the mmp13a knockout group at 86.3% (R² = 0.86). Moderate efficacy was 

observed with slc5a2 (59%, R² = 0.74) and slc5a1 (42.2%, R² = 0.43) knockout groups. A low 

efficiency (17.7%, R² = 0.21) gene editing was observed with the mmp13b knockout group.  

In this study we used two CRISPR RNAs (crRNAs) to produce two guide RNAs (gRNAs) to 

knockout each target gene. This two gRNAs for targeting the same gene approach during 

CRISPR/Cas9-mediated gene knockout increases confidence in producing loss-of-function 

alleles (Pauwels et al., 2018). It is reasonable to assume that the actual gene editing 

efficacy would be higher, as the TIDE application is only considering one gRNA-mediated 

gene knockout. In the case of mmp13b, the expected CRISPR cut site was at 46 bp, and the 

initial Sanger sequence reads might be of poor quality, which might explain the low gene 

editing efficacy.  

slc5a1 and slc5a2 knockout improved cardiac function in zebrafish 

embryos 

In this study, improvement in fractional shortening (FS%) was observed in the slc5a1 and 

slc5a2 knockout zebrafish embryos after 60 minutes of hypoxia exposure at 3 days post 

fertilization. These results tie well with the previous study (Huttunen et al., 2024) 

conducted at the Zebrafish Core at the Turku Bioscience Centre, where empagliflozin, a 

sodium glucose cotransporter 2 (SGLT2) inhibitor, improved the FS% in the hypoxia-

induced zebrafish heart failure model.  

The slc5a1 and slc5a2 genes in zebrafish is orthologous to human SLC5A1 and SLC5A2 

genes, respectively. Both the slc5a1 and slc5a2 genes in zebrafish function as a D-

glucose:sodium symporter. In zebrafish, slc5a1 is expressed in the pronephros, gut, 

endoderm, and heart, whereas slc5a2 is expressed predominantly in the pronephros 

(Bradford et al., 2022).  
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In humans, similar to zebrafish, the SLC5A1 gene is widely distributed in the intestines, 

kidneys, and heart, and SLC5A2 is expressed primarily in the renal proximal tubule. The 

sodium glucose transport ratio of SGLT1 is 2 Na+:1 glucose and for SGLT2 the ratio is 1Na+:1 

glucose per cycle (Gyimesi et al., 2020). Approximately 97% of filtered glucose is 

reabsorbed by SGLT2, and only 3% is by SGLT1 in euglycemia. SGLT2 inhibitors can 

enhance the glucose reabsorption capacity of SGLT1 from ~3% to ~40-50% (Vallon, 2024). 

Individuals with loss-of-function mutations in the SLC5A1 gene (SGLT1) exhibit glucose 

malabsorption from the intestine, and familial renal glucosuria, which is the excretion of 

60–120 g of glucose in the urine daily, is observed in those with loss-of-function mutations 

in the SLC5A2 gene (SGLT2) (Vallon & Verma, 2021). The involvement of SGLT2 and SGLT1 in 

glucose reabsorption explains the development of SGLT2 and SGLT1 inhibitors for glycemic 

control in diabetes, but the beneficial effects of SGLT2 and SGLT1 inhibitors in heart failure 

were observed later.  

Myocardial infarction (MI) is considered the cause for developing heart failure, and heart 

failure conditions worsen after an acute myocardial infarction (AMI) (Jugdutt, 2012). 

Following hypoxic injury, the Na+/H+ exchanger 1 (NHE1) is activated to reduce the 

intracellular H⁺ accumulation caused by the shift from oxidative to glycolytic metabolism, 

which leads to an increase in the intracellular Na⁺ levels, and as the driving force for the 

sodium-calcium exchanger (NCX) is reversed, intracellular Ca2+ levels are increased. This 

Ca2+overload induces inflammatory mediators such as TNFα and IL-6 and activates NADPH 

oxidase, leading to increased cytoplasmic ROS production (Y. Zhu et al., 2025). The 

regulation of intracellular pH by NHE1 activation may serve positively inotropic; however, 

prolonged activation of NHE1 leads to ischemia-reperfusion injury, cardiomyocyte death, 

and contractile dysfunction through Ca2+ overload (M. Zhang & Shah, 2020). NHE1 was 

found to be overexpressed in the myocardium of heart failure patients regardless of 

diabetes (Pérez-Carrillo et al., 2022). Inhibition of the sodium/hydrogen exchanger 1 

(NHE1) was observed to decrease cytoplasmic Na+ and Ca2+ concentrations, which 

increases mitochondrial Ca2+ levels and improves cardiomyocyte viability (Pérez-Carrillo et 

al., 2022). Nitric oxide (NO) also plays an important role in the activation of NHE1. At a low 
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physiological level of NO, NHE1 is activated, and high levels of NO deactivate it. NO 

modulates coronary flow, cardiomyocyte relaxation, and growth (M. Zhang & Shah, 2020). 

Inhibition of nitric oxide synthases (NOSs), which are the primary enzymes that produce 

NO, was found to completely counteract the cardioprotective effects of SGLT2 inhibitors 

such as empagliflozin (Chen et al., 2024).   

