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ABSTRACT 

 

DIET-INDUCED CHANGES IN VITRO MOUSE AND IN VIVO ZEBRAFISH 

MODELS OF ANGIOGENESIS AND REGENERATION 

Selvin Yıldız 

 

M.Sc. in Material science and 

Nanotechnology  

 

Supervisor: Özlen Konu Karakayalı 

Co-advisor: Sinem Karaman  

 

 

Cardiovascular disorders rank as the primary cause of global mortality. Being overweight or 

obese impacts the pathogenesis of cardiovascular disease, resulting in an imbalance in 

endothelial function, cell growth, and inflammatory activation. Disruption of these factors 

resulting from endothelial cell dysfunction serves as both an outcome and a catalyst for 

vascular disease processes. Endothelial cells (ECs) are a natural barrier between circulating 

blood and vessel components. They also play critical roles in multiple physiological and 

pathophysiological processes, such as angiogenesis, vascular permeability, and inflammation. 

Amelioration of endothelial dysfunction may be attained by weight loss; however, 

complementary in vitro and in vivo studies are needed to establish the effects of weight loss 

on endothelial function and angiogenesis. This study developed an in vitro model to 

understand better the diet-induced changes in angiogenesis for mouse endothelial cells. In 

addition, a novel in vivo model of diet-induced vascular changes and its potential reversal 

with a return to regular diet in a zebrafish model was also studied. In vitro studies showed that 

a serum from mice fed a high-fat diet (HFD) might lead to proliferation of endothelial cells, 

yet weight loss did not compensate for prior stress induced by HFD. In vivo, studies in adult 

zebrafish showed that egg yolk-based high-fat diet might affect cytological architecture in the 

adult fish liver. Switching to a normal diet could effectively reverse these changes. Moreover, 

a caudal fin inter-ray vascularization assay was developed and used to test whether vessel 

sprouting was affected by different diets. Overfeeding resulted in a higher number of vessels, 

yet future studies with higher sample sizes are needed. Similarly, the expressions of several 

angiogenesis-related genes, which were quantified using cDNAs from the whole larvae and 

adult caudal fin treated with different diets, showed significant changes in vcam in larvae and 

cdh5 in adult fin by diet. However, further experiments are needed due to high individual 

variability and low sample size. The findings herein show that in vitro mouse endothelial cells 

and zebrafish larvae and adults could be used as valuable models for studies involving 

reversal/weight loss of high fat or overfeeding dietary regimes. Furthermore, the caudal fin 

vascularization assay in Tg(fli1:eGFP) Casper fish could be a promising preclinical model for 

testing the effects of different diets on angiogenesis and endothelial dysfunction. 

Keywords: angiogenesis, cardiovascular disease, dietary regimes, zebrafish
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                                                                    ÖZET 

 

IN VITRO FARE VE IN VIVO ZEBRAFISH MODELLERİ İLE FARKLI 

DİYETLERİN ANJİYOGENEZE ETKİSİ  

Selvin Yıldız 

Malzeme Bilimi ve Nanoteknoloji Yüksek 

Lisans Programı  

 

Danışman: Özlen Konu Karakayalı 

Eş danışman: Sinem Karaman  

 

Kardiyovasküler hastalıklar küresel ölümlerin başlıca nedeni olarak sıralanıyor. Aşırı kilolu 

veya obez olmak, kardiyovasküler hastalığın patogenezini etkileyerek endotel fonksiyonunda, 

hücre büyümesinde ve inflamatuar aktivasyonda dengesizliğe neden olur (Shrestha ve ark. 

2020). Endotel hücre fonksiyon bozukluğundan kaynaklanan bu faktörlerin bozulması, 

vasküler hastalık süreçleri için hem sonuç hem de katalizör görevi görür. Endotel hücreleri 

(EC'ler), dolaşımdaki kan ve damar bileşenleri arasında doğal bir bariyer oluştururlar. Ayrıca 

anjiyogenez, vasküler geçirgenlik ve inflamasyon gibi birçok fizyolojik ve patofizyolojik 

süreçte de kritik roller oynarlar. Endotel disfonksiyonunun iyileştirilmesi kilo kaybıyla 

sağlanabilir; ancak kilo kaybının endotel fonksiyonu ve anjiyogenez üzerindeki etkilerini 

belirlemek için tamamlayıcı in vitro ve in vivo çalışmalara ihtiyaç vardır Bu çalışma ile, fare 

endotel hücrelerinde anjiyogenezde diyete bağlı değişiklikleri daha iyi anlamak için bir in 

vitro model geliştirdi. Ek olarak, bir zebra balığı modelinde diyete bağlı vasküler 

değişikliklerin yeni bir in vivo yüksek yağlı diet modeli ve bunun düzenli bir diyetle tersine 

çevrilme potansiyeli de incelenmiştir. In vitro çalışmalar, yüksek yağlı bir diyet (HFD) ile 

beslenen fare serumunun endotel hücreleri çoğalttığını ve kilo kaybının, HFD'nin neden 

olduğu önceki stresi telafi etmediğini gösterdi. Yetişkin balıklarda yapılan in vivo çalışmalar, 

tavuk yumurta sarısına dayalı yüksek yağlı diyetin, yetişkin balık karaciğerindeki sitolojik 

yapıyı etkileyebileceğini gösterdi. Normal bir diyete geçmenin bu değişiklikleri etkili bir 

şekilde tersine çevirebilecği gözlendi. Ayrıca, kuyruk yüzgeci uzantıları arası vaskülarizasyon 

tahlili geliştirildi ve damar filizlenmesinin farklı diyetlerden etkilenip etkilenmediğini test 

etmek için kullanıldı. Aşırı besleme, daha fazla sayıda damar filizlenmesi ile sonuçlanmakla 

birlikte, ancak daha yüksek denek sayısına sahip çalışmalara ihtiyaç olduğu görüldü. Benzer 

şekilde, farklı diyetlerle yetiştirilen tüm larvalardan ve yetişkin kuyruk yüzgecinden alınan 

cDNA'lar kullanılarak ölçülen anjiyogenezle ilişkili birkaç genin ekspresyonları çalışıldı ve, 

diyetle larvalarda vcam ve yetişkin yüzgeçlerinde cdh5'te önemli değişiklikler gözlendi. 

Ancak bireysel değişkenliğin yüksek olması ve örneklem büyüklüğünün düşük olması 

nedeniyle daha fazla deneye ihtiyaç vardır. Buradaki bulgular, in vitro fare endotel 

hücrelerinin ve zebra balığı larvalarının ve yetişkinlerinin, yüksek yağ veya aşırı beslenme 

diyet rejimlerinin tersine çevrilmesi/kilo kaybını içeren çalışmalar için değerli modeller 

olarak kullanılabileceğini göstermektedir. Ayrıca, Tg(fli1:EGFP) Casper balığındaki kaudal 

yüzgeç vaskülarizasyon deneyi, farklı diyetlerin anjiyogenez ve endotel disfonksiyonu 

üzerindeki etkilerini test etmek için umut verici bir klinik öncesi model olabilir. 

Anahtar kelimeler: anjiyogenez, kardiyovasküler hastalıklar, diyet, zebra balığı ii 
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1. INTRODUCTION 

 

1.1. Being overweight and endothelial dysfunction 

 

      Being overweight and its associated health implications have become a pressing global 

concern in recent years (Shrestha et al. 2020). Endothelial dysfunction, a distinctive feature 

of vascular impairment, is a critical consequence of excess weight (Lee et al. 2013). The 

endothelium, a crucial cellular layer lining the blood vessels, is pivotal in maintaining 

vascular homeostasis, regulating blood flow, vascular tone, and angiogenesis. However, in 

obesity, this intricate balance becomes disrupted, leading to endothelial dysfunction, 

characterized by impaired endothelial function and integrity, eventually forming the 

groundwork for various cardiovascular complications (Simoneau, Houle, and Huot 2012). It 

is important to understand what mechanisms are involved in endothelial function disruption 

via in vitro and/or in vivo models. Moreover, molecular changes in RNA and protein levels 

of genes involved in obesity or angiogenesis and biomarkers of endothelial dysfunction can 

be studied using transcript-level analyses. 

 

1.2. Angiogenesis and endothelial dysfunction 

 

      Vascular health serves as a crucial measure of general health, given that any impairment 

in its function is linked to both cardiovascular and overall well-being. The vascular system is 

made up of the vessels that carry blood and lymph through the body. As an indicator of a 

healthy vascular system, angiogenesis is the process of creating new blood vessels from 

existing ones. Figure 1 shows the sprouting angiogenesis in a healthy blood vessel as a 

response to low oxygen levels in tissue. This cascade is triggered by the secretion of pro-

angiogenic growth factors, with VEGF playing a crucial role. Then, nearby cells adjacent to 

blood vessels produce VEGF, forming a gradient ranging from high to low intensity. Next, 

the endothelial cell exposed to the strongest VEGF signals transforms into a tip cell. This 

process guides the extension of the developing vessel from the tip cell. Then, the tip cell 

induces notch signaling in neighboring cells, causing them to transition into stalk cells. This 

transformation occurs as the tip cell follows the VEGF gradient. Then, stalk cells undergo 

proliferation, propelling the outgrowth of the vessel (Tejerina-Miranda et al. 2024). 

    There are several models of angiogenesis in vitro and in vivo. In vitro vascular models 

include cell lines that are obtained from primary cells or immortalized endothelial cell lines 
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(McCloskey et al. 2022). They are widely used to test the effects of drugs (Arioka et al. 2023) 

or different treatments (Rodrigo et al. 2023) on the development of new vessels (Zhang et al. 

2023) or endothelial dysfunction, which is disruption of endothelial cell function or signaling. 

In vivo models, on the other hand, can mimic human endothelial dysfunction caused by 

genetics, or environmental factors, e.g., alcohol (Weeks et al. 2022) and high fat diet (Wang 

et al. 2022). Rodent and other vertebrate models, (e.g., zebrafish) have been widely used in 

understanding angiogenesis during development (Manikandan et al. 2022) as well as 

regeneration (Sojan et al. 2022). For example, caudal fin regeneration models of zebrafish 

have provided effective means to understand how new vessels originate and/ grow (Sipka et 

al. 2022). 

 

 

             Figure 1: The process of sprouting angiogenesis in a healthy blood vessel. Created with 

BioRender.com 

 

1.2.1.   Endothelial growth factor (VEGF) promotes angiogenesis and regeneration 

 

      One key player in addressing endothelial dysfunction and its impact on vascular health is 

the vascular endothelial growth factor (VEGF) (Singh, Wu, and Dunn 2011). VEGF, a potent 

signaling protein, plays a pivotal role in regulating angiogenesis—forming new blood vessels 

from existing ones via acting through its cognate receptor VEGFR2. For instance, a recent 
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study shows the role of VEGF in the radial migration of endothelial cells (ECs) during retinal 

vascular development and angiogenesis (Rattner, Williams, and Nathans 2019). It has a 

significant role in this process, stimulating endothelial cell proliferation, migration, and the 

formation of new capillaries (Thapa et al. 2023). VEGF is also fundamental in normal 

physiological functions like embryonic development and regeneration (Tavakoli et al. 2023) 

and pathological conditions such as cardiovascular diseases and cancer, where abnormal 

angiogenesis contributes to disease progression (Thapa et al. 2023). 

     Angiogenesis, a complex biological process, involves the formation of new blood vessels 

from pre-existing ones. This mechanism is critical in various physiological processes, such 

as wound healing, organ development, and reproductive functions (Morland et al. 2017). 

However, when dysregulated, vascular overgrowth contributes to the progression of diseases 

like cancer, diabetic retinopathy, and inflammatory disorders (Cottrell et al. 2021). 

Regeneration is the body's remarkable capacity to repair or replace damaged cells, tissues, or 

organs, which heavily relies on angiogenesis (Cheng et al. 2018). Regeneration occurs when 

cells are wounded (Cheng et al. 2018), and newly formed blood vessels deliver oxygen, 

nutrients, and immune cells essential for tissue repair. For example, unlike mammals, 

zebrafish can regenerate their appendages, and studies have shown that new blood vessels 

originate from existing vasculature in fin regeneration and complete their development within 

20 days (Chassot, Pury, and Jaźwińka 2016). VEGFA ortholog in zebrafish at the two 

paralogs, i.e., vegfaa/vegfa2 and vegfab, which are likely to be duplicated from a common 

ancestor (Bahary et al. 2007) and are among the signals that make possible regulation of 

vasculature development (Rauniyar, Bokharaie, and Jeltsch 2023). 

 

1.3. In vitro mouse models for angiogenesis and regeneration  

 

      As opposed to zebrafish and other highly regenerative organisms, the mouse is more 

similar to humans and can regenerate only a limited number of tissues (McKellar et al. 2021). 

However, the mouse is one of the most widely used model organisms to understand human 

pathologies. In vitro mouse models are invaluable for studying angiogenesis and 

regeneration, offering controlled environments to dissect the molecular mechanisms 

underlying these processes, and have been used in the contexts of endothelial cells 

(Arnaoutova and Kleinman 2010) and stem cells (Schmohl et al. 2019). Endothelial cell 

culture assays involve culturing endothelial cells isolated from mouse or human tissues or 

cell lines under controlled laboratory conditions (Li et al. 2023). While the MTT assay is 
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widely used to assess cell viability and proliferation, it can also be used study the behavior of 

endothelial cells during angiogenesis (Wu et al. 2024). The wound healing or scratch assay 

is widely used in vitro to study angiogenesis and regeneration. This assay mimics the wound-

healing process and allows researchers to observe and quantify the migration of cells, 

including endothelial cells, in response to various conditions or treatments (Shahzadi et al. 

2022). It is a valuable assay for studying the movement capacity of cells and assessing the 

effects of various factors on wound closure. It is a versatile tool for testing different treatments 

on endothelial cell migration during angiogenesis and the regeneration process. For example, 

studies have used this assay to test different drugs, including bevacizumab (García-Romero 

et al. 2020) and lenalidomide (Li et al. 2022), and found that they inhibited angiogenesis by 

significantly reducing endothelial cell migration and proliferation in vitro.  

Trans-well permeability assay can be employed to investigate a different aspect of 

endothelial cell behavior. It mimics the permeation process across biological barriers like 

endothelial cell layers or epithelial tissues (Lu et al. 2023). Accordingly, in the context of 

angiogenesis research, the trans-well assay can assess whether the endothelial cell barrier is 

intact and functional by mimicking the endothelial lining of blood vessels. For instance, it 

has been used to assess the impact of specific molecules on endothelial barrier function, and 

the authors found that certain compounds targeting VEGF signaling significantly reduced 

endothelial permeability (Wang et al. 2021).  

Using these in vitro models in mice, researchers can a) dissect the cellular and molecular 

mechanisms involved in angiogenesis and regeneration, b) screen potential therapeutic 

compounds, and c) develop strategies to manipulate these processes for therapeutic purposes. 

One of the most exciting studies in this field has shown that brain remodeling and 

neurological recovery in mice is possible after focal cerebral anemia (Gregorius et al. 2021). 

The beauty of these models is their controlled experimental systems, which complement in 

vivo studies and contribute significantly to our understanding of vascular biology and tissue 

regeneration. 

 

1.4. Zebrafish as a model system 

 

      Zebrafish is an excellent model system for studying human-related diseases due to its 

homologous structures with humans (Howe et al. 2013). Moreover, it is a tiny organism that 

is easy to handle and has a short breeding time with many offspring. Since it is transparent 

during the larval stage, it offers direct examination under the microscope. There are many 
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transgenic lines of zebrafish. For example, Tg(fli1:EGFP), where GFP is expressed under 

the fli1 promoter (Fallatah et al. 2019), this fluorescent tag enables the observation of 

specific tissues and organs, such as blood vessels (Pontes et al. 2017). 

 

1.4.1. Zebrafish development 

       

     Zebrafish go through early and late larval stages followed by metamorphosis, leading to 

juvenile fish before adulthood (Parichy et al. 2009). During this process, various anatomical 

structures undergo significant changes, including the fins. Zebrafish fins develop from fin 

folds during embryonic and larval stages (Tzung et al. 2023). The development of the 

median fin fold is an essential aspect of embryonic development and is closely associated 

with the process of metamorphosis (Benard et al. 2023). Benard et al.’s study also showed 

convincing evidence that size was a good indicator of developmental progress while 

environmental parameters, e.g., temperature, and density of fish in a tank, affected the rate 

of development and higher temperatures accelerated the formation of milestones as 

exemplified based on morphological changes. Standard length (SL) is therefore a good 

predictor of different morphological developmental stages (i.e., early to late larvae, L1-L3; 

juvenile, J; and adult, A) and has been used to understand if a mutation could change the 

ontology (Singleman and Holtzman 2014). Accordingly, pigmentation patterns and fin ray 

visibility and development are two of the features that can be followed up for staging larval 

to juvenile and juvenile to adult transitions. Few studies have tested the effects of low to 

high levels of lipids on growth and metabolic parameters; one such study focused on Golden 

pompano, Trachinotus ovatus, a marine fish, and found that there was an optimum level of 

lipid content, characterized by the body weight gain rate (Xun et al. 2021). 

