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ABSTRACT

Dyslipidemia related diseases such as hyperlipidemia and atherosclerosis are the leading
cause of death in humans. While cellular and molecular basis on the pathophysiology of
dyslipidemia has been extensively investigated over decades, we still lack comprehensive
understanding on the etiology of dyslipidemia due to the complexity and the innate
multimodality of the diseases. While mouse has been the model organism of choice to
investigate the pathophysiology of human dyslipidemia, zebrafish, a small freshwater fish
which has traditionally used to study vertebrate development, has recently emerged as an
alternative model organism. In this review, we will provide comprehensive perspective
on zebrafish as a model organism for human dyslipidemia; we will discuss the attributes
of zebrafish as a model, and compare the lipid metabolism in zebrafish and humans. In
addition, we will summarize current landscape of zebrafish-based dyslipidemia research.

Keywords: Zebrafish; Dyslipidemia; Atherosclerosis; Lipid metabolism

INTRODUCTION

Hyperlipidemia, which shows elevated levels of blood lipids and associated lipoproteins,

is one of the key contributing factor for cardiovascular diseases (CVDs) which are the
leading causes of death worldwide.! Elevated circulating lipids in blood is not only the

cause of atherosclerosis, but also predisposes to a spectrum of human diseases such as
steatohepatitis, renal disorders, diabetes, and even neurodegenerative disorders.? Based on
the underlying cause, dyslipidemia could be further categorized as primary and secondary
dyslipidemia. Primary dyslipidemia is caused by genetic factors; for instance, mutations

in genes involving apolipoproteins (apo) and low-density lipoprotein (LDL) receptors and
proteins related to lipid metabolism has been implicated familial hyperlipidemias including
hypercholesterolemia and hypertriglyceridemia.>* In contrast, secondary dyslipidemia is
caused by lifestyle factors such as continuous consumption of high fat and high calorie diets,
or chronic diseases which adversely affect the homeostasis of blood lipid levels, including
obesity and diabetes.®” In most cases, however, the etiology of dyslipidemia appears to be
multifactorial, with both genetic predispositions and environmental factors contributing to
the onset of dyslipidemia.
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Due to its clinical importance and its immense socioeconomic impacts, the underlying
causes as well as diverse clinical interventive therapies have been extensively investigated.
For in vivo studies, mammalian models, in particular, mice (Mus musculus), has been
predominantly used. However, experiments using rodent models require infrastructural
support and considerable staff, and are relatively expensive. Furthermore, pathogenic events
in mice model can only be analyzed after autopsy, thus preventing real-time observation on
the progression of the diseases. Therefore, there has been unmet needs for an alternative
experimental model. Recently, zebrafish (Danio rerio), a small tropical freshwater fish which
has been widely used as a vertebrate model to study embryogenesis, has gained popularity as
avaluable model to study lipid metabolism and associated disorders.®*

In this review, we will introduce zebrafish as an emerging model to investigate fundamental
cellular and molecular mechanisms underlying the pathophysiology of dyslipidemia and
associated diseases. We will briefly summarize the advantages and potential disadvantages
of zebrafish as a model organism, and describe our current understanding on the lipid
metabolism in zebrafish, and compare differences and similarities of zebrafish and humans.
Lastly, we will highlight critical findings in zebrafish pertinent to dyslipidemia research to
provide a comprehensive perspective on how zebrafish model could be applied to better
understand the pathophysiology of human dyslipidemia.

ZEBRAFISH AS A MODEL ORGANISM FOR DYSLIPIDEMIA
RESEARCH

Zebrafish, D. rerio, is a small tropical freshwater fish, which has been extensively used as a
model organism to delineate underlying cellular and molecular mechanisms underlying

the development of vertebrates, in particular, the early embryogenesis.'**> Recently, the

use of zebrafish as a model organism has been extended beyond early development, and
more recently, it is gaining popularity as a model organism of choice to investigate diverse
physiological processes, due to its many attributes. Compared to mice model, zebrafish
model offers a number of unique advantages for biomedical research. Zebrafish requires
relatively less husbandry and low cost of housing and maintenance. Zebrafish generates large
numbers of embryos; an average, a pair of zebrafish could provide up to 500 embryos per
week. Since zebrafish produces externally fertilized embryos, a female zebrafish could be
spared in the process of obtaining embryos, and therefore, theoretically, a single zebrafish
pair could produce thousands of embryos with identical genetic background. In addition,
zebrafish embryos are optically transparent, which allows easy access to developing embryos
and easy access to perform experimental manipulations. In combination with a plethora of
available transgenic lines and vital dyes, the accessibility to a developing embryo enables

in vivo monitoring of developmental processes without perturbation of the embryos.
Furthermore, zebrafish embryos undergo extremely rapid development; by 24 hours post-
fertilization, the majority of organogenesis is completed in zebrafish embryos, which allows
real time imaging of the entire organogenesis without any interruption.'**