The cardioprotective effects of SGLT2 inhibitors are thought to be mediated by inhibiting 

the Na+/H+ exchanger 1 (NHE1) in the cardiomyocytes as well as Na+/H+ exchanger 3 

(NHE3) in the kidneys. The activation of NHE3 and SGLT2 is interdependent, as observed in 

NHE3 knockout mice, where SGLT2 expression and SGLT2 inhibitor-mediated urinary Na+ 

excretion were reduced (Y. Zhu et al., 2025). This interdependent activation of SGLT2 and 

NHE3 might be one of the potential mechanisms that explains the beneficial effects of 

slc5a2 knockout in the fractional shortening (FS%) of the zebrafish heart that we observed 

in this study. 

The cardioprotective effects of the SGLT2 inhibitor empagliflozin in heart failure are 

independent of SGLT2, as observed in Slc5a2 KO mice, where empagliflozin improved the 

cardiac function in heart failure. Inhibition of NHE1 also mimics the cardioprotective 

effects of empagliflozin, and no added benefits were observed with adding empagliflozin 

with NHE1 inhibition in heart failure (Chen et al., 2024), indicating an off-target effect of 

empagliflozin. In mice lacking SGLT2, higher renal expression of heme oxygenase-1 (HO-1), 

which is a tissue protective gene, is observed. In humans, inhibition of SGLT2 promotes 

erythropoietin (EPO) production, which helps improve heart failure outcomes through 

hematopoietic mechanisms (Vallon & Verma, 2021). In an aristolochic acid (AA)-induced 

zebrafish embryo heart failure model, Empagliflozin significantly reduced the functional 

cardiac changes associated with heart failure, and morpholino (MO)-mediated knockdown 

of slc5a2 in zebrafish embryos exhibited similar cardioprotective changes mediated by 

empagliflozin in AA-induced heart failure (Shi et al., 2017). In this study we also observed 

an improvement in fractional shortening (FS%) in CRISPR/Cas9-mediated slc5a2 knockout 

zebrafish embryos in a hypoxia induced heart failure model, further confirming the 

beneficial effects of SGLT2 inhibition in heart failure.  
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Under hypoxic conditions, the preferred substrate for ATP production is switched from fat 

to glucose, as the glycolytic ATP production is not dependent on oxygen (Ekanayake et al., 

2020). SGLT2 inhibitors mimic a fasting condition by lowering blood glucose and can 

induce a shift from carbohydrate to lipid metabolism and the formation of ketone bodies in 

the liver (Vallon, 2024). Ketone bodies, β-hydroxybutyrate (BHOB) and acetoacetate, 

improve the energy efficiency of the heart, decrease ROS production, and slow HF 

progression (Ekanayake et al., 2020). Ketone oxidation is associated with improved heart 

failure outcomes in patients, and this mechanism of improved energy supply is also 

observed in failing murine hearts and porcine heart failure models. The starvation-like 

response of the SGLT2 inhibitors can induce autophagy, which improves systemic cellular 

defense and reduces oxidative stress (Vallon & Verma, 2021). SGLT2 inhibitors can also 

reduce fluid overload and hypertension, which improves heart failure outcomes (Vallon, 

2024). This production of ketone bodies and improvement of cardiac energy supply might 

also be a potential mechanism for the improvement of fractional shortening (FS%) in the 

slc5a2 and, to some extent, slc5a1 knockout zebrafish embryos.  

Overexpression of SGLT1 has been observed in patients with ischemic cardiomyopathy 

(Pérez-Carrillo et al., 2022). Overexpression of Slc5a1 in mice was associated with chronic 

pressure overload leading to hypertrophic cardiac myopathy, cardiac remodeling, and 

interstitial fibrosis (Lin et al., 2021). Individuals with functionally damaged SGLT1 exhibit 

23% and 30% relative risk reduction in type 2 diabetes mellitus (T2DM) and heart failure 

(HF), respectively, whereas functionally damaged SGLT2 is associated with less than 3% 

relative risk reduction for both T2DM and HF, and knockdown of SGLT1 in mice improves 

cell viability and protects against acute myocardial ischemia reperfusion injury and 

myocardial nitro-oxidative stress (Sayour et al., 2021). These findings indicate a role of 

SGLT1 in ischemic cardiomyopathy and make SGLT1 a potential drug target for heart failure 

management.  

The direction and transport rate of SGLT1 is dependent on Na+ concentration, and the 

direction is reversible. In the absence of glucose, SGLT1 can also function as a Na+ 

uniporter (Gyimesi et al., 2020). In hypoxic conditions, intracellular Na+ concentration is 
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increased by the activation of Na+/H+ exchanger 1 (NHE1), which leads to intracellular Ca2+ 

overload (Y. Zhu et al., 2025). Cardiomyocyte hypertrophy and oxidative stress mediated by 

intracellular Ca2+ overload can be reduced by SGLT1 inhibition and the shift of inflammatory 

M1 macrophages to anti-inflammatory M2 macrophages, and myocardial fibrosis 

suppression can also be significantly stimulated by the inhibition of SGLT1 (M. Zhao et al., 