 

1.4.1.1. Developmental rate and diet 

 

      Studies in literature also investigated the dependency of growth rate on dietary 

parameters and tested commercial diets and found that there were still significant differences 

among them (Fowler et al. 2019a; Gonzales and Law 2013). However, these were balanced 

diets and did not represent obesogenic diets, such as egg yolk. Interestingly, a recent study 

tested whether increasing levels of feed over the first month of development had effects on 

growth and found that feeding with 25% and 50% more feed than only 5% overfeeding had 

significant and disproportional effects on mass gain, specific growth rate, protein levels, and 
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lipid accumulation (Thompson et al. 2024). Guppies (Poecilia reticulata) have been studied 

with respect to weight gain under different dietary regimes, one of which was chicken egg 

yolk at increasing concentrations (Perera et al. 2023). As in the case of multiple diet types, 

egg-yolk also had an optimum level before and after, which caused the weight gain to be 

lower. 

 

1.4.1.2. Zebrafish as a model organism to study angiogenesis and regeneration 

 

      In vivo models are needed to study blood vessel formation and function; this is also 

necessary to confirm the results obtained in vitro. To visualize zebrafish's vasculature well, 

we need unpigmented larvae that express endothelial GFP reporters. Tg(fli1:EGFP) 

represents a transgenic zebrafish strain where enhanced green fluorescent protein (EGFP) is 

produced under the regulation of the fli1 promoter, a key element in vascular development 

(Liu et al. 2008).  

     Casper zebrafish has transparent appearance demonstrate a complete lack of all 

melanocytes and iridophores in both embryogenesis and adulthood (White et al. 2008). As 

mammalian and most vertebrate tissues are opaque, introducing the transparent zebrafish 

with GFP tagged vasculature Tg(fli1:EGFP) has transformed research in this field (Pontes 

et al. 2017). This transparency allows researchers to observe and track blood vessel 

development in real time, opening the door for in vivo studies of endothelial cells (Staal, 

Spaink, and Fibbe 2016). 

Additionally, research suggests that the caudal fin regeneration model in the 

Tg(fli1:EGFP) transgenic line can be employed for screening antiangiogenic drugs, 

selectively inhibiting highly active, abnormal vessels while preserving quiescent vessels 

(Bayliss et al. 2006). 

By using zebrafish as a model organism, scientists can uncover fundamental insights into 

the processes of angiogenesis and regeneration. These findings can have significant 

implications for developing new treatments or therapies for various human diseases and 

injuries related to impaired blood vessel formation or tissue regeneration 

 

1.4.1.3. Vascular system in zebrafish 

 

      Zebrafish have a similar vascular anatomy to mammals, including humans (Isogai, 

Horiguchi, and Weinstein 2001). The zebrafish vascular system's similarities to that of 
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humans and its amenability to genetic manipulation and observation make it an excellent 

model for understanding vascular development, function, and disease. Developmental 

processes involved in vascular development, including angiogenesis, and vascular 

remodeling, are comparable between zebrafish and mammals (Gore et al. 2012). Different 

transgenic lines are available to visualize and analyze the vascular system in larval and adult 

zebrafish, such as Tg(fli1:EGFP) (Lawson and Weinstein 2002) and Tg(flt4:YFP) (Hogan 

et al. 2009) quantitatively. 

Furthermore, the investigation of single-cell morphological dynamics in living 

larvae during vessel formation has been made possible by the integration of nuclear and cell 

membrane-specific fluorescent tags (Yu et al. 2015). It is known that vegfa2 signaling is 

necessary for zebrafish islet vessel development (Toselli et al. 2019). Vascular endothelial 

growth factor kdr-like receptor (kdrl) is a well-known VEGF receptor that has been used in 

signaling studies in vasculature development of zebrafish (Koenig et al. 2016). Another 

well-known molecule for zebrafish angiogenesis is Angiopoietin-2 (ang2) which has role in 

vascular remodeling and maturation in zebrafish, is widely used for vasculature formation 

in brain development (Chen et al. 2024). The zebrafish cadherin 5 (cdh5) gene is orthologous 

to human CDH5, and it has been used in research studies together with vascular cell 

adhesion molecule (VCAM) as a marker for cell adhesion and cell-cell interactions in 

zebrafish (Larson et al. 2004; Li et al. 2018). 

Consequently, the mechanisms regulating both angiogenic growth and inhibition can be 

explored in vivo within these experimental frameworks (Chávez et al. 2016). 

 

1.4.1.3.1. Zebrafish caudal fin as a model for angiogenesis 

 

      Caudal fin development is well-established in zebrafish (Siomava et al. 2018). In 

zebrafish, each fin ray is equipped with an artery responsible for transporting blood to the 

tip of the fin, accompanied by two veins that return blood to the body. These blood vessels 

are observable under a microscope as shown in Figure 2, and can be studied throughout the 

fish's life cycle. During the typical fin development, the blood vessels undergo growth 

through a process known as vascular branching (Mancuso, Kuhnert, and Kuo 2008). This 

involves the emergence of sprouts that connect each artery to its adjacent veins, forming 

what is referred to as intra-ray vessels. Various mutations and pharmacological interventions 

can potentially influence the configuration of the fin blood vessels, impacting factors such 

as the density of intra-ray vessels. 
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Figure 2: Blood vessels within the fin rays of zebrafish, labeled with green fluorescent 

protein. Created by ImageJ, photo belong to our lab (Konu-lab) taken by Invitrogen™ 

EVOS™ M5000 Imaging System. 

 

Moreover, caudal fin has been used for regeneration studies (Dasgupta et al. 2023) 

and endothelial development (Bump et al. 2022). Scientists have shown by using inhibitors 

of VEGFR that endothelial development requires VEGFR signaling in the caudal fin of 

developing zebrafish larvae. The developmental timescale of endothelial cells and their 

remodeling follows three processes: 1) Endothelial sprouting; 2) Plexus elaboration; 3) 

Endothelial remodeling. The first step starts with sprouting, while the next two steps are 

required to add rays and their outgrowth and extension, which lasts from 10 to 16 rays. 

During this remodeling, the sensory system is also integrated into the vascular and skeletal 

systems.  

Another angiogenesis model for the caudal fin is regeneration, which is used to 

observe and quantify the generation of new endothelial cells and measure their growth 

(Hlushchuk et al. 2016). In this study, different parameters have been quantified to analyze 

the newly generated vessel area and the antiangiogenic effects of inhibitor PTK787 could 

be studied. Caudal fin regeneration studies in zebrafish have yielded important information 

on how the vessels are organized nearby the rays. One such study showed that an artery was 

found in the center where two veins ran across the artery in between there were interlinking 

vessels from veins to artery and veins to veins (Huang et al. 2003). Upon cutting the fin 12 

hours post amputation (hpa) the wound starts closing and between 36 hpa and 48 hpa 

anastomosis that leads to connection between the arteries and veins leading to restoration of 

the flow at the end of 48 hpa; and by 80 hpa new vessels start to develop from the rounded 

end of the regenerating caudal fin rays, resulting in the vascular plexus formation, which 

will go through remodeling by 96 hpa. Remodeling involves separation of arteries and veins 

where plexus is an intermediate stage and after 6 dpa vessel sprouting does not require 

presence of a plexus (Huang et al. 2003).  

A stage called “intervessel pruning”, required to lessen the highly dense number of 

vessels found in the plexus was also observed in the study. Accordingly, the highest density 
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had been reached around 4 dpa and slowly decreased by the end of the process (30 dpa). 

Such caudal fin models are very useful in understanding genetic and environmental factors 

that can affect these processes that can be quantified, e.g., anastomosis, number of branches, 

and cell number. Live-imaging and characterization of bifurcating fin rays and vessel 

regeneration have also been used with other double transgenics to examine roles of null 

mutations, showing that veins lead to formation of new arteries at the tip of regenerating 

ends (Xu et al. 2014). In addition to the caudal fin, pectoral fin vasculature has already been 

studied in zebrafish and similarly an artery in the middle, surrounded by two paired-ray 

veins running across from which capillaries (interlinking vessels) extend is a characteristic 

feature at the fin rays (Paulissen et al. 2022). 
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1.4.2. Zebrafish as a model for human diseases and obesity 

 

      In addition to being a well-known model organism, zebrafish widely been used as model for 

human diseases. There are several examples of these, of which I will cite a few. One of the first 

studies showing the orthologous relationship between humans and zebrafish involved sterol-

responsive binding protein 1 and 2 (SREBP) genes, whose upregulations are involved in lipid 

synthesis in mammalian and fish studies (Craig and Moon 2011). Another study showed that the 

lipid metabolism-related genes of zebrafish exhibit similarity in humans, indicating that 

researchers could also benefit from gene therapy for drug-induced diseases in zebrafish (X. Wang 

et al. 2018). 

 Zebrafish is also a promising model organism for understanding obesity and metabolic 

disorders due to its genetic similarity to humans. While zebrafish naturally develop obesity under 

specific conditions, researchers have also developed models to induce obesity in these fish. A 

recent study comparing zebrafish fed a high‐fat diet (HFD) and a normal‐fat diet (NFD) stated 

that both dietary regimens can induce a remarkable increase in body mass index (BMI) (Landgraf 

et al. 2017). These studies emphasize the suitability of zebrafish as a model for human complex 

diseases and its established role in developmental research. 

 

1.4.3.  Different dietary regimes in zebrafish  

 

      Zebrafish is a tropical freshwater species that in the lab feeds on dry (flake or pelleted) food 

and live prey such as artemia (brine shrimp) or rotifers (Sullins 2023). It has been used in the 

laboratory environment since the early 80s and has a well-defined feeding regime concerning the 

content of protein, fat, and fiber (Chen, Zheng, and Zhang 2018). Since it is a promising model for 

diet studies and has been commonly used in scientific research, various dietary regimes based on 

their developmental stages and research objectives have been tested (Fowler et al. 2019b; Printzi 

et al. 2023). The choice of dietary regime in zebrafish research often depends on the research 

objectives, availability of resources, and the specific parameters being studied, whether it is 

metabolism, development, behavior, or disease models. For example, high-fat diets have been 

introduced into zebrafish larvae and adults using different diets that range from egg yolk (W. Wang 

et al. 2019) to predefined commercially produced diets (Fowler et al. 2019c) or excess live feed, 
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e.g., artemia (Ghaddar et al. 2021). Zebrafish diets can be adjusted to mimic certain disease 

conditions or to study the impact of specific nutrients on disease progression (Landgraf et al. 

2017a). 

 

1.4.3.1.Egg yolk-based diets  

 

    Using an egg yolk diet in zebrafish adults as well as larvae presents a unique avenue to test 

effects of diet on different aspects of development and physiology. Egg yolk contains high levels 

of lipids but also is an excellent source of different proteins, minerals and vitamins(Réhault-

Godbert, Guyot, and Nys 2019). Obesity in zebrafish can be induced and is characterized with a 

specific distribution and formation of adipose tissue in the body (has been reviewed in detail in 

Zang, Maddison, and Chen 2018). Chicken egg yolk is a lipid-rich meal due to its elevated levels 

of fats and cholesterol (lipids compose ~58% of chicken egg yolk, of which ~5% is cholesterol, 

60% are triglycerides, and 35% are phospholipids). Chicken egg yolk provides more fat than 

typical commercial zebrafish micropellet foods (~15% lipids) (Otis and Farber 2016). Hence, the 

egg yolk diet-induced obesity paradigm in adult zebrafish has been used to induce weight gain and 

helped generate novel zebrafish obesity models. On the other hand, Tingaud-Sequeira et al. created 

one of the first models of diet‐induced obesity in zebrafish larvae (Tingaud-Sequeira, Ouadah, and 

Babin 2011). 5 dpf zebrafish larva fed with hard-boiled chicken egg yolk as a high-fat diet (HFD) 

exhibited changes in adiposity levels at the end of treatment.  

There are several protocols established for using egg yolk diets. One of these protocols 

involves feeding larvae with egg-yolk twice a day and cleaning the water every other day making 

sure daily and dead fish are collected (Balamurugan et al. 2022). Oil Red O (ORO) or Nile Red is 

used to measure the distribution and amount of lipids applied after fixation in addition to 

biochemical estimation.  

As shown in Table 1, an egg yolk diet can be applied both for zebrafish larvae and adults. 

Den Broeder et al. demonstrated that zebrafish larvae, when fed a high-fat diet (HFD) from 6 to 

15 dpf, exhibited a threefold increase in larvae with adipocytes compared to those on the regular 

feed diet (den Broeder et al. 2017). Nowadays, many scientists focus on drug therapies to limit to 

eliminate the  effects of obesity. A recent study showed that an aqueous extract of P. mauritianum 

(0.25 g/L), which is a medicinal plant,  lower the lipid accumulation in HFD-treated larvae 
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(Ghaddar et al. 2022).  

Since adult zebrafish offers an excellent in vivo model for metabolic diseases like obesity, 

it has been used by many researchers—for example, Landgraf et al. introduce a method for 

inducing the metabolically explicit obesity phenotypes in adult zebrafish (Landgraf et al. 2017). 

Moreover, 8 weeks of egg yolk-based high-fat diet leads to a significant increase in body weight 

and adipose tissue mass accompanied by hyperglycemia and lipid accumulation in the liver of 

zebrafish (Landgraf et al. 2017b). A recent study demonstrated that adult zebrafish fed both high-

fat diet and with egg yolk powder showed increase in body mass index (BMI), hepatic total 

cholesterol, and triglyceride (Li et al. 2023). 

 

Table 1: List of different egg yolk diets on zebrafish larvae and adults. 

Step Egg yolk dosage Feeding period Related article 

 

 

 

Larva 

0.4 % boiled egg yolk 

suspension  

10 days  

(den Broeder et al. 2017) 

 

0.1% egg yolk  

suspension  

4 days (Ghaddar et al. 2022) 

5% egg yolk  

suspension  

1 day (Cruz-Garcia and Schlegel 

2014) 

0,5% egg yolk  

suspension 

2 days (Manuneedhi Cholan et al. 

2022) 

 

 

Adult 

30 mg egg yolk powder 3 months (Landgraf et al. 2017b) 

 

 

70 mg egg yolk powder 30 days (Li et al. 2023a) 

5 mg egg yolk powder 16 days (Picolo et al. 2021) 
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1.4.3.2.Weight loss models 

 

      In zebrafish, weight loss models primarily involve dietary and pharmacological interventions 

to induce a decrease in body weight or fat accumulation. Very little published research focuses on 

elucidating the role of nutrient restriction on zebrafish growth and obesity. However, a recent study 

shows that weight loss did not reverse obesity-triggered outcomes in muscle contractile function 

(Seebacher et al. 2017). These findings indicate that weight loss alone may not be a sufficient 

intervention (Seebacher et al. 2017). Another study revealed that zebrafish subjected to fasting 

experienced approximately a 10% reduction in their body mass throughout the 3-week experiment, 

accompanied by a corresponding decline in oxygen consumption (Craig and Moon 2011).  

 

1.4.4. Tg(fli1:EGFP) zebrafish to test vascular diseases and diet interaction 

 

      The Tg(fli1:EGFP) zebrafish line has been used by many scientists as a model organism to 

study the relationship between diet and vasculature function. A recent study shows that berberine 

significantly decreases vascular dysfunction in hyperlipidemia models in zebrafish fed with high-

cholesterol food (Zheng et al. 2023). Another research study concluded that the combination of a 

high-cholesterol diet and exposure to high glucose levels triggers a swift of vascular complications 

in zebrafish, mirroring the early stages of atherosclerotic vascular injuries observed in diabetic 

mammalian models; and hence this suggests the potential utility of zebrafish as a novel animal 

model for studying diabetic vasculopathy (Z.Wang et al. 2013). Fang et al. show that feeding 

Tg(fli1:EGFP) transgenic zebrafish a high-cholesterol diet triggers vascular processes known as 

atherogenesis, which is the process leading to coronary artery heart disease in humans (Fang, Liu, 

and Miller 2014). However there is not yet a Tg(fli1:EGFP) in the Casper background that tests 

the effects of the high-fat diet followed by a return to normal diet (aka. weight loss) regimen in 

zebrafish larvae or adults. 
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1.5. Aim and rationale  

 

      Cardiovascular diseases are the pioneer cause of death worldwide. Being overweight or obese 

interferes with many physiological processes, notably affecting vascular health and leading to 

endothelial dysfunction. Understanding the intricate relationship between obesity and endothelial 

dysfunction holds significant implications for comprehending cardiovascular disease 

pathophysiology. 

This thesis aimed to study the effect of different dietary regimes on vascularization and 

endothelial cell function. More specifically, I have tried to discover the relationship between 

obesity and vascular and endothelial cell dysfunctionality using imaging and mRNA expression 

studies. According to this aim, in vitro studies were performed using sera from mice fed with a 

regular, high-fat, and weight-loss diet. Similar dietary regimes were adapted for zebrafish, and in 

vivo studies were performed on both larval and adult zebrafish fed a normal, high-fat (or 

overfeeding), and weight-loss diet. 