As a vertebrate, zebrafish possess major organs and tissues found in humans, of which
developmental ontogeny is similarly regulated as humans. Moreover, zebrafish have a
similar genomic structure to humans. Genome sequencing has shown that over 70 percent
of zebrafish genes have orthologous genes in human genome. Combined together, these
attributes make zebrafish the only vertebrate model which is amenable to large scale forward
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genetic approach to date.” With a fully sequenced genome combined with a high fecundity,
an array of modern genome editing tools has been applied to zebrafish research, including
very promising knock-in technologies.?*?* For instance, it has been recently demonstrated
that CRISPR/Cas9 technology could be applied to effectively generate mutations, but also be
utilized to edit in zebrafish genome, which has precipitated the generation of genetic model
to investigate the function of genes which are implicated in various human diseases.”

Lipid metabolism and dyslipidemia research in zebrafish has been pioneered by Drs. Steven
Farber and Marnie Halpern, who demonstrated digestive physiology of lipids in zebrafish
using fluorescent phospholipid sensor.® By taking advantage of transparent and externally
fertilized embryos, they were able to trace the process of lipid metabolism in live embryos.
While zebrafish digestive tract appears to be anatomically distinct from mammals, they do
share fundamental digestive physiology to their mammalian relatives. It has been shown that
element-controlled regimen without genetic manipulation is enough to induce hyperlipidemia
in zebrafish.?” Moreover, zebrafish retains remarkable similarities with humans in molecular
mechanisms associated with hyperlipidemia and atherosclerosis, including lipid metabolism
and lipoprotein oxidation.”® Combined with lipid metabolism is regulated by evolutionarily
conserved molecular mechanisms, these features allow zebrafish model to serve as a surrogate
to understand the underlying causes of hyperlipidemia and associated diseases in humans and
to identify new therapeutic targets for these chronic diseases.

However, there are a number of limitation of zebrafish as a model system to understand
human physiology. For instance, as a poikilotherm, zebrafish has a distinct metabolic process
compared to homeotherm.” Therefore, while zebrafish retains key characteristic feature of
metabolic regulations found in mammals, zebrafish might not utilize similar cellular and
molecular mechanisms to respond to metabolic changes.* In addition, emergence and
expansion of adipose tissue during development appear to be distinctively modulated in
zebrafish and humans,® hinting that lipid storage in postnatal stage might occur differently
in zebrafish and humans. Consistent with this idea, we and others have recently shown that
genes of which expression is regulated by lipid metabolism in zebrafish may be distinct

from humans. Therefore, results obtained from zebrafish research could provide invaluable
insight to understand pathophysiology of dyslipidemia and associated diseases in humans, in
particular, for teasing apart the contribution of genetic factors and etiology of the symptoms.
However, extra cautions need to be taken when translating the outcomes of zebrafish
research to directly to human diseases to interpret physiological responses and alterations.

LIPID METABOLISM IN ZEBRAFISH AND HUMANS

Lipids serve as the primary source of energy and are utilized as essential components of
plasma membrane. In addition, they have been shown to function as signaling molecules
which could elicit diverse cellular responses.* However, excessive lipids in the body can be
detrimental and could predispose to diverse CVDs including atherosclerosis. In humans as
well as other mammalian models, high-fat diet (HFD) and high-cholesterol diet (HCD) not
only induce lipid accumulation but also trigger expansion and proliferation of adipocytes.*
Normally, digestion of ingested fat occurs from mouth to gastrointestinal tract, especially
in duodenum, by lipase and colipase. Fatty acids and monoglycerides, products by lipolysis,
are transferred into enterocytes along with phospholipids and cholesterol, and re-esterified
into triglycerides (TGs) (Fig. 1).> TGs are combined with cholesterol, fat-soluble vitamins,
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Fig. 1. Lipid ingestion and metabolism. Lipids from foods are digested in Gl tract. Ingested lipids are hydrolyzed into small, absorbable molecules such as fatty
acids and monoglycerides and products by lipolysis are subsequently re-esterified into TGs in the enterocytes. Cholesterol is absorbed through the transport
protein npc1ll, a critical mediator of cholesterol absorption. TGs with cholesterol, fat-soluble vitamins, cholesteryl ester and phospholipids forms chylomicrons
in the intestine. Chylomicron acquires apolipoproteins from HDLs in vasculature. VLDLs are synthesized in liver, and they possess apoB-100, in contrast,
chylomicrons possess apoB-48, although both deliver TGs to peripheral tissue. LDLs, converted particles from IDLs, are cleared in liver via LDL receptors. CETP
mediates exchange of cholesteryl ester and TGs between VLDLs, LDLs and HDLs.