2023). The improvement in fractional shortening (FS%) that was observed in the slc5a1 

knockout group could be the results of decreased Na+ levels in the cardiomyocytes of 

zebrafish embryos.  

mmp13a and mmp13b knockout worsened cardiac function in zebrafish 

embryos 

In the previous study (Huttunen et al., 2024), where zebrafish embryos were exposed to 

chemical hypoxia, the matrix metalloproteinase 13a (mmp13a) gene was downregulated in 

response to empagliflozin treatment, and treatment with an MMP13 inhibitor significantly 

improved the fractional shortening (FS%) in the zebrafish embryos exposed to chemical 

hypoxia. However, in this study, improvement in FS% was not observed in the mmp13a and 

mmp13b knockout zebrafish embryos when exposed to chemical hypoxia. After 45 minutes 

of hypoxia exposure, a significant decrease in the FS% was observed in the mmp13b 

knockout group, and a slight but not significant decrease was observed in the mmp13a 

knockout group compared to the negative control group. The difference between gene 

knockout and using an inhibitor might be the reason for these contradictory results.  

The mmp13a and mmp13b genes in zebrafish is orthologous to the human MMP13 gene, 

and they are paralogous to each other (Bradford et al., 2022). Teleosts, such as zebrafish, 

after their diversification as a lineage, underwent a third whole genome duplication (WGD) 

process (3R or TS-WGD) around 320–350 million years ago, which gave rise to the mmp13a 

and mmp13b paralogues in zebrafish. Initially the duplicated genes can perform the same 

function however, this also allows one copy of the gene to accumulate mutations, allowing 

regulatory divergence to occur (Angelakopoulos et al., 2025).   
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In humans, MMP13 is expressed in the chondrocytes, epithelial and neuronal cells, 

connective tissues, and T lymphocytes. Under normal conditions, the expression of 

MMP13 in humans is highly localized and upregulated in various diseases, such as artery 

and bone diseases (Hashimoto et al., 2013).  

In zebrafish, mmp13a is expressed in the heart myocardium, macrophages, fin epidermis, 

and visceral epidermis, and mmp13b is expressed in the posterior cardinal vein and caudal 

fin (Sur et al., 2023). During zebrafish embryogenesis, the mmp13a paralogue plays an 

important role in hatching, while mmp13b is crucial for fin bone formation (Angelakopoulos 

et al., 2025).  

MMP13 is a zinc-dependent proteolytic enzyme that is also known as collagenase 3. The 

most abundant protein in the extracellular matrix (ECM) is collagen, and essential 

biological processes such as tissue remodeling and angiogenesis depend on the 

collagenolytic activity of enzymes, such as MMP13. ECM is composed of a complex 

network of macromolecules such as proteins, glycoproteins, and proteoglycans and 

provides structural stability to the cells and facilitates cell adhesion and migration by 

functioning as a scaffold (Angelakopoulos et al., 2025). During heart failure, pathological 

remodeling and fibrosis of the heart lead to impaired cardiac function. The imbalance 

between the production and degradation of ECM is responsible for cardiac fibrosis. In 

response to injury, the cardiac fibroblasts secrete an excess amount of ECM proteins such 

as MMP13. Improvement in cardiac function is also observed after cardiac injury in mice 

treated with an MMP13 inhibitor (Schafer, 2018).  

Unlike mammals, zebrafish can regenerate its heart after hypoxic injury primarily due to the 

ability of remaining cardiomyocytes to dedifferentiate and proliferate. In both zebrafish and 

mammals, collagenolytic activity is observed in the cardiac wall where collagen is 

deposited, leading to myocardial remodeling. Unlike mammals, the mechanical load of 

zebrafish hearts is decreased during the regeneration of myocardium, which leads to less 

collagen deposition. As the balance between the production and degradation of ECM shifts 

toward degradation, the collagen-rich scar is eventually reserved (Gamba et al., 2017).  
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During the inflammation phase after heart injury, MMPs (such as MMP13 and MMP9)-

mediated leukocyte recruitment is essential for zebrafish heart regeneration, and inhibition 

of MMP13 is associated with reduced leukocyte recruitment and heart regeneration (Xu et 

al., 2018). The regeneration process of zebrafish hearts is associated with pro-regenerative 

macrophage activity, and the elimination of macrophages is linked to impaired myocardial 

regeneration. In neonatal mice and pigs, a similar myocardium regeneration capacity is 

observed, however this capacity is transient and lost in adults (Galili & Schaer, 2026).  

However, an excessive inflammatory response was also found to be associated with 

impaired heart regeneration through decreased fibrotic scar degradation in bre mutant 

zebrafish hearts after cryoinjury, and a moderate dose of an MMP13/MMP9 inhibitor 

increased scar degradation by attenuating the inflammatory response. While the 

inflammatory response is essential for heart regeneration, excessive inflammation can 

have detrimental effects (Xu et al., 2019). This phenomenon might explain the decrease in 

fractional shortening (FS%) in the mmp13a and mmp13b knockout zebrafish, as opposed 

to the improved FS% observed in the previous study (Huttunen et al., 2024) using an 

MMP13 inhibitor.  