 

In more detail, I have the following original aims to discover: 

1. Effects of sera from mice fed with a regular, high-fat, and weight-loss diet on bEnd3 cells. 

a)  Do sera from mice fed with different diets affect the cell viability of bEnd3 cells? 

b)  Does a high-fat diet affect the wound healing of bEnd3 cells? 

c)  Can a permeability assay be developed for testing with bEnd3 cells with srea from a 

high-fat diet and a weight loss diet?  

2. Effects of regular, high-fat or overfeeding, and weight-loss (high-fat/overfeeding followed 

by regular) diet on zebrafish. 

a) What are the effects of a high-fat diet (egg yolk) and weight loss diet on the the length 

and morphology of zebrafish larvae as well as selected angiogenesis marker gene 

expression? 

b) What are the effects of a high-fat diet and weight loss diet on the hepatic architecture 

of liver of adult zebrafish? Does the overfeeding diet have the same effect as a high-fat 

diet on adult zebrafish? 

c) How can we be sure that a high-fat/overfeeding diet induces obesity in adult zebrafish? 

Is body weight or length informative? 
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d) How do different dietary regimes affect the vasculature of adult zebrafish caudal fin 

and expression levels of angiogenesis markers? 
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2. MATERIALS AND METHODS 

2.1.Materials 

2.1.1. Chemicals, Reagents, and Kits 

All chemicals, reagents, and kits were grouped and listed under the headings. Titles were 

determined according to the experimental procedure type and the study for which materials 

were used. 

2.1.1.1. Cell Culture Solutions 

The reagents and chemicals used for cell culture and maintenance are listed in Table 1 with 

their companies and catalog numbers. 

Table 2: List of materials used for mammalian cell culture and maintenance. 

Product Name Company & Country Catalog Number 

Lonza™ BioWhittaker™ 

Dulbecco's Modified Eagle's 

Medium with 1.0g L-Glucose per 

Liter, without L-Glutamine 

 

Thermo Fisher Scientific, 

USA 

 

BE12-707F 

Fetal Bovine Serum (FBS), 

European Grade, Heat 

Inactivated 

Biological Industries, USA 04-127-1A 

Dulbecco's Phosphate Buffered Saline 

(PBS) 

          Biowest, France 
L0615 

        Penicillin/Streptomycin, 100x 
Thermo Fisher Scientific, 

USA 

15140-122 

                  Trypsin-EDTA 
Biological Industries, USA 03-051-5B 

        Sodium Pyruvate 100mM 
Thermo Fisher Scientific, 

USA 

11360-039 
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2.1.1.2. Reagents and kits used in RNA isolation  

Table 3: List of reagents and kits used for isolating RNA and measuring RNA levels. 

RNA Isolation and Quantification Assays 

Product Name Company, Country Catalogue 

Number 

AccuGENE™ Molecular Biology 

Water 

Lonza, Switzerland BE51200 

QIAzol Lysis Reagent Qiagen, Germany 79306 

RNeasy Mini Kit Qiagen, Germany 74104 

Chloroform Sigma-Aldrich, Germany 24216 

2-Propanol Sigma-Aldrich, Germany 24137 

Ethanol Sigma-Aldrich, Germany 32221 

Sodium Acetate Carlo Erba Reagents, Italy 366207 

RevertAid First Strand cDNA Synthesis 

Kit 

Thermo Fisher 

Scientific, 

USA 

K1622 

LightCyclerⓇ 480 SYBR Green I 

Master 

Roche, Switzerland 4887352001 

 

2.1.1.3. Reagents used in Histological Sectioning 

Table 4: List of reagents and kits used in hematoxylin and eosin (H&E) staining. 

H&E stain 

Product Name Company, Country Catalogue 

Number 

4% paraformaldehyde (PFA) Lonza, Switzerland BE51200 

Hematoxylin and Eosin Qiagen, Germany 74104 

Ethanol Sigma-Aldrich, Germany 32221 
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2.1.2. Prepared Solutions and Recipes 

The list of prepared solutions and buffers and their recipes were indicated in Table 5; solutions 

and buffers were categorized according to the experimental process they used. 

Table 5: Solutions and buffers and their recipes used in MTT assay 

MTT Cell Viability Assay 

Solution/Buffer Components 

MTT (12 mM) 5 mg of MTT dissolved into 1 ml of 1xPBS 

SDS-HCl 

Solution 

(0.01 M) 

1 g of SDS and 8 µl of HCl dissolved in 10 ml of ddH2O 

 

2.1.3. qPCR Primers 

The sequences of forward and reverse primers that used for qPCR experiments are listed in 

Table 6, with each pair's amplicon product size.  

Table 6: Compendium of primers used in qPCR experiments. The eef1a (Elongation factor 1-
alpha) gene was used as a reference gene for housekeeping gene normalization. 

Gene ID Primer Sequences 

eef1a (Gene ID: 171361) 
F: 5'- CCCTGGACACAGAGACTTCA -3' 

R: 5'- CAGCCTCAAACTCACCAACA -3' 

vegfa2 (Gene ID: 7422) 
F: 5'- GATGTGATTCCCTTCATGGATGTGT -3' 

R: 5'- GGATACTCCTGGATGATGTCTACCA -3' 

vcam (Gene ID: 7412) 
F: 5'- GGACCAAGAAGAGAGGCGAG -3' 

R: 5'- TGTCGCCACTCGCTAATTCA -3' 

ang2 (Gene ID: 11601) 
F: 5'- CCAATCTTCTAAGCCAATCAGCGGAA -3' 

R: 5'- CCACATCTGTCAGTTTGCGCGTGTTT -3' 

cdh5 (Gene ID: 12562) 
F: 5'- CCAAACAGAGTACACGTTTAGCGT -3' 

R: 5'- ACTATCTGGGTCTTTTGCTGAAACA -3' 

kdrl (Gene ID: 796537) 
F: 5'- GACCATAAAACAAGTGAGGCAGAAG -3' 

R: 5'- CTCCTGGTTTGACAGAGCGATA -3' 
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2.1.4. Laboratory Equipment 

The laboratory equipment that was used to conduct experiments was listed in Table 7; the 

company of each equipment was specified. 

Table 7: List of equipment used. 

Instrument Name Company, Country 

NanoDrop ND-1000 Thermo Fisher Scientific, USA 

PCR Thermal Cycler 2720 Applied Biosystems, USA 

LightCycler® 96 Instrument Roche, Switzerland 

Synergy HT Microplate Reader Biotek, USA 

Amersham™ Imager 600 GE Healthcare Life Sciences, USA 

DIC Microscope, DMi8 Leica, Germany 

Biological Safety Cabinet NuAire, USA 

Air-Jacketed Automatic CO2 Incubator NuAire, USA 

Invitrogen™ EVOS™ M5000 UK. 

 

2.2.Methods 

2.2.1. In vitro mouse cell line-based studies 

2.2.1.1.Wound assay   

Regeneration of bEnd3 cells in vitro were measured using the wound healing assay. Briefly, 

bEnd3 cells were seeded into a 6-well plate with density of 20.000 cells per well and were 

incubated in a 5% CO2, 37 °C atmosphere. When reaching full cell culture confluence, a 200 μl 

pipette tip was used for scratching the bEnd3 cell monolayer. Then, each well was carefully 

washed with PBS twice to remove damaged scratched floating cells. Duplicate wells were then 

treated with the following conditions: negative control in serum-free medium, 1% serum from 

mice fed with a chow diet for 10 weeks, 1% serum from mice fed with a high-fat diet for 10 weeks, 

and 1% serum from mice fed with high-fat for 5 weeks then chow diets for 5 weeks. After 

incubation in 5% CO2 37 °C atmosphere from 24 to 48 h, wound healing was monitored using 
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bright field microscopy. The percentage of the scratch area was then quantified using ImageJ 

software.  

2.2.1.2. MTT assay 

      To measure bEnd3 cell viability, we measured the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide reduction into formazan by cellular NADPH (MTT assay). bEnd.3 

cells (5000/well) were seeded in 96-well plates and treated with, 1% sera of mice fed either with 

chow, high-fat, or high-fat then chow diets (10 replicas each) and incubated in 37 °C, 5% CO2 

atmosphere overnight. To quantify cell viability, 10 µL of MTT was added into each well and 

incubated in 37 °C, 5% CO2 atmosphere for two hours. Then, 100 µl of lysis buffer was added to 

each well to dissolve the formazan crystals and incubated at 37 °C overnight. Absorbance related 

to purple formazan metabolite production by cells, were measured at 570 nm using a FLUOstar 

Omega microplate reader.  

2.2.2. In vivo zebrafish studies 

2.2.2.1. Animal maintenance 

      Zebrafish (Danio rerio), housed in Bilkent University Zebrafish facility was used. AB strain 

and Tg(fli: GFP) and Casper zebrafish lines were used in this study. A cross between Casper and 

Tg(fli1:eGFP) fish was made to obtain the F1 progeny that contained heterozygous mutations in 

casper and Tg(fli1:eGFP). Offspring from the F1 x F1 cross was then used to select embryos that 

were with Casper; Tg(fli1:eGFP)  phenotype. Zebrafish were kept at a temperature of 28.5°C. 

Euthanasia, performed by using a tricaine solution. (0.12% for adults and 0.08% for embryos and 

larvae). Sterile equipment was used to dissect adult fish and obtain various tissues. 

2.2.2.1.1. Aquaria system and breeding 

      Experimental adult zebrafish of three months old or above were kept in glass aquaria filled 

with system water. Each aquarium had a standard filtering system and was equipped with 120-

micron filter pad, 50-micron canister filter, biological filter and activated carbon absorption filter 

and 25-40% of the system water was filtered. The 14 h light/ 10 h dark period was kept constant.  

Male and female casper Tg(fli1:eGFP) fish were paired and placed in breeding cages in the 

afternoon, with fertilized eggs collected the following morning. 
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2.2.2.1.2. Housing and of adult experimental fish 

      3-liter aquarium used for adult zebrafish in the control and treatment groups, up to 15 adults. 

Fresh water provided weekly. Adult fish fed twice a day with dry food flakes and Artemia nauplia 

until the start of the experiments. 

2.2.2.1.3. Larval feeding 

      After larvae were selected according to Tg(fli1:eGFP);Casper phenotype, they were 

maintained at a density of 30-40 larvae per 3 L-tank and fed accordingly. Larvae were assigned to 

three dietary groups: one group was the control, fed a regular diet of 20 mg dry fry food per tank 

and 30 μl artemia per tank per day (L.ND) for three weeks. The second group was fed 20 mg of 

dry fry food per tank, 30 μl per tank per day, and 2.0 mL of egg yolk solution for 40 larvae (L.HFD) 

for three weeks. The egg yolk solution was prepared: 1 gr of egg yolk powder (59% fat, 32% 

proteins, 2% carbohydrates; Sigma; 100 mg) was added into a 15 ml E3 medium and shaken 

vigorously to ensure suspension. The fat percentage of egg yolk solution, after further dilution to 

500 mL of E3 medium, was 0.02%. The third group was the weight loss group (L.WLD). The first 

two weeks the fish were fed the same with L.HFD conditions, and the last week were fed the same 

with L.ND. At the end of the three-week feeding experiment, larvae were anesthetized and imaged 

using an inverted light microscope. 

2.2.2.1.4. Adult feeding  

      Both male and female zebrafish of the Tg(fli1:EGFP);Casper strain were used for feeding 

experiments.  Tg(fli1:EGFP) Casper strain was chosen for two reasons: First, it is widely for 

research study and is frequently used for vascular fluorescence imaging because the fli1 promoter 

express enhanced green fluorescent protein (GFP) in all blood vessels. Second, their transparency 

allows direct imaging of development vascularization and angiogenesis. 4 months post fertilization 

(mpf), zebrafish were assigned to six dietary groups: one group was the control, fed with regular 

diet, which is 3.9 mg dry food, and 143 ul artemia per fish per day (e.y. ND), the second group fed 

with 3.9 mg dry food, 143 ul artemia and 7.8 mg egg yolk powder  (59% fat, 32% proteins, 2% 

carbohydrates; Sigma; 100 mg) per fish per day mimicking a high-fat-diet (HFD) in an isocaloric 

amount compared to (e.y.ND), the third group was weight loss group first 4 weeks fed same with 

HFD conditions, last 4 week fed same with e.y.ND group per fish per day (e.y.WLD), the fourth 
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group was another control group fed with regular diet (o.f.ND), the fifth group overfed with 

artemia and dry food to induce an obese state (15.6 mg dry food, 286 ul artemia per fish per 

day)(OFD), and the sixth group was another calorie restriction group that fed first 4 weeks with 

OFD conditions, last 4 weeks the same with o.f.ND group per fish per day (o.f.WLD). Zebrafish 

were maintained at 13 fish per 3 L-tank and fed accordingly. At week 8, zebrafish were fasted 

overnight and sacrificed. At the end (week 8) of the feeding experiment, each anesthetized 

zebrafish's body weight and length were recorded.. 

2.2.3. Determining angiogenesis by fluorescent imaging 

      In order to investigate the angiogenesis and complexity of the vascular network, the 2D 

structure of the adult caudal fin was introduced to vascular skeletonization related plugin of 

ImageJ. The Fiji (Fiji is Just ImageJ) version of ImageJ, which features the plugins Skeletonize 

(2D/3D) and Analyze Skeleton (2D/3D), Vascular Density Measurement were used to analyze the 

vessel network. An example of the vasculature and the obtained corresponding skeleton is 

presented in Figure 3.  

      First, the caudal fin for skeletonization has been reduced to the three dorsal fin rays in all 

groups. Secondly, the area of interest aligned according to the starting point of the fork of the fin 

ray (shown in a straight line). The inter-vessel area between two rays was chosen to be 500x40 

pixels. Thirdly, the whole image is converted to 8-bit, and after threshold adjustment, the vascular 

density of the area of interest is measured using the Vascular Density Measurement plugin. 

Fourthly, the area of interest cropped. After making it binary it was skeletonized and finally the 

skeleton was analyzed using the Analyze Skeleton (2D/3D) plugin. 
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Figure 3: Representative workflow of image processing using ImageJ for morphometric analysis 

of angiogenesis. (a) The original colored image of the fin. (b) threshold adjustment of the colored 

image. (c) Results of vascular density measurement. (d) cropped version of are of the interest. (e) 

The skeletonized image of the binary image. (f) The number of the counted branches.  

 

2.2.4. Histological Sectioning and Sample Preparation 

       Fish abdominal regions were exposed, and the liver was fixed in 4% paraformaldehyde (PFA) 

for one day after dehydration through a series of graded alcohol solutions, each sample was 

embedded in paraffin. Sections at five μm thickness were processed using a microtome. For 

histological analysis, liver samples were stained with hematoxylin and eosin (H&E). After 

mounting the slides, samples were imaged using an inverted light microscope (Zeiss, Axiovert 

200 M).  
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2.2.5. Determination of gene expression  

2.2.5.1. Total RNA isolation from adult zebrafish tissue 

      For RNA isolation, all materials and solutions underwent treatment with diethylpyrocarbonate 

(DEPC) to prevent RNase contamination during RNA isolations. The steps performed as follows; 

1- Dissect fin tissues and wash with PBS and then snap-frozen with the help of liquid nitrogen; 

2- Add 600 µl of Trizol (QIAGEN) to each sample; 

3- Homogenize by up and down motion via 2ml syringes;  

4- Add 130 µl of chloroform (Sigma Aldrich) each sample and mix well; 

5- Incubate for 5 minutes at room temperature (RT) then centrifuge at 13,000 rpm for 20 

minutes at +4 ºC;  

6- Transfer the supernatant to a fresh tube; 

7- Add 200 ul of isopropanol and gently mix;  

8- Centrifugate at 13,000 rpm for 20 minutes;  

9- Discarded supernatant the pellet and wash the pellet with 1 ml of 75% ethanol (EtOH); 

10- Centrifugate at 13,000 rpm for 15 minutes;  

11-  Remove of the supernatant, wash with 100% EtOH;  

12-  Centrifugate at 13,000 rpm for 15 minutes;  

13-  Discard the supernatant, let the pellet to air-dry for 30 min; 

14- Add 20 µl of RNAse-free water to the dried pellet. 

Then concentration RNA was measured using NanoDrop (Thermo Fisher Scientific, USA) with 

the RNA option. 

2.2.5.2. cDNA synthesis 

The cDNA amplification steps were performed as follows and according to the OneScript® Hot 

cDNA Synthesis Kit: 

1- 800 ng of RNA in a final volume of 13 µl of nuclease-free water, 4 µl 5X RT Buffer, 1 µl 

dNTP, 1 µl Oligo(dT), and 1 µl of OneScript® Hot Reverse Transcriptase were employed 

for each sample. 

2- After incubation at 55°C for 15 minutes, followed by a 5-minute incubation at 85°C, in a 

PCR machine, cDNA samples were diluted at a ratio of 1:20 for qPCR synthesis. 