Conclusion  
In this study, an improvement in fractioning shortening (FS%) of the zebrafish embryo heart 

was observed in response to 60 minutes of hypoxia exposure in the CRISPR/Cas9-

mediated slc5a1 and slc5a2 knockout embryos, whereas in the mmp13b knockout 

embryos, the fractioning shortening (FS%) was decreased after 45 minutes of hypoxia 

exposure. The improvement in FS% in the slc5a1 and slc5a2 knockout embryos might be 

the results of decreased intracellular Na+ levels and improvement of cardiac energy supply 

by the formation of ketone bodies. This study also indicates that, while the overexpression 

of mmp13a and mmp13b is associated with the impaired heart regeneration capacity of 

zebrafish, knocking out the genes also impairs heart regeneration, suggesting a dose-

dependent role of mmp13a/mmp13b inhibition in zebrafish heart regeneration.  
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4. Materials and methods 

CRISPR design & primer selection  

Four genes (slc5a1, slc5a2, mmp13a, and mmp13b) were selected for knockout using 

CRISPR/Cas9 in this study based on a previous study (Huttunen et al., 2024) conducted at 

the Zebrafish Core, Turku Bioscience. Two crRNAs (Table 3) were selected for each gene 

target using the online tool CHOPCHOP (https://chopchop.cbu.uib.no/ ) for Danio rerio 

(GRCz11/danRer11). The genome assembly GRCz11/danRer11 was released in 2017, and 

the total volume of data is 1.3 GB and contains 1917 scaffolds from assembling 19,725 

contigs. The assembly was produced through combining fast DNA reading techniques with 

a detailed genetic map and DNA samples from the Tübingen (TU) fish strain (Okendo et al., 

2025). While selecting the crRNA, it was ensured that both target sites were on the same 

exon for each of the target genes. For primer design, the PCR product size option was set 

from 300 to 500 base pairs, and the rest of the options were kept as defaults. 

Two pairs of primers (Table 4 & Table 5) were selected for the nested PCR protocol. A 

nested PCR protocol is used to increase the sensitivity and specificity of the PCR. Nested 

PCR utilizes two different pairs of primers in two separate PCR steps, and the PCR product 

from the first amplification reaction is used as a template for the second PCR (Mr & J, 

2019). In the first PCR, the amplification is performed with outer primer sets, and in the 

second PCR the inner primer sets anneal to an internal sequence of the first PCR (Khaksar 

et al., 2026). 

Table 3. crRNA target sequences for CRISPR/Cas9 knockout 

Target gene crRNA1 crRNA2 

slc5a1 TGGCCGGCAGAAGTATGGTGTGG CGGACCAATCGAGCCACGGTCGG 

slc5a2 ACTAATCGTGGCACAGTAGGCGG CAGGTCGGACGATGGTGTGGTGG 

mmp13a CTCTAGGTCTAGGACACTCGCGG ATGGGCCGCCACCGAGAACAGGG 

mmp13b CCGGGTACATAAGAGATCCAGGG CTTTGGCGTAGGAGTAAACCGGG 

 

https://chopchop.cbu.uib.no/
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Table 4. Outer forward and reverse primer sequences  

 

 

Table 5. Inner forward and reverse primer sequences  

 

 

The slc45a2 gene was also knocked out alongside each of the target genes. The crRNA 

sequences for the slc45a2 gene target were GGTTTGGGAACCGGTCTGAT (ID: ZDB-CRISPR-

150312-1) and GGCCATCGTGGTGGTGATGTT (ID: ZDB-CRISPR-151027-2). 

The crRNAs (2 nmol), Alt-R™ S.p. Cas9 Nuclease V3 (62 µM), Alt-R™ CRISPR-Cas9 tracrRNA 

(5 nmol), and Alt-R™ CRISPR-Cas9 Negative Control crRNA #1 (2 nmol) were purchased 

from Integrated DNA Technologies (IDT), Inc. 

crRNA:tracrRNA duplex preparation 

The target crRNAs and negative control crRNA were dissolved in 20 µl of duplex buffer (IDT), 

and the tracrRNA was dissolved in 50 µl of duplex buffer, to a final concentration of 100 µM. 

Subsequently, 5 µl of tracrRNA and 2.5 µl of each of the two target crRNAs of the specific 

Target gene Outer forward Outer reverse 

slc5a1 cttcatacgaaaaagtttgggc TAGGTTTATGGCCATTCTGGTC 

slc5a2 TCAAATGCGGTATGAAAAACAC CCCACCTATGTTGGGAAAATAA 

mmp13a CTTGACCAACGCACAAAATAAA TTTTGAATCATCGGTATTGACG 

mmp13b cacacacacacacacacacaaa TCAGAATGGTGTATTGCTCACC 

Target gene Inner forward Inner reverse 

slc5a1 cttcatacgaaaaagtttgggc GCCATTCTGGTCATTTTCTAGC 

slc5a2 AAAAACACTTTGCCTCATCCAT TTATACTCACAGGCCACCACAC 

mmp13a CATCGGTATTGACGTCAGTGTT AACGCACAAAATAAAACCCAAC 

mmp13b tattagccccttctgtgcaaat TGCTCACCATAGAGAGACTGGA 
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gene were combined to form a 50 µM complex. For the negative control, 5 µl of negative 

control crRNA was combined with 5 µl of tracrRNA. 0.5 ml Eppendorf tubes were used to 

prepare the duplexes. The duplexes were prepared using a Bio-Rad S1000 Thermal Cycler. 

The protocol (Table 6) for the duplex preparation started with a denaturation step for 5 

minutes at 95°C followed by cooling at a 0.1°C/sec ramp to 25°C and holding at 25°C for 5 

minutes. Finally, it was cooled down and held at 4°C until the Eppendorf tubes were 

removed from the Bio-Rad S1000 Thermal Cycler. 

Table 6. Thermal cycler protocol for crRNA:tracrRNA duplex preparation 

Step Temperature (°C) Duration 

Denaturation 95°C 5 minutes 

Cooling 0.1°C/sec ramp Until 25°C 

Hold 25°C 5 minutes 

Final hold 4°C ∞ 

 

Subsequently, 10 µl of duplex buffer was added to achieve a final concentration of 25 µM 

and a final volume of 20 µl. The duplexes were prepared in advance and stored at −20°C. 

Fish mating and embryo collection 

The wild-type (AB) zebrafish strain was used in this study. Fish matings were set up in the 

afternoon prior to microinjection the following morning. The matings were set up with a 

divider to ensure that no mating occurred during the night or early morning. The divider was 

removed at approximately 08:30, and the fish were allowed to mate for 20–30 minutes. The 

early-stage embryos were then collected and maintained in an 18°C incubator to slow 

down their development prior to microinjection. 
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Cas9 RNP complex preparation 

The Cas9 ribonucleoprotein (RNP) complex was prepared before the microinjection in the 

morning after collecting the zebrafish embryos. The components were mixed according to 

the protocol (Table 7) in an 0.5 Eppendorf tube and kept on ice. 

Table 7. Components and volume of the Cas9 RNP complex 

Component Negative control (µl) Target (µl) 

Negative control duplex (25 uM) 0.5  

slc45a2 duplex (25 uM) 0.5 0.5 

Target duplex (25 uM)  0.5 

IDT Cas9 nuclease (62 µM) 0.4 0.4 

KCL, 3M 0.4 0.4 

Phenol red 1.0 1.0 

Nuclease-free water (IDT) 2.2 2.2 

 

Microinjection 

A vertical needle-pulling instrument (Narishige PB-7) was used to produce the 

microinjection needles. A Nanoject II Auto-Nanoliter Injector (3-000-205A, Drummond) 

was used to inject 2.3 nL of Cas9 RNP complex into early-stage zebrafish embryos (1- to 4-

cell stages). The embryos were aligned against a glass slide on a petri dish lid, and excess 

liquid was removed to ensure that the embryos were fixed in position for microinjection. 

The entire procedure was performed under a stereo microscope.  

Following microinjection, the embryos were gently washed into a petri dish containing E3 

medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl₂, 0.33 mM MgSO₄) supplemented with 

1:200 Pen-Strep and maintained in a 28°C incubator to recover and develop. 
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Exposure to hypoxia 

At three days post-fertilization (3 dpf), the injected embryos, along with the negative 

controls, were exposed to hypoxia. The hypoxia solution was prepared by dissolving sodium 

metabisulfite in E3 medium (1 mg/mL). The pH of the hypoxia solution was adjusted with 

KOH to pH 6.8–7.0. The solution was then equilibrated in a 28.5°C incubator prior to use. 

The embryos were anesthetized with Tricaine (MS-222; 200 mg/L) prior to exposure to 

hypoxia. The embryos were then exposed to hypoxic conditions for 45 minutes in the first 

experiment and 60 minutes in the second experiment, in a 30 mL glass vial maintained 

inside a 28.5°C incubator. Following exposure, the embryos were removed from the hypoxia 

solution and transferred into a Petri dish containing E3 medium. The embryos were 

subsequently maintained in a 28.5°C incubator overnight to recover, and imaging was 

performed the following day. 

Imaging and image analysis 
At four days post-fertilization (4 dpf), cardiac imaging of the embryos was performed using 

a Nikon Eclipse Ti2-E microscope. The embryos were anesthetized with tricaine (MS-222; 

200 mg/L) and placed into a 96-well plate. 

A short cardiac video (5–10 seconds) from each embryo was recorded using a Plan Fluor 

10x/0.30 OFN25 Ph1 DL (MRH20101) lens at 100 frames per second (FPS), and the videos 

were analyzed using ImageJ/Fiji. From the heart recordings, the dimensions of the zebrafish 

heart at diastole (maximum length at the end of the relaxation phase) and systole 

(minimum length following the contraction phase) were measured. The fractional 

shortening (FS%) was subsequently calculated using the following formula: 

𝐹𝑆% =
𝐷𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑙𝑒𝑛𝑔𝑡ℎ − 𝑆𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑙𝑒𝑛𝑔𝑡ℎ

𝐷𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑙𝑒𝑛𝑔𝑡ℎ
 × 100% 

DNA extraction 

DNA was extracted using the HotShot method (Meeker et al., 2007). The embryos were 

collected in 1.5 mL Eppendorf tubes. A volume of 50 µL of 50 mM NaOH per embryo was 
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added to the tube and incubated at 95°C for 20 minutes. Once the embryos were 

completely dissolved, the tubes were cooled on ice, and 5.5 µL of 1M Tris-HCl (pH 8.0) per 

embryo was added to neutralize the NaOH. The samples were then vortexed and 

centrifuged at maximum speed for 5 minutes. The resulting supernatant was used for PCR. 