33 
 

2.2.5.3. Real-Time RT-PCR 

      qPCR reactions were done as follows: 

1- Add 5 µl SYBR Green for each sample; 

2- Add 1 µl of Forward, Reverse primer and 1 µl of RNAse free water; 

3- Add 8 µl of master mix into 96-well plate for every reaction; 

4- Add 2 µl of cDNA to each related well; 

5- Negative control, was only consist 2ul water; 

6- Centrifuge the plate at 1,500 rpm for one minute; 

7- After setting the annealing temperature of each primer pair, the experiment was then started 

on Stratagene™ Mx3005P Instrument. The experimental steps, conditions, and the number 

of cycles of each step are described in Table 8. The plate was also tested across all wells 

in the machine using the same reference sample with a known dilution and wells with Ct 

values above 29 were eliminated from analysis. 

Table 8: Reaction conditions of qPCR to detect gene expression levels. 

Step Hold Temperatures 

(°C) 

Time Number of Cycle 

Pre-Incubation 95 5 min 1 

 

 

Amplification 

95 10 sec  

 

45-50 58-60 20 sec 

72 20 sec 

 

 

Melting Curve 

95 5 sec  

 

1 61 1 min 

95 Acquisition per 5°C 

Cooling 40 30 sec 1 
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3. RESULTS 

3.1. Scratch Wound Healing Assay and MTT  

      A scratch-wound healing assay was employed to determine the effects of sera from mice that 

were fed with different dietary conditions on angiogenesis and wound healing. As shown in 

Figures 4A and B, there is almost no healing or migration in the negative control, which does not 

contain FBS, i.e. FBS-. The healing rate of all groups were higher than the control FBS- however 

they did not exhibit differences between them. This showed that even 1% serum of mice fed with 

a regular diet (chow) was effective. The effect of the mice sera on viability of endothelial cells was 

evaluated by the MTT assay. As shown in Figure 4C, again all groups were similarly had higher 

survival and proliferation when compared with FBS- group. Sera regardless of the diet had 

increased wound healing and cell viability. 

 

 

Figure 4: Effects of serums of mice fed with different dietary conditions on angiogenesis in 

vitro. A)  bEnd.3 cells incubated without FBS, with %1 serum of mice fed with a chow diet 

(regular diet), %1 serum of mice fed with a high-fat diet, and %1 serum of mice fed first with 

high-fat diet then with chow diet (weight loss diet), (from top to bottom respectively) and the cell 

migration was photographed under Leica DMi1 Inverted Microscope at 24 h, and 72 h, 

respectively. The dimension of the bar on the images is 200 μm. B) Statistical migration/healing 

rates. C) Effect of serums of mice fed with different dietary conditions on bEnd.3 proliferation 

determined by the MTT assay. n = 3, according to Tukey’s test ** p < 0.01.  
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3.2. A high-fat diet triggers developmental changes in larvae  

To see the effect of egg yolk diet on zebrafish development, 5 dpf larvae were raised in different 

dietary conditions: control larvae normal diet (L.ND), larva fed high-fat diet (L.HFD), and larvae 

exposed to weight loss diet which involved switching from high-fat to normal diet (L.WLD). At 

the end of the three-week feeding experiment, at 26 dpf, larvae were anesthetized and imaged 

using an inverted light microscope (Leica DMi1 Inverted Microscope). As shown in Figure 4A, a 

high-fat diet sped up zebrafish development and triggered developmental changes in the caudal fin 

(Appendix 1). Although all the larvae were at the same stage, as seen in Figure 4A, individuals fed 

with L.HFD were more developed than those fed as control L.ND and L.WLD. Moreover, a weight 

loss diet involving switching to normal diet after going through a high fat diet showed a tendency 

to slow down the developmental process. It seemed that developmental speed could be modified 

in zebrafish embryos by different dietary regimes. Figure 4B displays the significant increase 

observed in the length of the L.HFD and L.WLD groups compared to the control group, L.ND. 

Although no significance was observed between L.HFD and L.WLD larvae there was an apparent 

tendency of a decrease in length in the L.WLD group.  

 

3.2.1. Egg yolk diet modulates angiogenesis related vcam in zebrafish larvae  

In order to investigate the angiogenetic effects of the high-fat and weight-loss diets on the larvae, 

the mRNA levels of angiogenesis-related genes were determined by RNA extraction followed by 

qPCR. vegfa2 is a well-known indicator of physiological and pathophysiological angiogenesis 

(Tang et al. 2010). It showed an increasing trend both in L.HFD and L.WLD groups yet were not 

significant. According to the ZFIN database (http://zfin.org/ZDB-GENE-070209–238), one of the 

molecules involved in the control of vascular adhesion associated with inflammation is Vascular 

Cell Adhesion Molecule-1 (vcam1), which showed a significant increase both in L.HFD and 

L.WLD groups. Cdh5 also known as VE-cadherin is an endothelial specific, transmembrane 

protein, that promotes cell-cell adhesion (Anderson et al. 2015). Kdrl is one of the VEGF-

Receptor-related gene in the zebrafish (Tang et al. 2010). It also can be used as an angiogenesis 

marker, although it did not show statistically significant increase there was a trend of an 

upregulation both in L.HFD and L.WLD groups. 
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Figure 5: A) Bright-field images of 26 dpf larvae fed with normal diet (L.ND), with high-fat diet 

(L.HFD), and with weight loss diet (L.WLD), respectively. The dimension of the bar on the 

images is 300 μm. B) Length of the 26 dpf larvae fed with normal diet (L.ND), with high-fat diet 

(L.HFD), and with weight loss diet (L.WLD), respectively. N = 3, *** p < 0.001,  **** p < 

0.0001. C) Each dietary group’s expression of angiogenesis-related genes in the whole larvae. 

The analysis of gene expression was done by using cDNA prepared from pools of larvae in each 

group at the end of the feeding experiment. (n = 10, according to Tukey’s test * p < 0.05). 

 

3.3. Skeletonization of images yields information about angiogenesis. 

      During normal fin development, the blood vessels grow by vascular branching morphogenesis, 

which gives an idea about angiogenesis. The goal was to develop a methodology to quantify and 

compare the sprouting angiogenesis rate in zebrafish. For that two inter-vessel areas were chosen 

then the number of branches and vascular density of two such areas from an individual were 

measured and summed. 

3.3.1. Egg- yolk based diet trigger angiogenesis 

     Figure 5A has exemplified the chosen and skeletonized areas, i.e./ two inter-vessel area chosen 

for each biological replica, and four areas in total for each group. In Figure 6B, HFD group had a 

trend for higher number of branches yet was not significantly different from the normal diet due 
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to high variation when compared to the other groups. In Figure 6C, both the HFD and e.y.WLD 

showed increasing tendency in terms of vascular density yet were not significantly different from 

the control group upon Tukey’s multiple test corrections. 

 

Figure 6: A) skeletonized areas of fish fed with normal diet (e.y.ND1,2), with high-fat diet 

(HFD1,2), with weight loss diet (e.y.WLD1,2,) respectively. The dimension of the bar on the 

images is 100 μm. B) number of the branches of each group n = 2. C) vascular density of each 

group, n = 2. 

 

3.3.2. Overfeeding diet significantly increases the vascularization 

      Figure 7A shows the chosen and skeletonized areas, the two inter-vessel areas were chosen 

for each biological replica, amounting to four areas in total for each group. In Figure 7B, OFD 

group had significantly higher branch number compared to the control group. In Figure 7C, both 

the OFD and o.f.WLD showed an increasing trend in terms of vascular density that were not 

significant upon Tukey’s multiple test correction. 
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Figure 7: A) skeletonized areas of fish fed with normal diet (o.f.ND1,2), with overfeeding diet 

(OFD1,2), with weight loss diet (o.f.WLD1,2,) respectively. The dimension of the bar on the 

images is 100 μm. B). number of the branches of each group n = 2, according to Tukey’s test * p 

< 0.05. C) vascular density of each group n = 2. 

 

3.4. High-fat diet, but not overfeeding diet, induces hepatic changes in adult zebrafish 

liver architecture 

       To validate the reliability of the egg yolk induced high fat diet, i.e. e.y.HFD model, liver 

samples of each group were H&E stained for histological analysis, and each individual’s body 

weight was measured at the end of the eight-week feeding experiment. As shown in Figure 8A, 

the HFD group had a significantly higher vacuoles suggesting formation of increased number of 

lipid droplets when compared to the control diet (e.y.ND) while the egg yolk weight loss diet, i.e. 

e.y.WLD group showed a distinct decrease in big vacuoles caused by e.y.HFD. As seen, there was 

no apparent differences between the over feeding groups, i.e. o.f.ND, OFD, and o.f.WLD, in the 

manner of vacuoles likely representing accumulation of lipid droplets. It can be seen in Figure 8B 

that high-fat diet feeding (HFD) and over-feeding diet (OFD) for eight weeks led to a substantial 

increase in body weight. In addition, there was a drastic decrease in body weight e.y.WLD and 

o.f.WLD after four weeks of a weight-loss diet. Figure 8C showed no indicative change between 

the length of any of the groups. 
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Figure 8: A) Hematoxylin and eosin (H&E) staining of liver sections from zebrafish that fed in 

different lipid contents and quantity of feeding. Black arrows indicate vacuole lipid droplets. The 

dimension of the bar on the images is 10 μm. B) Body weight results of each group of zebrafish’s. 

n = 13, * p < 0.05, ** p < 0.01, *** p < 0.001. C) Body length results of each group of zebrafish’s. 

n = 13, according to Tukey’s test * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

3.5. High fat and overfeeding diets modulate angiogenesis related gene expression in 

adult fish 

      After determining the vascularization changes on the caudal fins via image analysis, qPCR was 

performed to check the levels of angiogenesis-related genes. For that RNA was extracted from 

caudal fins of adult zebrafish that fed with different dietary regimes for 8 weeks. Moreover, cDNA 

synthesis followed by qPCR was performed. Same vegfa2, cdh5 and kdlr primers were used for 

adult as well. As shown in Figure 9A, B, vegfa2 showed an increasing tred in e.y.WLD, OFD and 

o.f.WLD groups but none were significant. Ang2 (Angiopoietin 2) plays an important role in 

angiogenesis such as vascular remodeling and maturation in zebrafish (He et al. 2023). Its 

expression showed an increasing trend in both HFD and e.y.WLD that could not reach significant 

levels. Cdh5 showed a significant increase in OFD group while kdrl expression showed an 

increasing trend in OFD and o.f.WLD groups yet these were not significant. 
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Figure 9: Each dietary group’s expression of angiogenesis-related genes in the caudal fin. Gene 

expression was analyzed using cDNA prepared from pools of adults in each group after eight 

weeks of the feeding experiment. (n = 2) according to Tukey’s test,* p < 0.05. 
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4. CONCLUSION, DISCUSSION AND FUTURE PERSPECTIVES 

 

4.1. Understanding the effects of different dietary regimes on endothelial cells 

 

       To investigate the effect of different dietary regimes on endothelial cell dysfunctionality, in 

vitro assays were performed by using 1% serum from mice fed with a chow diet, 1% serum from 

mice fed with a high-fat diet, and 1% serum from mice fed with high-fat then chow diets on 

bEnd3 cells.  

According to the findings of the MTT assay, all mice sera resulted in an increase in 

absorbance values. As seen in Figure 2C, metabolic activity of endothelial cells could increase for 

sera collected from mice fed with HFD, even in the weight loss setup. This might suggest that 

weight loss may not compensate for prior stress induced by HFD. However, these experiments 

need to be repeated with higher number of individual replicates and higher amounts of sera to test 

whether the amount of sera from different dietary regimes would differ from each other. 

The results of the scratch-wound healing assay showed that all mice serum-treated samples 

displayed a higher healing rate compared to negative control, which was FBS-. These results were 

consistent with MTT assay results regarding the proliferative effect of mice sera on bEnd3 cells. 

The experiment need to be replicated to obtain significance levels on these increases. However, 

these two tests, MTT and wound healing, support each other. This thesis provided a preclinical 

and effective in vitro model to test dietary effects of mouse sera on endothelial cells.  

 

4.2. Diet-induced changes in zebrafish larvae 

 

       To see the effect of egg yolk diet on zebrafish development, 5 dpf larvae were raised in 

different dietary conditions: control, high-fat, and high-fat + control diet (weight loss). According 

to the results, individuals fed a high-fat diet were more advance in their development than those 

fed a normal diet and to a lesser degree, than the weight loss diet. A high-fat diet seemed to speed 

up zebrafish development significantly and potentially triggering early metamorphosis start 

(Appendix), and this can be seen in morphological changes shown in Figure 5A and length 

measurements in Figure 5B. This outcome could be a result of the lipid and protein richness of 
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chicken egg yolk (59% fat, lipids make ~58% of chicken egg yolk, of which ~5% is cholesterol, 

60% are triglycerides, and 35% are phospholipids); 32% proteins, 2% carbohydrates) when 

compared to typical commercial zebrafish micropellet foods (~15% lipids and 25% protein).  

In order to investigate the angiogenesis at the RNA level, qPCR was performed. The 

mRNA levels of angiogenesis-related genes were determined by RNA extraction followed by 

qPCR.  According to the ZFIN database (http://zfin.org/ZDB-GENE-070209–238), zebrafish 

vascular cell adhesion molecule-1 (vcam1) is a protein that regulate inflammation. In this thesis, 

there was a significant increase in vcam1 expression both in L.HFD and L.WLD groups. Since 

inflammation was known to be one of the significant consequences of obesity, it can be said that 

this result supported the effectivity of diet-induced obesity in zebrafish larvae (Russo et al. 2023). 

Other markers did not show a statistically significant increase, probably because of high standard 

deviation. Since whole larvae are used for RNA extraction, the mRNA from all the tissues and 

organs could be misleading and result in high standard deviation. Using more specific tissues or 

organs would result in more reliable outcomes. This study should be repeated with different 

zebrafish lines such as AB wild-type lines, to enhance the reliability and to observe other 

developmental markers, such as specific pigmentation patterns. Moreover, a larger number of 

individual replicates are needed for expression studies. 

 

4.3. Adult zebrafish fin reveals information about angiogenesis 

 

       During the development of obesity, angiogenesis is known to be accelerated by hypoxia, 

inflammation, and structural remodeling of blood vessels (Herold and Kalucka 2021). Hypoxia-

induced pathological angiogenesis has been shown in zebrafish (Zhao et al. 2016). Based on these 

findings, I have hypothesized that obesity induces inflammation and could trigger angiogenesis in 

zebrafish tissue, and the caudal fin serves as a great environment to study vasculature. During 

normal fin development, the blood vessels grow by vascular branching morphogenesis, which can 

give an idea about the degree of angiogenesis. In order to develop a methodology to quantify and 

compare the sprouting angiogenesis rate in zebrafish, ImageJ has been used as a tool. Two inter-

vessel areas were chosen to analyze the angiogenesis, and the number of branches and vascular 

density of each area were measured. There are multiple studies in the literature that used similar 

methodologies for vascular analysis (Rling et al. 2023; Caceres et al. 2019; Ma et al. 2021). In this 
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study, I have used ImageJ’s skeletonize and vascular density measurement plugins.  

Many scientific studies and research have indicated that high-fat diet (HFD) elevates the 

concentrations of growth factors that activate transcription factors, leading to the upregulation of 

numerous genes associated with promoting inflammation, angiogenesis, and cellular proliferation 

(H. Park et al. 2012; Miura et al. 2019). In this study, the fins of zebrafish fed with the egg yolk 

(e.y) high-fat diet (HFD) displayed a tendency of an increase of angiogenic sprouts and branches 

when compared to the control group however variation was high and hence the results were not 

significant. This was due to high variation in between samples that belong to the same group 

suggesting that a higher sample size was needed to increase statistical power. Hence future studies 

should include more than two samples per group.  

My approach was relatively novel since I have used skeletonize function rather than simple 

counting or pixel intensity. Another reason for not finding a significant change could be due to the 

measurement method; I have used an equal sized but relatively small ecliptic area to measure the 

branches and density in the inter-vessel region. Additional analyses should test whether spanning 

a larger area in between fin rays could yield different results.  

OFD group on the other hand had a significantly higher branching number when compared 

to the control group. Moreover, the emerging angiogenic sprouts were noticeable originating from 

matured blood vessels, closely resembling the conditions observed in human patients 

(Schaafhausen et al. 2013). The measurement of vessel density showed a tendency of an increase 

in the vascular network of OFD and o.f.WLD groups as paralleled in egg yolk group’s results. 

Interestingly, weight loss did not result in a significant change in the HFD fed adults fish.  

This study was limited into one zebrafish line, Tg(fli1:EGFP) in the Casper background, 

other zebrafish lines should be included as well as the sample number should be increased for 

further studies.  

 

4.4. Does high fat diet trigger obesity which can be reversed by weight loss in adult 

zebrafish? 