PCR and agarose gel electrophoresis  

PCR was carried out using a nested PCR protocol (Table 8). For the first PCR reaction, 19.5 

µL of PCR-grade water, 25 µL of KOD One™ PCR Master Mix (Japan), 1.5 µL of outer forward 

primer (10 µM), and 1.5 µL of outer reverse primer (10 µM) were combined, and 9.5 µL of 

the mixture was distributed into 0.5 mL Eppendorf tubes. A volume of 0.5 µL of DNA extract 

was added to individual tubes. Milli-Q® water (0.5 µL) was included as a negative control. 

PCR was performed using a Bio-Rad S1000 Thermal Cycler with the following protocol: 

Table 8. Nested PCR thermal cycler protocol 

Step Temperature (°C) Time (sec) 

Denaturation 98.0 10 

Annealing (TM -5 °C) 55.0 5 

Extension 68.0 1 

Cycle, 30x   

Hold 4 Infinite 

 

For the second PCR reaction, 1.5 µL of inner forward primer (10 µM) and 1.5 µL of inner 

reverse primer (10 µM) were combined with 19.5 µL of PCR-grade water and 25 µL of KOD 

One™ PCR Master Mix. A volume of 9.5 µL of the mixture was distributed into 0.5 mL 

Eppendorf tubes, and 0.5 µL of the first PCR product was added to each tube. The second 

PCR was carried out using the same protocol as the first PCR reaction.  

The second PCR product was verified by agarose gel electrophoresis. For gel preparation, 1 

g of agarose was measured into an Erlenmeyer flask, and 50 mL of 1× TAE (Tris-acetate 

EDTA) buffer was added to prepare a 2.0% gel. The mixture was heated in a microwave oven 
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until a uniform solution was obtained. The solution was cooled to approximately 60°C, and 

5 µL of SYBR™ Safe DNA Gel Stain (1:10,000; Invitrogen™) was added to the agarose 

solution. 

The gel cassette was assembled by taping the ends and placing it on a flat surface. The 

agarose solution was poured into the cassette, and a sample comb was inserted. Once 

fully solidified, the comb was removed and the cassette was placed in an electrophoresis 

chamber filled with 1× TAE buffer, ensuring that the gel was fully submerged. A volume of 5 

µL of MassRuler DNA Ladder (Thermo Scientific™) was loaded into the first and last wells, 

and the second PCR products were loaded into the intervening wells. The gel was run at 90 

V for approximately one hour and visualized using a Bio-Rad Gel Doc XR+ Gel 

Documentation System. 

PCR product purification  

The PCR products were purified using the Monarch® PCR & DNA Cleanup Kit (New England 

Biolabs Inc.) or with the Agarose Gel DNA Extraction Kit (Roche, Version 13), according to 

the instruction provided by the manufacturer. The NanoDrop Lite Spectrophotometer 

(Thermo Fisher Scientific) was used to measure the concentration of the purified DNA.  

Sanger sequencing and TIDE analysis 

Sanger sequencing was performed using the LightRun sequencing service (Eurofins 

Genomics). LightRun tube samples were prepared by combining 5 µL of purified PCR 

product (5 ng/µL) with 5 µL of primer (5 µM). 

Editing efficacy was quantified from the resulting chromatograms using the Tracking of 

Indels by Decomposition (TIDE) (Brinkman et al., 2014) software 

(https://apps.datacurators.nl/tide/ ) by uploading the .ab1 files of the target gene-edited 

samples and the corresponding control samples. All parameters within the TIDE software 

were kept at their default settings. 

https://apps.datacurators.nl/tide/
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Statistical analysis 

Statistical analyses were performed using R version 4.5.1 (2025-06-13) and the numiqo 

statistics calculator (https://numiqo.com/). The normality of the data was assessed using 

the Shapiro-Wilk test, in addition to visual inspection of histograms and Q-Q plots. If the 

data were found to be normally distributed, Levene's test was performed to assess the 

homogeneity of variances; if the data were not normally distributed, the Kruskal-Wallis test 

was performed. If the variances were found to be equal, a one-way ANOVA was performed; 

if the variances were not equal, Welch’s test was performed, followed by Dunnett's post-

hoc test to compare each experimental group against the control group. A p-value of less 

than 0.05 was considered statistically significant. Data are presented as box plots with 

individual data points overlaid, generated using the numiqo statistics calculator 

(https://numiqo.com/ ).  
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5. Abbreviations 
AMI Acute myocardial infarction  
ACEIs Angiotensin-converting enzyme inhibitors 
ACS Acute coronary syndrome  
aEPC Activated epithelial progenitor cells  
Ang II Angiotensin II  
ARBs Angiotensin II receptor blockers 
ARNIs Angiotensin receptor neprilysin inhibitors  
BNP Brain natriuretic peptide  
CAD Coronary artery disease  
CKD Chronic kidney disease  
CMR Cardiac magnetic resonance 
CRISPR Clustered regularly interspaced short palindromic repeats 
crRNAs CRISPR RNAs  
CTA Computed tomography angiography  
dpf Days post fertilization  
ECG Electrocardiography 
ECM Extracellular matrix  
EF Ejection fraction 
EMT Epithelial mesenchymal transition  
FFAs Free fatty acids  
FIH Factor-inhibiting HIF  
FS% Fractional shortening  
GLUT1 Glucose transporter-1  
GLUT3 Glucose transporter-3  
gRNAs Guide RNAs  
HF Heart failure  
HFimEF Heart failure with improved ejection fraction  
HFmrEF Heart failure with mildly reduced ejection fraction 
HFpEF Heart failure with preserved ejection fraction  
HFrEF Heart failure with reduced ejection fraction  
HIF-α Hypoxia-inducible factor α  
HRE Hypoxia response element  
ICAM-1 Intercellular adhesion molecule 1  
IL-1β Interleukin-1 beta  
IL-6 Interleukin-6  
LDL-C low-density lipoprotein cholesterol  
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LV Left ventricle   
LVEF Left ventricular ejection fraction  
LVH Left ventricular hypertrophy  
MI Myocardial infarction  
mmp13a Matrix metalloproteinase 13a 
mmp13b Matrix metalloproteinase 13b 
MRAs Mineralocorticoid receptor antagonists 
NHE1 Na+/H+ exchanger 1  

NHE3 Na+/H+ exchanger 3 

NO Nitric oxide 
NOSs NO synthases  
NT-proBNP N-terminal pro-BNP  
PHDs Prolyl hydroxylase domain-containing proteins  
pVHL von Hippel-Lindau tumor suppressor 
QoL Quality of life  
RAAS Renin-angiotensin-aldosterone system  
ROS Reactive oxygen species  
SGLT1 Sodium glucose co-transporter 1 
SGLT2 Sodium glucose co-transporter 2 
SGLT2i Sodium-glucose cotransporter 2 inhibitors 
slc5a1 Solute carrier family 5-member 1 
slc5a2 Solute carrier family 5-member 2 
TALENs Transcription activator-like effector nucleases  
TIDE Tracking of indels by decomposition 
VEGF Vascular endothelial growth factor 
VHD Valvular heart disease  
WGD Whole genome duplication  
ZFNs Zinc finger nucleases 
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7. Supplementary material 
Supplementary Table 1. Raw fractional shortening (FS%) values for all experimental 

groups at baseline 

Neg. Ctrl slc5a1 slc5a2 mmp13a mmp13b 

16.78 14.22 14.67 15.62 16.74 

18.83 18.96 9.86 21.44 17.82 

11.46 21.24 19.20 12.05 17.38 

12.96 13.43 14.73 23.63 14.58 

16.97 10.33 10.18 12.7 7.84 

19.71 13.31 12.15 22.9 11.01 

13.33 19.46 13.93 0.0 15.84 

9.85 12.68 29.31 45.4   

21.97 15.78 21.42 23.2   

16.81   19.14 4.7   

14.15   22.69 0.0   

20.66   25.34 18.7   

10.42   12.46 12.7   

15.80   26.97 9.2   

13.77   14.59 0.0   

11.27     0.0   

19.65         

26.16         

14.9         

16.84         

14.19         

16.08         

17.76         

17.00         

12.48         
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Supplementary Figure 1. Histogram (A) and Q-Q plot (B) of ANOVA model residuals for 

fractional shortening (FS%) data at baseline. The histogram displays the distribution of 

residuals with a normal distribution curve. The Q-Q plot compares sample quantiles 

against theoretical quantiles, with red lines indicating 95% confidence bands. Visual 

inspection indicates approximate normality of residuals across all groups. 
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Supplementary Figure 2. Histogram and Q-Q plot of fractional shortening (FS%) for each 

experimental group. Graphs are shown for (A) Negative Control, (B) slc5a1, (C) slc5a2, (D) 

mmp13a, and (E) mmp13b knockouts. Each histogram displays data distribution with a 

normal curve, and Q-Q plots show alignment with theoretical quantiles, indicating 

normality within each group. 
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Supplementary Figure 3. TIDE analysis of CRISPR/Cas9 editing efficiency for mmp13a. (A) 

Indel spectrum showing a total editing efficiency of 86.3% (R² = 0.86), with a predominant -

1 deletion (69.9%, p < 0.001) at the expected cut site. (B) Quality control plot showing 

aberrant sequence signal in control (black) and CRISPR/Cas9 knockout sample (green), 

with the expected cut site at 234 bp (blue dotted line). 
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Supplementary Figure 4. TIDE analysis of CRISPR/Cas9 editing efficiency for slc5a2. (A) 
Indel spectrum showing a total editing efficiency of 59% (R² = 0.74), with predominant 
mutations of -1 deletion (19.6%). (B) Quality control plot showing aberrant sequence signal 
in the control (black) and CRISPR/Cas9 knockout sample (green), with the expected cut 
site at 270 bp (blue dotted line) 
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Supplementary Figure 5. TIDE analysis of CRISPR/Cas9 editing efficiency for slc5a1. (A) 