 

       To assess the effects of different dietary regimes on the morphology of adult zebrafish, six 

dietary groups were assigned: two groups were the control (e.y. ND) and (o.f. ND), one group fed 



44 
 

with high-fat-diet (HFD), another group overfed with artemia and dry food (OFD), two of them 

were weight loss group, respectively for the egg yolk and overfeeding diets, i.e. (e.y. WLD) and 

(o.f. WLD). Results showed that high-fat feeding (HFD) and over-feeding diet (OFD) for eight 

weeks substantially increased the body weight. In addition, there was a drastic decrease in body 

weight, e.y.WLD and o.f.WLD after four weeks of a weight-loss diet. Since the changes in lengths 

were insignificant this could indicate obesity in both dietary regimes. 

H&E stained liver sections showed that the HFD group had a higher occurrence of large 

vacuoles suggestive of lipid droplets when compared to the control (e.y. ND). Where the e.y.WLD 

group showed a distinct reversal in these big vacuoles. There was no visible change between 

o.f.ND, OFD, and o.f.WLD in the manner of lipid droplets. It has been known that obesity induces 

hepatic steatosis both in the liver of zebrafish and humans (Oka et al. 2010; K. H. Park et al. 2019; 

Li et al. 2023b). Therefore, based on these results, my results suggested that egg yolk diet more 

likely induced obesity in zebrafish, whereas there was no significant change for overfeeding group. 

This unexpected outcome could be a result of the low lipid composition of typical commercial 

zebrafish micropellet foods (~15% lipids) or artemia compared to chicken egg yolk (59% fat, 

(lipids compose ~58% of chicken egg yolk, of which ~5% is cholesterol, 60% are triglycerides, 

and 35% are phospholipids). However, Turola et al. showed that overfeeding induced hepatic 

steatosis in zebrafish by using oil red O (ORO) staining (Turola et al. 2015). For further studies 

and reliable outcomes ORO staining should be performed in these samples; this will help identify 

and quantify the large and smaller sized oil droplets. 

 

4.5. Studying changes in angiogenesis based on expression level markers 

 

      After determining the vascularization on the caudal fins via image analysis, qPCR was 

performed to check the levels of angiogenesis-related genes. Vegfa2 showed a tendency of an 

increase in all high fat or overfeeding groups although non-significant. It is well known that vegfa2 

mRNA levels were upregulated during caudal fin regeneration (Rathinasamy, Paneerselvan, and 

Ragunathan 2014; Vivek and Malathi 2017). Future studies could use more samples to increase 

statistical power hence the effects of high fat or overfeeding diet on vegfa2 expression could be 

better distinguished. 

Ang2 (Angiopoietin 2) plays a vital role in angiogenesis, such as vascular remodeling and 
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maturation in zebrafish (He et al. 2023). As expected its expression showed tendency of an increase 

in HFD, yet was not significant. Studies show that ang2 has a specific role in endothelial repair 

and vascular development (Francis, Claflin, and Kushner 2021). Such a tendency to increase in 

egg yolk diet but not in overfeeding diet could signal there were differences in diets with respect 

to endothelial effects that need to be studied further. 

According to the literature, reducing CDH5/VE-cadherin expression caused vascular 

fragility and increased permeability (Dejana, Orsenigo, and Lampugnani 2008). The significant 

increase in the OFD group could indicate abnormal vascularization upon overfeeding but this was 

not observed in the egg yolk diet. Because according to the literature, upregulation of CDH5 

expression was shown in tumor cells and cancer tissues (Mao et al. 2013; Y. Wang et al. 2021). 

This significant finding should be further studied with higher sample sizes and differing dietary 

regimens whether cdh5 expression in zebrafish is modulated by increased metabolism that is due 

to higher amounts of nutrients (proteins, lipids and carbohydrates) and not primarily lipids. 

One study showed that kdrl expression was upregulated after an injury in zebrafish, leading 

to injury recovery through angiogenesis (Cai et al. 2023). The observed tendency of increased 

expression in kdlr could correspond to a potential response to endothelial changes occurring in 

OFD and o.f.WLD, in association with the observed higher rate of vascular branching and density 

in OFD and o.f.WLD groups. However, these experiments should be repeated with a bigger sample 

pool. Moreover, angiogenesis and branching number may be modulated by changes at the post-

transcriptional (Chang et al. 2013) as well as post-translational levels (Lu et al. 2023) and future 

studies should study these as well. 

 

 

 

 

 

 

 

 

 



46 
 

5. REFERENCES 

 

Anderson, Heidi, Taylor C. Patch, Pavankumar N. G. Reddy, Elliott J. Hagedorn, Peter G. Kim, 

Kathleen A. Soltis, Michael J. Chen, Owen J. Tamplin, Maike Frye, Glenn A. MacLean, 

Kathleen Hübner, Daniel E. Bauer, John P. Kanki, Guillaume Vogin, Nicholas C. Huston, Minh 

Nguyen, Yuko Fujiwara, Barry H. Paw, Dietmar Vestweber, Leonard I. Zon, Stuart H. Orkin, 

George Q. Daley, and Dhvanit I. Shah. 2015. “Hematopoietic Stem Cells Develop in the 

Absence of Endothelial Cadherin 5 Expression.” Blood 126(26):2811. doi: 10.1182/BLOOD-

2015-07-659276. 

Anon. n.d. “Abstract 10487: Shear Stress-Activated Wnt-Angiopoeitin-2 Signaling Recapitulates 

Vascular Development and Repair in Zebrafish Embryos | Circulation.” Retrieved January 22, 

2024 (https://www.ahajournals.org/doi/abs/10.1161/circ.128.suppl_22.A10487). 

Arioka, Masaki, Fumi Seto-Tetsuo, Takeru Inoue, Koichi Miura, Shin Ishikane, Kazunobu 

Igawa, Katsuhiko Tomooka, Fumi Takahashi-Yanaga, and Toshiyuki Sasaguri. 2023. 

“Differentiation-Inducing Factor-1 Reduces Lipopolysaccharide-Induced Vascular Cell 

Adhesion Molecule-1 by Suppressing MTORC1-S6K Signaling in Vascular Endothelial Cells.” 

Life Sciences 335:122278. doi: 10.1016/j.lfs.2023.122278. 

Arnaoutova, Irina, and Hynda K. Kleinman. 2010. “In Vitro Angiogenesis: Endothelial Cell 

Tube Formation on Gelled Basement Membrane Extract.” Nature Protocols 2010 5:4 5(4):628–

35. doi: 10.1038/nprot.2010.6. 

Bahary, Nathan, Katsutoshi Goishi, Carsten Stuckenholz, Gerhard Weber, Jocelyn LeBlanc, 

Christopher A. Schafer, Sarah S. Berman, Michael Klagsbrun, and Leonard I. Zon. 2007. 

“Duplicate VegfA Genes and Orthologues of the KDR Receptor Tyrosine Kinase Family 

Mediate Vascular Development in the Zebrafish.” Blood 110(10):3627. doi: 10.1182/BLOOD-

2006-04-016378. 

Balamurugan, Keerthana, Raghavender Medishetti, Pallavi Rao, Rahul Varma K, Kiranam 

Chatti, and Kishore V. L. Parsa. 2022. “Protocol to Evaluate Hyperlipidemia in Zebrafish 

Larvae.” STAR Protocols 3(4):101819. doi: 10.1016/J.XPRO.2022.101819. 

Bayliss, Peter E., Kimberly L. Bellavance, Geoffrey G. Whitehead, Joshua M. Abrams, Sandrine 

Aegerter, Heather S. Robbins, Douglas B. Cowan, Mark T. Keating, Terence O’Reilly, Jeanette 

M. Wood, Thomas M. Roberts, and Joanne Chan. 2006. “Chemical Modulation of Receptor 

Signaling Inhibits Regenerative Angiogenesis in Adult Zebrafish.” Nature Chemical Biology 

2006 2:5 2(5):265–73. doi: 10.1038/nchembio778. 

Benard, Erica L., Ismail Küçükaylak, Julia Hatzold, Kilian U. W. Berendes, Thomas J. Carney, 

Filippo Beleggia, and Matthias Hammerschmidt. 2023. “Wnt10a Is Required for Zebrafish 

Median Fin Fold Maintenance and Adult Unpaired Fin Metamorphosis.” Developmental 

Dynamics. doi: 10.1002/DVDY.672. 

https://www.ahajournals.org/doi/abs/10.1161/circ.128.suppl_22.A10487


47 
 

Bump, Rosalind G., Camille E. A. Goo, Emma C. Horton, and Jeffrey P. Rasmussen. 2022. 

“Osteoblasts Pattern Endothelium and Somatosensory Axons during Zebrafish Caudal Fin 

Organogenesis.” Development (Cambridge) 149(3). doi: 10.1242/DEV.200172/VIDEO-4. 

Caceres, Lucia, Sergey V. Prykhozhij, Elizabeth Cairns, Harald Gjerde, Nicole M. Duff, Keon 

Collett, Mike Ngo, Gheyath K. Nasrallah, Christopher R. McMaster, Matthew Litvak, Johane M. 

Robitaille, and Jason N. Berman. 2019. “Frizzled 4 Regulates Ventral Blood Vessel Remodeling 

in the Zebrafish Retina.” Developmental Dynamics 248(12):1243–56. doi: 10.1002/DVDY.117. 

Cai, Pengcheng, Rui Ni, Mengzhu Lv, Huijuan Liu, Jieqiong Zhao, Jianbo He, and Lingfei Luo. 

2023. “VEGF Signaling Governs the Initiation of Biliary-Mediated Liver Regeneration through 

the PI3K-MTORC1 Axis.” Cell Reports 42(9):113028. doi: 10.1016/j.celrep.2023.113028. 

Chang, Sung Hee, Yi Chien Lu, Xi Li, Wan Ying Hsieh, Yuquan Xiong, Mallika Ghosh, Todd 

Evans, Olivier Elemento, and Timothy Hla. 2013. “Antagonistic Function of the RNA-Binding 

Protein HuR and MiR-200b in Post-Transcriptional Regulation of Vascular Endothelial Growth 

Factor-A Expression and Angiogenesis.” Journal of Biological Chemistry 288(7):4908–21. doi: 

10.1074/JBC.M112.423871. 

Chassot, Beáeńice, David Pury, and Anna Jaźwińka. 2016. “Zebrafish Fin Regeneration after 

Cryoinjury-Induced Tissue Damage.” Biology Open 5(6):819. doi: 10.1242/BIO.016865. 

Chatani, Masahiro, Yoshiro Takano, and Akira Kudo. 2011. “Osteoclasts in Bone Modeling, as 

Revealed by in Vivo Imaging, Are Essential for Organogenesis in Fish.” Developmental Biology 

360(1):96–109. doi: 10.1016/j.ydbio.2011.09.013. 

Chávez, Myra Noemi, Thilo Ludwig Schenck, Ursula Hopfner, Carolina Centeno-Cerdas, Ian 

Somlai-Schweiger, Christian Schwarz, Hans Günther Machens, Mathias Heikenwalder, María 

Rosa Bono, Miguel L. Allende, Jörg Nickelsen, and José Tomás Egaña. 2016. “Towards 

Autotrophic Tissue Engineering: Photosynthetic Gene Therapy for Regeneration.” Biomaterials 

75:25–36. doi: 10.1016/J.BIOMATERIALS.2015.10.014. 

Chen, Yu-Chia, Tomás A. Martins, Valentina Marchica, and Pertti Panula. 2024. “Angiopoietin 

1 and Integrin Beta 1b Are Vital for Zebrafish Brain Development.” Frontiers in Cellular 

Neuroscience 17. doi: 10.3389/FNCEL.2023.1289794. 

Chen, Bo, Yang Min Zheng, and Jing Pu Zhang. 2018. “Comparative Study of Different Diets-

Induced NAFLD Models of Zebrafish.” Frontiers in Endocrinology 9(JUL):351598. doi: 

10.3389/FENDO.2018.00366/BIBTEX. 

Cheng, Fuyi, Yujing Zhang, Yuan Wang, Qingyuan Jiang, Cheng Jian Zhao, Jie Deng, Xiaolei 

Chen, Yunqi Yao, Zhemin Xia, Lin Cheng, Lei Dai, Gang Shi, Yang Yang, Shuang Zhang, 

Dechao Yu, Yuquan Wei, and Hongxin Deng. 2018. “Conversion of Human Adipose-Derived 

Stem Cells into Functional and Expandable Endothelial-like Cells for Cell-Based Therapies.” 

Stem Cell Research and Therapy 9(1):350. doi: 10.1186/s13287-018-1088-6. 

Conrad, Olivia M. T. Davies, Carrie C. Coughlin, Ilona J. Frieden, Megha Tollefson, Andrea L. 

Zaenglein, Heather Ciliberto, Laura L. Tosi, Robert K. Semple, Leslie G. Biesecker, and Beth A. 



48 
 

Drolet. 2021. “Somatic PIK3R1 Variation as a Cause of Vascular Malformations and 

Overgrowth.” Genetics in Medicine 23(10):1882–88. doi: 10.1038/s41436-021-01211-z. 

Cottrell, Catherine E., Nicole R. Bender, Michael T. Zimmermann, Jonathan W. Heusel, Meagan 

Corliss, Michael J. Evenson, Vincent Magrini, Donald J. Corsmeier, Matthew Avenarius, Jeffrey 

N. Dudley, Jennifer J. Johnston, Marjorie J. Lindhurst, Katinka Vigh-Tavakoli, Mohamadreza, 

Marjan Mirhaj, Jaleh Varshosaz, Mastafa H. Al-Musawi, Yasir Q. Almajidi, Amir Mohammad 

Danesh Pajooh, Mina Shahriari-Khalaji, Fariborz Sharifianjazi, Mansoor Alizadeh, Sheyda 

Labbaf, Kimia Eslami Shahrebabaki, Pegah Madani Nasab, Mahboubeh Firuzeh, and Salar Nasr 

Esfahani. 2023. “Keratin- and VEGF-Incorporated Honey-Based Sponge-Nanofiber Dressing: 

An Ideal Construct for Wound Healing.” ACS Applied Materials and Interfaces 15(48):55276–

86. doi: 10.1021/acsami.3c11093. 

Craig, Paul M., and Thomas W. Moon. 2011. “Fasted Zebrafish Mimic Genetic and 

Physiological Responses in Mammals: A Model for Obesity and Diabetes?” Zebrafish 8(3):109–

17. doi: 10.1089/zeb.2011.0702. 

Cruz-Garcia, Lourdes, and Amnon Schlegel. 2014. “Lxr-Driven Enterocyte Lipid Droplet 

Formation Delays Transport of Ingested Lipids.” Journal of Lipid Research 55(9):1944. doi: 

10.1194/JLR.M052845. 

Dasgupta, Subham, Jane K. Ladu, Gloria R. Garcia, Sizhen Li, Konoha Tomono-Duval, Yvonne 

Rericha, Liang Huang, and Robyn L. Tanguay. 2023. “A CRISPR-Cas9 Mutation in Sox9b Long 

Intergenic Noncoding RNA (SlincR) Affects Zebrafish Development, Behavior, and 

Regeneration.” Toxicological Sciences 194(2):153–66. doi: 10.1093/toxsci/kfad050. 

Dejana, Elisabetta, Fabrizio Orsenigo, and Maria Grazia Lampugnani. 2008. “The Role of 

Adherens Junctions and VE-Cadherin in the Control of Vascular Permeability.” Journal of Cell 

Science 121(13):2115–22. doi: 10.1242/JCS.017897. 

den Broeder, Marjo J., Miriam J. B. Moester, Jorke H. Kamstra, Peter H. Cenijn, Valentina 

Davidoiu, Leonie M. Kamminga, Freek Ariese, Johannes F. De Boer, and Juliette Legler. 2017. 

“Altered Adipogenesis in Zebrafish Larvae Following High Fat Diet and Chemical Exposure Is 

Visualised by Stimulated Raman Scattering Microscopy.” International Journal of Molecular 

Sciences 18(4). doi: 10.3390/IJMS18040894. 

Du, Jiang, Qifen Yang, Lingfei Luo, and Deqin Yang. 2017. “C1qr and C1qrl Redundantly 

Regulate Angiogenesis in Zebrafish through Controlling Endothelial Cdh5.” Biochemical and 

Biophysical Research Communications 483(1):482–87. doi: 10.1016/J.BBRC.2016.12.118. 

Fallatah, Weam, Imesha W. De Silva, Guido F. Verbeck, and Pudur Jagadeeswaran. 2019. 

“Generation of Transgenic Zebrafish with 2 Populations of RFP- and GFP-Labeled 

Thrombocytes: Analysis of Their Lipids.” Blood Advances 3(9):1406–15. doi: 

10.1182/BLOODADVANCES.2018023960. 



49 
 

Fang, Longhou, Chao Liu, and Yury I. Miller. 2014. “Zebrafish Models of Dyslipidemia: 

Relevance to Atherosclerosis and Angiogenesis.” Translational Research 163(2):99–108. doi: 

10.1016/J.TRSL.2013.09.004. 

Fowler, L. Adele, Michael B. Williams, Lacey N. Dennis-Cornelius, Susan Farmer, R. Jeff 

Barry, Mickie L. Powell, and Stephen A. Watts. 2019. “Influence of Commercial and Laboratory 

Diets on Growth, Body Composition, and Reproduction in the Zebrafish Danio Rerio.” Zebrafish 

16(6):508–21. doi: 10.1089/ZEB.2019.1742. 

Francis, Caitlin R., Shea Claflin, and Erich J. Kushner. 2021. “Synaptotagmin-Like Protein 2a 

Regulates Angiogenic Lumen Formation via Weibel-Palade Body Apical Secretion of 

Angiopoietin-2.” Arteriosclerosis, Thrombosis, and Vascular Biology 41(6):1972–86. doi: 

10.1161/ATVBAHA.121.316113. 

García-Romero, N., N. García-Romero, I. Palacín-Aliana, I. Palacín-Aliana, R. Madurga, R. 

Madurga, J. Carrión-Navarro, J. Carrión-Navarro, J. Carrión-Navarro, S. Esteban-Rubio, B. 

Jiménez, A. Collazo, F. Pérez-Rodríguez, A. Ortiz De Mendivil, C. Fernández-Carballal, S. 

García-Duque, J. Diamantopoulos-Fernández, C. Belda-Iniesta, R. Prat-Acín, P. Sánchez-

Gómez, E. Calvo, E. Calvo, A. Ayuso-Sacido, A. Ayuso-Sacido, A. Ayuso-Sacido, A. Ayuso-

Sacido, and A. Ayuso-Sacido. 2020. “Bevacizumab Dose Adjustment to Improve Clinical 

Outcomes of Glioblastoma.” BMC Medicine 18(1):1–16. doi: 10.1186/S12916-020-01610-

0/FIGURES/6. 

Ghaddar, Batoul, Matthieu Bringart, Christian Lefebvre D’Hellencourt, Olivier Meilhac, and 

Nicolas DIotel. 2021. “Deleterious Effects of Overfeeding on Brain Homeostasis and Plasticity 

in Adult Zebrafish.” Zebrafish 18(3):190–206. doi: 

10.1089/ZEB.2020.1962/ASSET/IMAGES/LARGE/ZEB.2020.1962_FIGURE9.JPEG. 

Gomes, Emisael Stênio Batista, Marcela Gonçalves de Souza, Rogério Gonçalves da Rocha, 

Lincoln Valério Andrade Rodrigues, Maria Isabela Campos Ruas, Osvaldo Sena Guimarães, 

Lucyana Conceição Farias, Alfredo Maurício Batista de Paula, Sérgio Henrique Sousa Santos, 

and André Luiz Sena Guimaraes. 2024. “Unveiling the Potential of Angiotensin-Converting 

Enzyme as a Therapeutic Target in Head and Neck Squamous Carcinoma.” Gene Reports 

34:101858. doi: 10.1016/j.genrep.2023.101858. 

Gonzales, John M., and Sheran Hiu Wan Law. 2013. “Feed and Feeding Regime Affect Growth 

Rate and Gonadosomatic Index of Adult Zebrafish (Danio Rerio).” Zebrafish 10(4):532. doi: 

10.1089/ZEB.2013.0891. 

Gore, Aniket V., Kathryn Monzo, Young R. Cha, Weijun Pan, and Brant M. Weinstein. 2012. 

“Vascular Development in the Zebrafish.” Cold Spring Harbor Perspectives in Medicine 2(5). 

doi: 10.1101/CSHPERSPECT.A006684. 

 

 



50 
 

Gregorius, Jonas, Chen Wang, Oumaima Stambouli, Tanja Hussner, Yachao Qi, Tobias Tertel, 

Verena Börger, Ayan Mohamud Yusuf, Nina Hagemann, Dongpei Yin, Robin Dittrich, Yanis 

Mouloud, Fabian D. Mairinger, Fouzi El E. Magraoui, Aurel Popa-Wagner, Christoph 

Kleinschnitz, Thorsten R. Doeppner, Matthias Gunzer, Helmut E. Meyer, Bernd Giebel, and 

Dirk M. Hermann. 2021. “Small Extracellular Vesicles Obtained from Hypoxic Mesenchymal 

Stromal Cells Have Unique Characteristics That Promote Cerebral Angiogenesis, Brain 

Remodeling and Neurological Recovery after Focal Cerebral Ischemia in Mice.” Basic Research 

in Cardiology 116(1):1–19. doi: 10.1007/S00395-021-00881-9/FIGURES/7. 

Hautanen, Veera, Tarja Toimela, Martin Paparella, and Tuula Heinonen. 2023. “A Human Cell-

Based Assay to Assess the Induction of Vasculature Formation for Non-Genotoxic 

Carcinogenicity Testing Purposes: A Pilot Study.” Alternatives to Laboratory Animals 

51(3):188–203. doi: 10.1177/02611929231171165. 

He, Yulin, Hiotong Kam, Xue Wu, Qian Chen, and Simon Ming Yuen Lee. 2023. “Dual Effect 

of Aucubin on Promoting VEGFR2 Mediated Angiogenesis and Reducing RANKL-Induced 

Bone Resorption.” Chinese Medicine 18(1):108. doi: 10.1186/S13020-023-00786-W. 

Herold, Jacqueline, and Joanna Kalucka. 2021. “Angiogenesis in Adipose Tissue: The Interplay 

Between Adipose and Endothelial Cells.” Frontiers in Physiology 11:624903. doi: 

10.3389/FPHYS.2020.624903/BIBTEX. 

Hlushchuk, Ruslan, Daniel Brönnimann, Carlos Correa Shokiche, Laura Schaad, Ramona Triet, 

Anna Jazwinska, Stefan A. Tschanz, and Valentin Djonov. 2016. “Zebrafish Caudal Fin 

Angiogenesis Assay—Advanced Quantitative Assessment Including 3-Way Correlative 

Microscopy.” PLOS ONE 11(3):e0149281. doi: 10.1371/JOURNAL.PONE.0149281. 

Hogan, Benjamin M., Robert Herpers, Merlijn Witte, Hanna Heloterä, Kari Alitalo, Henricus J. 

Duckers, and Stefan Schulte-Merker. 2009. “Vegfc/Flt4 Signalling Is Suppressed by Dll4 in 

Developing Zebrafish Intersegmental Arteries.” Development 136(23):4001–9. doi: 

10.1242/DEV.039990. 

Howe, Kerstin, Matthew D. Clark, Carlos F. Torroja, James Torrance, Camille Berthelot, 

Matthieu Muffato, John E. Collins, Sean Humphray, Karen McLaren, Lucy Matthews, Stuart 

McLaren, Ian Sealy, Mario Caccamo, Carol Churcher, Carol Scott, Jeffrey C. Barrett, Romke 

Koch, Gerd Jörg Rauch, Simon  

Huang, Cheng Chen, Nathan D. Lawson, Brant M. Weinstein, and Stephen L. Johnson. 2003. 

“Reg6 Is Required for Branching Morphogenesis during Blood Vessel Regeneration in Zebrafish 

Caudal Fins.” Developmental Biology 264(1):263–74. doi: 10.1016/j.ydbio.2003.08.016. 

Isogai, Sumio, Masaharu Horiguchi, and Brant M. Weinstein. 2001. “The Vascular Anatomy of 

the Developing Zebrafish: An Atlas of Embryonic and Early Larval Development.” 

Developmental Biology 230(2):278–301. doi: 10.1006/DBIO.2000.9995. 

Jung, Jae In, Han Jin Cho, Yoo Jin Jung, Seung Hae Kwon, Song Her, Sun Shim Choi, Seung Ho 

Shin, Ki Won Lee, and Jung Han Yoon Park. 2015. “High-Fat Diet-Induced Obesity Increases 



51 
 

Lymphangiogenesis and Lymph Node Metastasis in the B16F10 Melanoma Allograft Model: 

Roles of Adipocytes and M2-Macrophages.” International Journal of Cancer 136(2):258–70. doi: 

10.1002/IJC.28983. 

Kimmel, Charles B., William W. Ballard, Seth R. Kimmel, Bonnie Ullmann, and Thomas F. 

Schilling. 1995. “Stages of Embryonic Development of the Zebrafish.” Developmental 

Dynamics : An Official Publication of the American Association of Anatomists 203(3):253–310. 

doi: 10.1002/AJA.1002030302. 

Koenig, Andrew L., Kristina Baltrunaite, Neil I. Bower, Andrea Rossi, Didier Y. R. Stainier, 

Benjamin M. Hogan, and Saulius Sumanas. 2016. “Vegfa Signaling Promotes Zebrafish 

Intestinal Vasculature Development through Endothelial Cell Migration from the Posterior 

Cardinal Vein.” Developmental Biology 411(1):115. doi: 10.1016/J.YDBIO.2016.01.002. 

Landgraf, Kathrin, Susanne Schuster, Andrej Meusel, Antje Garten, Thomas Riemer, Dorit 

Schleinitz, Wieland Kiess, and Antje Körner. 2017. “Short-Term Overfeeding of Zebrafish with 

Normal or High-Fat Diet as a Model for the Development of Metabolically Healthy versus 

Unhealthy Obesity.” BMC Physiology 17(1):1–10. doi: 10.1186/S12899-017-0031-X. 

Larson, Jon D., Shannon A. Wadman, Eleanor Chen, Lesa Kerley, Karl J. Clark, Mark Eide, 

Sarah Lippert, Aidas Nasevicius, Stephen C. Ekker, Perry B. Hackeff, and Jeffrey J. Essner. 

2004. “Expression of VE-Cadherin in Zebrafish Embryos: A New Tool to Evaluate Vascular 

Development.” Developmental Dynamics 231(1):204–13. doi: 10.1002/DVDY.20102. 

Lawson, Nathan D., and Brant M. Weinstein. 2002. “Arteries and Veins: Making a Difference 

with Zebrafish.” Nature Reviews Genetics 2002 3:9 3(9):674–82. doi: 10.1038/nrg888. 

Lee, Hae Young, Seock Won Youn, Hyun Jai Cho, Yoo Wook Kwon, Sae Won Lee, Sung Jin 

Kim, Young Bae Park, Byung Hee Oh, and Hyo Soo Kim. 2013. “FOXO1 Impairs Whereas 

Statin Protects Endothelial Function in Diabetes through Reciprocal Regulation of Krüppel-like 

Factor 2.” Cardiovascular Research 97(1):143–52. doi: 10.1093/CVR/CVS283. 

Lieschke, Graham J., and Peter D. Currie. 2007. “Animal Models of Human Disease: Zebrafish 

Swim into View.” Nature Reviews Genetics 2007 8:5 8(5):353–67. doi: 10.1038/nrg2091. 

Li, Xiumin, Yu Xue, Liang Pang, Bo Len, Zhichao Lin, Jiafu Huang, Zhaoshui ShangGuan, and 

Yutian Pan. 2019. “Agaricus Bisporus-Derived β-Glucan Prevents Obesity through PPAR γ 

Downregulation and Autophagy Induction in Zebrafish Fed by Chicken Egg Yolk.” International 

Journal of Biological Macromolecules 125:820–28. doi: 10.1016/J.IJBIOMAC.2018.12.122. 

Li, Dantong, Wenzhi Xue, Mei Li, Mei Dong, Jianwei Wang, Xianda Wang, Xiyue Li, Kai 

Chen, Wenjuan Zhang, Shuang Wu, Yingqi Zhang, Lei Gao, Yujie Chen, Jianfeng Chen, Bo O. 

Zhou, Yi Zhou, Xuebiao Yao, Lin Li, Dianqing Wu, and Weijun Pan. 2018. “VCAM-1+ 

Macrophages Guide the Homing of HSPCs to a Vascular Niche.” Nature 564(7734):119. doi: 

10.1038/S41586-018-0709-7. 



52 
 

Li, Xiang, Lei Zhou, Yuying Zheng, Taiping He, Honghui Guo, Jiangbin Li, and Jingjing Zhang. 

2023. “Establishment of a Non-Alcoholic Fatty Liver Disease Model by High Fat Diet in Adult 

Zebrafish.” Animal Models and Experimental Medicine 00:1–10. doi: 10.1002/AME2.12309. 

Li, Chun Wei, Tai Horng Young, Mu Hui Wang, Ming Ying Pei, Tsung Yu Hsieh, Chia Lang 

Hsu, and Nai Chen Cheng. 2023. “Low-Glucose Culture Environment Can Enhance the Wound 

Healing Capability of Diabetic Adipose-Derived Stem Cells.” Stem Cell Research and Therapy 

14(1):236. doi: 10.1186/s13287-023-03478-2. 

Li, Xiaohe, Qing Liang, Shaoyan Gao, Qiuyan Jiang, Fangxia Zhang, Ruiqin Zhang, Hao Ruan, 

Shuangling Li, Jiaoyan Luan, Ruxia Deng, Honggang Zhou, Hui Huang, and Cheng Yang. 2022. 

“Lenalidomide Attenuates Post-Inflammation Pulmonary Fibrosis through Blocking NF-ΚB 

Signaling Pathway.” International Immunopharmacology 103:108470. doi: 

10.1016/J.INTIMP.2021.108470. 

Liu, Feng, Maggie Walmsley, Adam Rodaway, and Roger Patient. 2008. “Fli1 Acts at the Top of 

the Transcriptional Network Driving Blood and Endothelial Development.” Current Biology 

18(16):1234–40. doi: 10.1016/j.cub.2008.07.048. 

Lisse, Thomas S., Manju Sharma, Neda Vishlaghi, Sri Ramulu Pullagura, and Robert E. Braun. 

2020. “GDNF Promotes Hair Formation and Cutaneous Wound Healing by Targeting Bulge 

Stem Cells.” Npj Regenerative Medicine 5(1):13. doi: 10.1038/s41536-020-0098-z. 

Lu, Hanlin, Peidong Yuan, Xiaoping Ma, Xiuxin Jiang, Shaozhuang Liu, Chang Ma, Sjaak 

Philipsen, Qunye Zhang, Jianmin Yang, Feng Xu, Cheng Zhang, Yun Zhang, and Wencheng 

Zhang. 2023. “Angiotensin-Converting Enzyme Inhibitor Promotes Angiogenesis through 

Sp1/Sp3-Mediated Inhibition of Notch Signaling in Male Mice.” Nature Communications 2023 

14:1 14(1):1–17. doi: 10.1038/s41467-023-36409-z. 

Lu, Jian, Weiguo Wang, Cheng Zhang, Wenping Xu, Weidong Chen, Liming Tao, Zhong Li, 

Jiagao Cheng, and Yang Zhang. 2022. “Characterization of Glyphosate-Induced Cardiovascular 

Toxicity and Apoptosis in Zebrafish.” Science of the Total Environment 851:158308. doi: 

10.1016/j.scitotenv.2022.158308. 

Lu, Yiwei, Guoyong Han, Yao Zhang, Long Zhang, Zhi Li, Qingyuan Wang, Zhiqiang Chen, 

Xuehao Wang, and Jindao Wu. 2023. “M2 Macrophage-Secreted Exosomes Promote Metastasis 

and Increase Vascular Permeability in Hepatocellular Carcinoma.” Cell Communication and 

Signaling 21(1):299. doi: 10.1186/s12964-022-00872-w. 

Luo, Juanjuan, Chunjiao Lu, Maya Wang, and Xiaojun Yang. 2023. “Protocol for Generating 

Mutant Zebrafish Using CRISPR-Cas9 Followed by Quantitative Evaluation of Vascular 

Formation.” STAR Protocols 4(4):102753. doi: 10.1016/j.xpro.2023.102753. 

Luzio, A., M. Figueiredo, M. M. Matos, A. M. Coimbra, A. R. Álvaro, and S. M. Monteiro. 

2021. “Effects of Short-Term Exposure to Genistein and Overfeeding Diet on the Neural and 

Retinal Progenitor Competence of Adult Zebrafish (Danio Rerio).” Neurotoxicology and 

Teratology 88:107030. doi: 10.1016/j.ntt.2021.107030. 



53 
 

Ma, Jin, Jiang Ren, Midory Thorikay, Maarten van Dinther, Gonzalo Sanchez-Duffhues, Josselin 

Caradec, Pascal Benderitter, Jan Hoflack, and Peter Ten Dijke. 2021. “Inhibiting Endothelial 

Cell Function in Normal and Tumor Angiogenesis Using Bmp Type i Receptor Macrocyclic 

Kinase Inhibitors.” Cancers 13(12). doi: 10.3390/CANCERS13122951/S1. 

Mancuso, Michael R., Frank Kuhnert, and Calvin J. Kuo. 2008. “Developmental Angiogenesis 

of the Central Nervous System.” Lymphatic Research and Biology 6(3–4):173. doi: 

10.1089/LRB.2008.1014. 

Manuneedhi Cholan, Pradeep, Simone Morris, Kaiming Luo, Jinbiao Chen, Jade A. Boland, 

Geoff W. McCaughan, Warwick J. Britton, and Stefan H. Oehlers. 2022. “Transplantation of 

High Fat Fed Mouse Microbiota into Zebrafish Larvae Identifies MyD88-Dependent 

Acceleration of Hyperlipidaemia by Gram-Positive Cell Wall Components.” BioFactors 

48(2):329–41. doi: 10.1002/BIOF.1796. 