Indel spectrum showing a total editing efficiency of 42.2% (R² = 0.43), with multiple 

significant indels distributed across sizes at the expected cut site. (B) Quality control plot 

showing aberrant sequence signal in the control (black) and CRISPR/Cas9 knockout 

sample (green), with the expected cut site at 205 bp (blue dotted line) 
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Supplementary Figure 6. TIDE analysis of CRISPR/Cas9 editing efficiency for mmp13b. (A) 
Indel spectrum showing a total editing efficiency of 17.7% (R² = 0.21), with a predominant -
8 deletion (8.7%) at the expected cut site. (B) Quality control plot showing aberrant 
sequence signal in the control (black) and CRISPR/Cas9 knockout sample (green), with the 
expected cut site at 46 bp (blue dotted line) 
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Supplementary Table 2. Raw fractional shortening (FS%) values for all experimental 

groups after 45 minutes of hypoxia exposure 

Neg. Ctrl slc5a1 slc5a2 mmp13a mmp13b 

10.92 15.58 28.15 20.92 11.55 

22.47 20.85 26.35 16.22 13.31 

27.68 21.82 21.70 15.59 19.91 

22.52 23.48 23.79 24.15 24.04 

28.39 26.00 27.76 14.54 15.59 

29.46 23.20 22.62 12.73 13.08 

20.39 18.21 21.36 18.22 14.61 

19.17 19.16 20.75 27.37 8.44 

26.26 24.30 23.49   14.40 

19.34 22.88 27.80   17.05 

20.22 24.82 29.76     

26.65 31.83 18.65     

15.95 28.91 17.24     

16.55 21.48 22.92     

20.67 21.39 26.03     

17.59 25.17       

9.84 23.04       

17.76 20.92       

  22.49       

  25.97       

  21.68       

  23.37       
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Supplementary Figure 7. Histogram (A) and Q-Q plot (B) of ANOVA model residuals for 
fractional shortening (FS%) following 45 minutes of hypoxia exposure at 3 dpf. The 
histogram displays the distribution of residuals with a normal distribution curve.  
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Supplementary Figure 8. Individual histograms and Q-Q plots of fractional shortening 
(FS%) following 45 minutes of hypoxia exposure at 3 dpf for Neg. Ctrl (A), slc5a1 (B), slc5a2 
(C), mmp13a (D), and mmp13b (E). Each histogram displays data distribution with a normal 
curve, and Q-Q plots show alignment with theoretical quantiles, supporting normality 
within each group. 
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Supplementary Table 3. Raw fractional shortening (FS%) values for all experimental 

groups after 60 minutes of hypoxia exposure 

Neg_ctrl_normoxia Neg_ctrl_hypoxia slc5a1 slc5a2 
14.25 19.84 19.84 19.61 
15.48 8.18 15.94 16.67 
17.76 15.33 24.54 16.63 
13.88 16.37 18.03 16.15 
17.75 10.27 22.43 11.86 
12.13 10.83 13.06 16.88 
12.62 15.80 19.16 23.66 
15.75 15.91 17.39 20.00 
22.82 10.32 23.27 18.98 
20.06 12.71 12.18 16.91 
20.40 16.04 15.06 20.97 
17.27 17.11 18.89 14.52 
17.76 18.38 20.06 23.65 
12.28 20.35 27.28 14.60 
13.08 17.71 15.77 18.80 
19.65 10.62 29.35 16.92 
22.85 20.04 13.99 12.39 
19.08 18.66 19.85 18.83 
23.62 16.10 23.51 16.92 
14.80 8.56 19.20 25.74 
17.57 18.40 23.75 20.66 
20.12 13.36 27.67 15.69 
20.50 11.07 17.18 19.78 
15.16 11.49 15.23 25.05 
13.76 17.88 20.88 27.98 
18.89 9.83 14.21 15.26 
17.54 16.73 16.36 19.70 
23.08 14.92 15.85 

 

18.59 23.73 13.41 
 

18.61 15.63 18.55 
 

17.61 9.34 20.66 
 

20.05 12.86 
  

18.63 12.83 
  

17.05 33.59 
  

16.92 12.78 
  

20.38 13.98 
  

12.18 13.74 
  

23.16 21.24 
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24.49 13.86 
  

18.95 14.00 
  

15.42 16.52 
  

18.33 16.65 
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Supplementary Figure 9. Histogram (A) and Q-Q plot (B) of ANOVA model residuals for 

fractional shortening (FS%) following 60 minutes of hypoxia exposure at 3 dpf. 
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Supplementary Figure 10. Individual histograms and Q-Q plots of fractional shortening 
(FS%) following 60 minutes of hypoxia exposure at 3 dpf for Neg. Ctrl_normoxia (A), Neg. 
Ctrl_hypoxia (B), slc5a1 (C), and slc5a2 (D).  
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8. Appendix A 
QuillBot was used as a plugin with Microsoft Word as a supportive tool in correcting the 

English language (e.g., spelling/grammar checking and text-editing assistance) to improve 

clarity, readability, and consistency in the text. 
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