Manikandan, M., Shubhankar Gadre, Sushanta Chhatar, Gourav Chakraborty, Naushad Ahmed, 

Chinmoy Patra, and Malay Patra. 2022. “Potent Ruthenium-Ferrocene Bimetallic Antitumor 

Antiangiogenic Agent That Circumvents Platinum Resistance: From Synthesis and Mechanistic 

Studies to in Vivo Evaluation in Zebrafish.” Journal of Medicinal Chemistry 65(24):16353–71. 

doi: 10.1021/acs.jmedchem.2c01174. 

Mao, Xing Gang, Xiao Yan Xue, Liang Wang, Xiang Zhang, Ming Yan, Yan Yang Tu, Wei Lin, 

Xiao Fan Jiang, Hong Gang Ren, Wei Zhang, and Shao Jun Song. 2013. “CDH5 Is Specifically 

Activated in Glioblastoma Stemlike Cells and Contributes to Vasculogenic Mimicry Induced by 

Hypoxia.” Neuro-Oncology 15(7):865. doi: 10.1093/NEUONC/NOT029. 

McCloskey, Molly C., Victor Z. Zhang, S. Danial Ahmad, Samuel Walker, Samantha S. 

Romanick, Hani A. Awad, and James L. McGrath. 2022. “Sourcing Cells for in Vitro Models of 

Human Vascular Barriers of Inflammation.” Frontiers in Medical Technology 4:979768. doi: 

10.3389/FMEDT.2022.979768/BIBTEX. 

McKellar, David W., Lauren D. Walter, Leo T. Song, Madhav Mantri, Michael F. Z. Wang, 

Iwijn De Vlaminck, and Benjamin D. Cosgrove. 2021. “Large-Scale Integration of Single-Cell 

Transcriptomic Data Captures Transitional Progenitor States in Mouse Skeletal Muscle 

Regeneration.” Communications Biology 2021 4:1 4(1):1–12. doi: 10.1038/s42003-021-02810-

x. 

McGonnell, I. M., and R. C. Fowkes. 2006. “Fishing for Gene Function – Endocrine Modelling 

in the Zebrafish.” Journal of Endocrinology 189(3):425–39. doi: 10.1677/JOE.1.06683. 

Melchiorri, A. J., N. Hibino, T. Yi, Y. U. Lee, T. Sugiura, S. Tara, T. Shinoka, C. Breuer, and J. 

P. Fisher. 2015. “Contrasting Biofunctionalization Strategies for the Enhanced Endothelialization 

of Biodegradable Vascular Grafts.” Biomacromolecules 16(2):437–46. doi: 10.1021/bm501853s. 

Miura, Kouichi, Hirohide Ohnishi, Naoki Morimoto, Shinichiro Minami, Mitsuaki Ishioka, 

Shunji Watanabe, Mamiko Tsukui, Yoshinari Takaoka, Hiroaki Nomoto, Norio Isoda, and 

Hironori Yamamoto. 2019. “Ezetimibe Suppresses Development of Liver Tumors by Inhibiting 



54 
 

Angiogenesis in Mice Fed a High-Fat Diet.” Cancer Science 110(2):771–83. doi: 

10.1111/CAS.13902. 

Morland, Cecilie, Krister A. Andersson, Øyvind P. Haugen, Alena Hadzic, Liv Kleppa, Andreas 

Gille, Johanne E. Rinholm, Vuk Palibrk, Elisabeth H. Diget, Lauritz H. Kennedy, Tomas Stølen, 

Eivind Hennestad, Olve Moldestad, Yiqing Cai, Maja Puchades, Stefan Offermanns, Koen 

Vervaeke, Magnar Bjørås, Ulrik Wisløff, Jon Storm-Mathisen, and Linda H. Bergersen. 2017. 

“Exercise Induces Cerebral VEGF and Angiogenesis via the Lactate Receptor HCAR1.” Nature 

Communications 8:15557. doi: 10.1038/ncomms15557. 

Ober, Elke A., Birgitta Olofsson, Taija Mäkinen, Suk Won Jin, Wataru Shoji, Gou Young Koh, 

Kari Alitalo, and Didier Y. R. Stainier. 2004. “Vegfc Is Required for Vascular Development and 

Endoderm Morphogenesis in Zebrafish.” EMBO Reports 5(1):78–84. doi: 

10.1038/SJ.EMBOR.7400047/SUPPL_FILE/EMBR7400047-SUP-0001.PDF. 

Oka, Takehiko, Yuhei Nishimura, Liqing Zang, Minoru Hirano, Yasuhito Shimada, Zhipeng 

Wang, Noriko Umemoto, Junya Kuroyanagi, Norihiro Nishimura, and Toshio Tanaka. 2010. 

“Diet-Induced Obesity in Zebrafish Shares Common Pathophysiological Pathways with 

Mammalian Obesity.” BMC Physiology 10(1):1–13. doi: 10.1186/1472-6793-10-

21/FIGURES/5. 

Otis, Jessica P., and Steven A. Farber. 2016. “High-Fat Feeding Paradigm for Larval Zebrafish: 

Feeding, Live Imaging, and Quantification of Food Intake.” Journal of Visualized Experiments : 

JoVE 2016(116):54735. doi: 10.3791/54735. 

Park, Ki Hoon, Zhi Wei Ye, Jie Zhang, and Seok Hyung Kim. 2019. “Palmitic Acid-Enriched 

Diet Induces Hepatic Steatosis and Injury in Adult Zebrafish.” Zebrafish 16(6):497–504. doi: 

10.1089/ZEB.2019.1758/ASSET/IMAGES/LARGE/FIGURE5.JPEG. 

Park, Heesook, Minhee Kim, Gyoo Taik Kwon, Do Young Lim, Rina Yu, Mi Kyung Sung, Ki 

Won Lee, James W. Daily, and Jung Han Yoon Park. 2012. “A High-Fat Diet Increases 

Angiogenesis, Solid Tumor Growth, and Lung Metastasis of CT26 Colon Cancer Cells in 

Obesity-Resistant BALB/c Mice.” Molecular Carcinogenesis 51(11):869–80. doi: 

10.1002/MC.20856. 

Parichy, David M., Michael R. Elizondo, Margaret G. Mills, Tiffany N. Gordon, and Raymond 

E. Engeszer. 2009. “Normal Table of Postembryonic Zebrafish Development: Staging by 

Externally Visible Anatomy of the Living Fish.” Developmental Dynamics 238(12):2975–3015. 

doi: 10.1002/DVDY.22113. 

Paulissen, Scott M., Daniel M. Castranova, Shlomo M. Krispin, Margaret C. Burns, Javier 

Menéndez, Jesús Torres-Vázquez, and Brant M. Weinstein. 2022. “Anatomy and Development 

of the Pectoral Fin Vascular Network in the Zebrafish.” Development (Cambridge, England) 

149(5). doi: 10.1242/DEV.199676/VIDEO-13. 

Perera, G. S. Champik., Ram C. Bhujel, Krishna Salin, Loc Thai Nguyen, Amonrat 

Sermwatanakul, and Ooi Ei Lin. 2023. “Effect of the Varying Inclusion Levels of the Egg Yolk 



55 
 

Powder on Growth, Stress Tolerance, and Pigmentation of Guppy (Poecilia Reticulata).” Journal 

of Applied Aquaculture 35(3):788–803. doi: 10.1080/10454438.2022.2027835. 

Picolo, Victor L., Vanessa A. Quadros, Julia Canzian, Cesar K. Grisolia, Jair T. Goulart, Carlos 

Pantoja, Andreza F. de Bem, and Denis B. Rosemberg. 2021. “Short-Term High-Fat Diet 

Induces Cognitive Decline, Aggression, and Anxiety-like Behavior in Adult Zebrafish.” Progress 

in Neuro-Psychopharmacology and Biological Psychiatry 110:110288. doi: 

10.1016/J.PNPBP.2021.110288. 

Pontes, Kelly Cristine de Sousa, Arwin Groenewoud, Jinfeng Cao, Livia Maria Silva Ataide, 

Ewa Snaar-Jagalska, and Martine J. Jager. 2017. “Evaluation of (Fli:GFP) Casper Zebrafish 

Embryos as a Model for Human Conjunctival Melanoma.” Investigative Ophthalmology and 

Visual Science 58(14):6065–71. doi: 10.1167/iovs.17-22023. 

Printzi, Alice, George Koumoundouros, Vincent Fournier, Lauriane Madec, Jose Luis 

Zambonino-Infante, and David Mazurais. 2023. “Effect of Early Peptide Diets on Zebrafish 

Skeletal Development.” Biomolecules 13(4):659. doi: 10.3390/BIOM13040659/S1. 

Qin, Jinling, Hongliang Li, Xuan Wang, Yixin Zhang, Yongtao Duan, Yongfang Yao, Hua 

Yang, and Moran Sun. 2022. “Discovery of a Novel Piperlongumine Analogue as a Microtubule 

Polymerization Inhibitor with Potent Anti-Angiogenic and Anti-Metastatic Efficacy.” European 

Journal of Medicinal Chemistry 243:114738. doi: 10.1016/j.ejmech.2022.114738. 

Rabbane, Md Golam, Md Yousuf Ali, Md Al Zahid, and Jakir Hossain. 2020. “Diet Effects on 

Growth, Mortality, RNA: DNA Ratio and Gene Expression of Zebrafish Danio Rerio.” Genetics 

of Aquatic Organisms 4(1):19–27. doi: 10.4194/2459-1831-V4_1_02. 

Rattner, Amir, John Williams, and Jeremy Nathans. 2019. “Roles of HIFs and VEGF in 

Angiogenesis in the Retina and Brain.” The Journal of Clinical Investigation 129(9):3807–20. 

doi: 10.1172/JCI126655. 

Rathinasamy, Vivek Sagayaraj, Navina Paneerselvan, and Malathi Ragunathan. 2014. “Effect of 

Genistein on Regenerative Angiogenesis Using Zebrafish as Model Organism.” Biomedicine & 

Preventive Nutrition 4(4):469–74. doi: 10.1016/J.BIONUT.2014.07.002. 

Rauniyar, Khushbu, Honey Bokharaie, and Michael Jeltsch. 2023. “Expansion and Collapse of 

VEGF Diversity in Major Clades of the Animal Kingdom.” Angiogenesis 2023 26:3 26(3):437–

61. doi: 10.1007/S10456-023-09874-9. 

Réhault-Godbert, Sophie, Nicolas Guyot, and Yves Nys. 2019. “The Golden Egg: Nutritional 

Value, Bioactivities, and Emerging Benefits for Human Health.” Nutrients 11(3). doi: 

10.3390/NU11030684. 

Rling, Johanna O. ̈., Katri Kosonen, Jenna Villman, Martin Reichard, and Ilkka Paatero. 2023. 

“Impaired Fin Regeneration and Angiogenesis in Aged Zebrafish and Turquoise Killifish.” 

Biology Open 12(4). doi: 10.1242/BIO.059622. 



56 
 

Rodrigo, Rivera, Cespedes Alvaro, Cruz Juan Pablo, Rivera Gladys Carlota, Valencia Alvaro, 

Rouchaud Aymeric, and Mounayer Charbel. 2023. “Endovascular Treatment Simulations Using 

a Novel in Vitro Brain Arteriovenous Malformation Model Based on Three-Dimensional 

Printing Millifluidic Technology.” Interventional Neuroradiology. doi: 

10.1177/15910199231184605. 

Russo, Caterina, Alessandro Maugeri, Laura Musumeci, Giovambattista De Sarro, Santa Cirmi, 

and Michele Navarra. 2023. “Inflammation and Obesity: The Pharmacological Role of 

Flavonoids in the Zebrafish Model.” International Journal of Molecular Sciences 2023, Vol. 24, 

Page 2899 24(3):2899. doi: 10.3390/IJMS24032899. 

Seebacher, F., J. Tallis, K. McShea, and R. S. James. 2017. “Obesity-Induced Decreases in 

Muscle Performance Are Not Reversed by Weight Loss.” International Journal of Obesity 2017 

41:8 41(8):1271–78. doi: 10.1038/ijo.2017.81. 

Schaafhausen, Maximilian K., Wan Jen Yang, Lazaro Centanin, Joachim Wittbrodt, Anja 

Bosserhoff, Andreas Fischer, Manfred Schartl, and Svenja Meierjohann. 2013. “Tumor 

Angiogenesis Is Caused by Single Melanoma Cells in a Manner Dependent on Reactive Oxygen 

Species and NF-Κb.” Journal of Cell Science 126(17):3862–72. doi: 

10.1242/JCS.125021/263663/AM/TUMOR-ANGIOGENESIS-IS-CAUSED-BY-SINGLE-

MELANOMA. 

Schmohl, Kathrin A., Andrea M. Mueller, Maike Dohmann, Rebekka Spellerberg, Sarah 

Urnauer, Nathalie Schwenk, Sibylle I. Ziegler, Peter Bartenstein, Peter J. Nelson, and Christine 

Spitzweg. 2019. “Integrin Αvβ3-Mediated Effects of Thyroid Hormones on Mesenchymal Stem 

Cells in Tumor Angiogenesis.” Thyroid 29(12):1843–57. doi: 10.1089/thy.2019.0413. 

Shrestha, Deepika, Marion Ouidir, Tsegaselassie Workalemahu, Xuehuo Zeng, and Fasil Tekola-

Ayele. 2020. “Placental DNA Methylation Changes Associated with Maternal Pre-Pregnancy 

BMI and Gestational Weight Gain.” International Journal of Obesity (2005) 44(6):1406. doi: 

10.1038/S41366-020-0546-2. 

Siccardi, Anthony J., Heath W. Garris, Warren T. Jones, Dorothy B. Moseley, Louis R. 

D’Abramo, and Stephen A. Watts. 2009. “Growth and Survival of Zebrafish (Danio Rerio) Fed 

Different Commercial and Laboratory Diets.” Https://Home.Liebertpub.Com/Zeb 6(3):275–80. 

doi: 10.1089/ZEB.2008.0553. 

Shahzadi, Lubna, Amna Ramzan, Awais Anjum, Faiza Jabbar, Ather Farooq Khan, Faisal 

Manzoor, Sohail Anjum Shahzad, Aqif Anwar Chaudhry, Ihtesham ur Rehman, and Muhammad 

Yar. 2022. “An Efficient New Method for Electrospinning Chitosan and Heparin for the 

Preparation of Pro-Angiogenic Nanofibrous Membranes for Wound Healing Applications.” 

Journal of Applied Polymer Science 139(48):e53212. doi: 10.1002/app.53212. 

Singh, Shivani, Benjamin M. Wu, and James C. Y. Dunn. 2011. “The Enhancement of VEGF-

Mediated Angiogenesis by Polycaprolactone Scaffolds with Surface Cross-Linked Heparin.” 

Biomaterials 32(8):2059–69. doi: 10.1016/j.biomaterials.2010.11.038. 



57 
 

Siomava, Natalia, Fedor Shkil, Elena Voronezhskaya, and Rui Diogo. 2018. “Development of 

Zebrafish Paired and Median Fin Musculature: Basis for Comparative, Developmental, and 

Macroevolutionary Studies.” Scientific Reports 2018 8:1 8(1):1–16. doi: 10.1038/s41598-018-

32567-z. 

Singleman, Corinna, and Nathalia G. Holtzman. 2014. “Growth and Maturation in the Zebrafish, 

Danio Rerio: A Staging Tool for Teaching and Research.” Zebrafish 11(4):396. doi: 

10.1089/ZEB.2014.0976. 

Sipka, Tamara, Seol Ah Park, Resul Ozbilgic, Laurence Balas, Thierry Durand, Karol Mikula, 

Georges Lutfalla, and Mai Nguyen-Chi. 2022. “Macrophages Undergo a Behavioural Switch 

during Wound Healing in Zebrafish.” Free Radical Biology and Medicine 192:200–212. doi: 

10.1016/j.freeradbiomed.2022.09.021. 

Sojan, Jerry Maria, Giorgia Gioacchini, Elisabetta Giorgini, Patrick Orlando, Luca Tiano, 

Francesca Maradonna, and Oliana Carnevali. 2022. “Zebrafish Caudal Fin as a Model to 

Investigate the Role of Probiotics in Bone Regeneration.” Scientific Reports 12(1):8057. doi: 

10.1038/s41598-022-12138-z. 

Sullins, Abbigale. 2023. “Zebrafish Feeding and Breeding: Adapting Best Practices for Zebrafish 

Husbandry.” Honors Theses. 

Sun, Sujie, Li Zhang, Xue Li, Lu Zang, Ling Huang, Junquan Zeng, Zigang Cao, Xinjun Liao, 

Zilin Zhong, Huiqiang Lu, and Jianjun Chen. 2024. “Hexafluoropropylene Oxide Trimer Acid, a 

Perfluorooctanoic Acid Alternative, Induces Cardiovascular Toxicity in Zebrafish Embryos.” 

Journal of Environmental Sciences (China) 139:460–72. doi: 10.1016/j.jes.2023.05.009. 

Staal, Frank J. T., Herman P. Spaink, and Willem E. Fibbe. 2016. “Visualizing Human 

Hematopoietic Stem Cell Trafficking in Vivo Using a Zebrafish Xenograft Model.” Stem Cells 

and Development 25(4):360–65. doi: 10.1089/scd.2015.0195. 

Tang, Jing Yan, Shang Li, Zhen Hua Li, Zai Jun Zhang, Guang Hu, Lorita Chi Veng Cheang, 

Deepa Alex, Maggie Pui Man Hoi, Yiu Wa Kwan, Shun Wan Chan, George Pak Heng Leung, 

and Simon Ming Yuen Lee. 2010. “Calycosin Promotes Angiogenesis Involving Estrogen 

Receptor and Mitogen-Activated Protein Kinase (MAPK) Signaling Pathway in Zebrafish and 

HUVEC.” PLoS ONE 5(7):1–14. doi: 10.1371/JOURNAL.PONE.0011822. 

Tejerina-Miranda, Sandra, María Pedrero, Marina Blázquez-García, Verónica Serafín, Ana 

Montero-Calle, Maria Garranzo-Asensio, A. Julio Reviejo, José M. Pingarrón, Rodrigo Barderas, 

and Susana Campuzano. 2024. “Angiogenesis Inhibitor or Aggressiveness Marker? The Function 

of Endostatin in Cancer through Electrochemical Biosensing.” Bioelectrochemistry 155:108571. 

doi: 10.1016/j.bioelechem.2023.108571. 

Thapa, Komal, Heena Khan, Gagandeep Kaur, Puneet Kumar, and Thakur Gurjeet Singh. 2023. 

“Therapeutic Targeting of Angiopoietins in Tumor Angiogenesis and Cancer Development.” 

Biochemical and Biophysical Research Communications 687:149130. doi: 

10.1016/j.bbrc.2023.149130. 



58 
 

Thompson, William Andrew, Jithine Jayakumar Rajeswari, Alison C. Holloway, and 

Mathilakath M. Vijayan. 2024. “Excess Feeding Increases Adipogenesis but Lowers Leptin 

Transcript Abundance in Zebrafish Larvae.” Comparative Biochemistry and Physiology Part C: 

Toxicology & Pharmacology 276:109816. doi: 10.1016/J.CBPC.2023.109816. 

Tingaud-Sequeira, Angèle, Nafia Ouadah, and Patrick J. Babin. 2011. “Zebrafish Obesogenic 

Test: A Tool for Screening Molecules That Target Adiposity.” Journal of Lipid Research 

52(9):1765–72. doi: 10.1194/jlr.D017012. 

Titus, Tom A., Daniel R. Selvig, Baifang Qin, Catherine Wilson, Amber M. Starks, Bruce A. 

Roe, and John H. Postlethwait. 2006. “The Fanconi Anemia Gene Network Is Conserved from 

Zebrafish to Human.” Gene 371(2):211–23. doi: 10.1016/J.GENE.2005.11.038. 

Toselli, Chiara M., Brayden M. Wilkinson, Joshua Paterson, and Timothy J. Kieffer. 2019. 

“Vegfa/Vegfr2 Signaling Is Necessary for Zebrafish Islet Vessel Development, but Is 

Dispensable for Beta-Cell and Alpha-Cell Formation.” Scientific Reports 9(1). doi: 

10.1038/S41598-019-40136-1. 

Turola, Elena, Salvatore Petta, Ester Vanni, Fabiola Milosa, Luca Valenti, Rosina Critelli, Luca 

Miele, Livia Maccio, Vincenza Calvaruso, Anna L. Fracanzani, Marcello Bianchini, Nazarena 

Raos, Elisabetta Bugianesi, Serena Mercorella, Marisa Di Giovanni, Antonio Craxì, Silvia 

Fargion, Antonio Grieco, Calogero Cammà, Franco Cotelli, and Erica Villa. 2015. “Ovarian 

Senescence Increases Liver Fibrosis in Humans and Zebrafish with Steatosis.” DMM Disease 

Models and Mechanisms 8(9):1037–46. doi: 10.1242/DMM.019950/257067/AM/OVARIAN-

SENESCENCE-INCREASES-LIVER-FIBROSIS-IN. 

Tzung, Keh Weei, Robert L. Lalonde, Karin D. Prummel, Harsha Mahabaleshwar, Hannah R. 

Moran, Jan Stundl, Amanda N. Cass, Yao Le, Robert Lea, Karel Dorey, Monika J. Tomecka, 

Changqing Zhang, Eline C. Brombacher, William T. White, Henry H. Roehl, Frank J. Tulenko, 

Christoph Winkler, Peter D. Currie, Enrique Amaya, Marcus C. Davis, Marianne E. Bronner, 

Christian Mosimann, and Tom J. Carney. 2023. “A Median Fin Derived from the Lateral Plate 

Mesoderm and the Origin of Paired Fins.” Nature 2023 618:7965 618(7965):543–49. doi: 

10.1038/s41586-023-06100-w. 

Vivek, sagayaraj. .., and R. Malathi. 2017. “Impact of Hypoxia Induced VEGF and Its Signaling 

during Caudal Fin Regeneration in Zebrafish.” BioRxiv 105767. doi: 10.1101/105767. 

Wang, Zemin, Yun Mao, Taixing Cui, Dongqi Tang, and Xing Li Wang. 2013. “Impact of a 

Combined High Cholesterol Diet and High Glucose Environment on Vasculature.” PLOS ONE 

8(12):e81485. doi: 10.1371/JOURNAL.PONE.0081485. 

Wang, Li, Matteo Astone, Sk Kayum Alam, Zhu Zhu, Wuhong Pei, David A. Frank, Shawn M. 

Burgess, and Luke H. Hoeppner. 2021. “Suppressing STAT3 Activity Protects the Endothelial 

Barrier from VEGF-Mediated Vascular Permeability.” DMM Disease Models and Mechanisms 

14(11). doi: 10.1242/DMM.049029/272222/AM/SUPPRESSING-STAT3-ACTIVITY-

PROTECTS-THE. 



59 
 

Wang, Chi, Cheng Zhang, Haibo Yu, Ziye Zan, Jialin Li, Pengju Li, Xiaotian Zhang, Hong Ji, 

and Qinfeng Gao. 2022. “Glycerol Monolaurate and Triglycerol Monolaurate Alleviated High-

Fat Diet Induced Lipid Accumulation and Damage of Liver in Zebrafish (Danio Rerio).” 

Aquaculture 561:738616. doi: 10.1016/J.AQUACULTURE.2022.738616. 

Wang, Weiwei, Xiaona Zhang, Jingyu Qin, Penghao Wei, Yi Jia, Jun Wang, and Shaoguo Ru. 

2019. “Long-Term Bisphenol S Exposure Induces Fat Accumulation in Liver of Adult Male 

Zebrafish (Danio Rerio) and Slows Yolk Lipid Consumption in F1 Offspring.” Chemosphere 

221:500–510. doi: 10.1016/j.chemosphere.2019.01.020. 

Wang, Xuedong, Yuansi Zheng, Yan Ma, Liyang Du, Fangyu Chu, Haidong Gu, Randy A. 

Dahlgren, Yanyan Li, and Huili Wang. 2018. “Lipid Metabolism Disorder Induced by Up-

Regulation of MiR-125b and MiR-144 Following β-Diketone Antibiotic Exposure to F0-

Zebrafish (Danio Rerio).” Ecotoxicology and Environmental Safety 164:243–52. doi: 

10.1016/j.ecoenv.2018.08.027. 

Wang, Chi, Cheng Zhang, Haibo Yu, Ziye Zan, Jialin Li, Pengju Li, Xiaotian Zhang, Hong Ji, 

and Qinfeng Gao. 2022. “Glycerol Monolaurate and Triglycerol Monolaurate Alleviated High-

Fat Diet Induced Lipid Accumulation and Damage of Liver in Zebrafish (Danio Rerio).” 

Aquaculture 561:738616. doi: 10.1016/j.aquaculture.2022.738616. 

Zhao, Ye, Xiaoqian Huang, Tony Weixi Ding, and Zhiyuan Gong. 2016. “Enhanced 

Angiogenesis, Hypoxia and Neutrophil Recruitment during Myc-Induced Liver Tumorigenesis in 

Zebrafish.” Scientific Reports 6. doi: 10.1038/SREP31952. 

Wang, Yifang, Xiaohui Zhou, Peipei Han, Yunliang Lu, Xuemin Zhong, Yanping Yang, 

Danping Li, Deling Liu, Qiuyun Li, Nenghui Pan, Yingxi Mo, Wenqi Luo, Ping Li, Xiaoying 

Zhou, and Matskova Liudmila. 2021. “Inverse Correlation of MiR-27a-3p and CDH5 Expression 

Serves as a Diagnostic Biomarker of Proliferation and Metastasis of Clear Cell Renal 

Carcinoma.” Pathology - Research and Practice 220:153393. doi: 10.1016/J.PRP.2021.153393. 

Wang, Chi, Cheng Zhang, Haibo Yu, Ziye Zan, Jialin Li, Pengju Li, Xiaotian Zhang, Hong Ji, 

and Qinfeng Gao. 2022. “Glycerol Monolaurate and Triglycerol Monolaurate Alleviated High-

Fat Diet Induced Lipid Accumulation and Damage of Liver in Zebrafish (Danio Rerio).” 

Aquaculture 561:738616. doi: 10.1016/j.aquaculture.2022.738616. 

Weeks, Olivia, Bess M. Miller, Brian J. Pepe-Mooney, Isaac M. Oderberg, Scott H. Freeburg, 

Colton J. Smith, Trista E. North, and Wolfram Goessling. 2022. “Embryonic Alcohol Exposure 

Disrupts the Ubiquitin-Proteasome System.” JCI Insight 7(23):e156914. doi: 

10.1172/jci.insight.156914. 

White, Richard Mark, Anna Sessa, Christopher Burke, Teresa Bowman, Jocelyn LeBlanc, Craig 

Ceol, Caitlin Bourque, Michael Dovey, Wolfram Goessling, Caroline Erter Burns, and Leonard 

I. Zon. 2008. “Transparent Adult Zebrafish as a Tool for in Vivo Transplantation Analysis.” Cell 

Stem Cell 2(2):183. doi: 10.1016/J.STEM.2007.11.002. 



60 
 

Wisenden, Brian D., Daniel C. Paulson, and Megan Orr. 2022. “Zebrafish Embryos Hatch Early 

in Response to Chemical and Mechanical Indicators of Predation Risk, Resulting in 

Underdeveloped Swimming Ability of Hatchling Larvae.” Biology Open 11(12). doi: 

10.1242/bio.059229. 

Wu, Yifang, Jun Sun, Qi Lin, Dapeng Wang, and Jian Hai. 2024. “Sustained Release of Vascular 

Endothelial Growth Factor A and Basic Fibroblast Growth Factor from Nanofiber Membranes 

Reduces Oxygen/Glucose Deprivation-Induced Injury to Neurovascular Units.” Neural 

Regeneration Research 19(4):887–94. doi: 10.4103/1673-5374.382252. 

Xie, Fangjing, Shisan Xu, Yingying Lu, Kin Fung Wong, Lei Sun, Kazi Md Mahmudul Hasan, 

Alvin C. H. Ma, Gary Tse, Sinai H. C. Manno, Li Tian, Jianbo Yue, and Shuk Han Cheng. 2021. 

“Metformin Accelerates Zebrafish Heart Regeneration by Inducing Autophagy.” Npj 

Regenerative Medicine 6(1):62. doi: 10.1038/s41536-021-00172-w. 

Xu, Cong, Sana S. Hasan, Inga Schmidt, Susana F. Rocha, Mara E. Pitulescu, Jeroen Bussmann, 

Dana Meyen, Erez Raz, Ralf H. Adams, and Arndt F. Siekmann. 2014. “Arteries Are Formed by 

Vein-Derived Endothelial Tip Cells.” Nature Communications 2014 5:1 5(1):1–11. doi: 

10.1038/ncomms6758. 

Xun, Pengwei, Heizhao Lin, Ruixuan Wang, Wei Yu, Chuanpeng Zhou, Xiaohong Tan, Zhong 

Huang, Xiaolin Huang, Qianqian Huang, and Wanfeng Yu. 2021. “Effects of Dietary Lipid 

Levels on Growth Performance, Plasma Biochemistry, Lipid Metabolism and Intestinal 

Microbiota of Juvenile Golden Pompano (Trachinotus Ovatus).” Aquaculture Nutrition 

27(5):1683–98. doi: 10.1111/ANU.13307. 

Yu, Jianxin A., Daniel Castranova, Van N. Pham, and Brant M. Weinstein. 2015. “Single-Cell 

Analysis of Endothelial Morphogenesis in Vivo.” Development (Cambridge) 142(17):2951–61. 

doi: 10.1242/DEV.123174/-/DC1. 

Zhang, Guangliang, Zhiqiang Zhang, Gaobiao Cao, Qianheng Jin, Lei Xu, Jiaying Li, Zhe Liu, 

Chi Xu, Yingying Le, Yi Fu, Jihui Ju, Bin Li, and Ruixing Hou. 2023. “Engineered Dermis 

Loaded with Confining Forces Promotes Full-Thickness Wound Healing by Enhancing 

Vascularisation and Epithelialisation.” Acta Biomaterialia 170:464–78. doi: 

10.1016/j.actbio.2023.08.049. 

Zheng, Yangmin, Bo Chen, Miaoqing Zhang, Yuanyuan Ma, Lulu Wang, Jingpu Zhang, and 

Jiandong Jiang. 2023. “Autophagic Degradation of LOX-1 Is Involved in the Maintenance of 

Vascular Integrity Injured by OxLDL and Protected by Berberine.” International Journal of 

Biological Sciences 19(6):1813. doi: 10.7150/IJBS.80958. 

Zang, Liqing, Lisette A. Maddison, and Wenbiao Chen. 2018. “Zebrafish as a Model for Obesity 

and Diabetes.” Frontiers in Cell and Developmental Biology 6(AUG):91. doi: 

10.3389/FCELL.2018.00091. 

    



61 
 

Appendix 1 

 

Figure appendix 1: Fluorescent images of caudal fins. The vessels appear green (eGFP in fli1a 
positive arterial endothelial cells). A) central three fin ray of fish fed with normal diet 
(e.y.ND1,2), with high-fat diet (HFD1,2), with weight loss diet (e.y.WLD1,2,) respectively. The 
dimension of the bar on the images is 100 μm. B) central three fin ray of fish fed with normal 
diet (o.f.ND1,2), with overfeeding diet (OFD1,2), with weight loss diet (o.f.WLD1,2,) respectively. 
The dimension of the bar on the images is 500 μm. C, D) number of the branches in all three rays 
of each group according to methods that we established in this study (branch number analyzed 
by ImageJ program) n = 2, * p < 0.05. 
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Appendix 2 

 

Figure appendix 2.1: 26 dpf larvae fed with normal diet. 

 

Figure appendix 2.2.: 26 dpf larvae fed with high fat diet from 5 dpf. 

 

Figure appendix 2.3.: 26 dpf larvae fed with high fat diet for 2 weeks and normal diet for 1 week. 

 

Figure appendix 2.4.: caudal fin of the larvae 
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Appendix 3 Permeability Assay using in vitro mouse cells 

Method: bEnd.3 cells were cultured onto 24 mm Transwell inserts (pore size 0.4 μm, Corning 

Inc., Corning, NY, USA) at 1 x 105 cells/cm2 density. After cells formed a confluent monolayer, 

media was carefully replaced with either serum free, 5% FBS, 1% sera of mice fed either with 

chow, high-fat, or high-fat then chow diets (2 replicas each). FITC-dextran (50 µM, Sigma-

Aldrich, St. Louis, MO, USA) was added to the medium in the apical chamber. After tracer 

addition to the upper chamber, media samples from both apical and basolateral sides were collected 

after 5 min., 30 min., and 120 min. The fluorescent absorbance of FITC-dextran was measured 

using a fluorescence plate reader (Molecular Devices, LLC, San Jose, CA, USA) at an 

excitation/emission wavelength of 490 nm/520 nm, respectively. Cell monolayer permeability 

value was determined with the formula:  

permeability = (dQ / (dt *A*C0)) 

With dQ (transported amount, basolateral side fluorescence), dT (time, in s), A (surface of the 

barrier, in cm) and C° (initial concentration, apical side fluorescence). 

 

 

Figure appendix 3: Results of permeability assay. The vertical axis indicates the fluorescence 
intensity of FITC-conjugated dextran. The horizontal axis shows the time after treatment of bEnd.3 
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cells with %5 FBS, %1 serum of mice fed with a chow diet, %1 serum of mice fed with a high-fat 
diet, and %1 serum of mice fed with both a chow and high-fat diet. The measurement of the 
leakage of FITC-conjugated dextran fluorescence intensity from the upper to the lower chambers 
of Trans-well membranes was conducted in A) upper and B) lower chambers at specific time 
points. 

 

 

 

 