Gl, gastrointestinal; TG, triglyceride; HDL, high-density lipoprotein; VLDL, very low-density lipoprotein; apo, apolipoprotein; LDL, low-density lipoprotein; IDL,
intermediate density lipoprotein; CETP, cholesteryl ester transfer protein.

and proteins to form chylomicrons, which are the transport vehicle for dietary fat. The major
protein component of chylomicrons is truncated apoB-48, which has only 48% length of full-
length apoB-100. Chylomicrons also contain other apo families including apoA-I, apoA-1I and
apoA-1V, and apoC.* Chylomicrons acquire apoC and apoE by interacting with circulating
high-density lipoproteins (HDLs). While chylomicrons are made in the intestine, very low-
density lipoproteins (VLDLs), other TG-rich lipoproteins, are formed in the liver. VLDLs

are synthesized through a different pathway and the major structural protein in full-length
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apoB-100.** Both chylomicrons and VLDLs transport TG between supplying organs, liver and
intestine, and storage adipose tissue and consuming tissues such as muscles, where they

are hydrolyzed into fatty acids to produce energy. VLDL remnants, known as intermediate-
density lipoproteins, can be further converted to LDLs, and circulating LDL particles in
bloods are cleared by liver via LDL receptors. Transference of cholesterol esters and TGs
between VLDLs, LDLs and HDLs is controlled by cholesteryl ester transfer protein (CETP),
which modulates the balance between LDLs and VLDLs. Cholesterol absorption in liver and
intestine occurs mainly through Niemann-Pick C1 like-1 (NPC1L1).%

Zebrafish also possesses similar gastrointestinal organ system to humans, which contains
cell types responsible for lipid absorption and processing.’ During embryonic development,
zebrafish obtains lipid from yolk sac and starts to uptake external food at 5dpf, which
eventually replace yolk as the primary energy source. At early developmental stages, the yolk
syncytial later strongly expresses apo such as apoe, apoal, apoc2, to catabolize the maternally
deposited yolk. In addition, zebrafish produces VLDLs from yolk lipids at these stages.®3*
Similar to mammals, microsomal TG transfer protein play an indispensable role in packaging
triacylglycerol and betalipoproteins into lipoprotein particles, and therefore, facilitate the
transport of lipids in zebrafish.*®* Most importantly, zebrafish does possess CETP, and is
prone to atherosclerosis.* Since other model organisms, including both rodents and non-
rodent mammalian species, are generally resistant to atherosclerosis due to the composition
of their lipoproteins, this feature renders zebrafish as a unique model to investigate lipid
metabolism in humans.

Consistent with their physiological similarities, it has been reported that zebrafish genome
harbors orthologues of human genes important for lipid metabolism, including microsomal
TG transfer protein (mitp), fatty acid transport protein (s/c27a) and acyl-CoA synthetase (acsl)
gene families, as well as the LDL receptor (/dlr). In addition, the expression pattern of these
genes appear to be comparable to humans.** One important differences in lipid metabolism
between zebrafish and humans is that zebrafish only produces full-length apoB (apoB-100)
and lack truncated apoB (apoB-48). Therefore, despite their structural similarity to humans,
zebrafish chylomicrons are coated with apoB-100 which renders them less likely to undergo
rapid clearance by the liver and mature as LDL. In addition, zebrafish contains 2 additional
apob paralogues in the genome, apobbl and apobb2, which are expressed in a spatiotemporally
distinct manner.* Therefore, it is possible that these 2 genes may retain a unique role in
modulating lipid metabolism in zebrafish. Overall, lipid metabolism in zebrafish and human
shares striking similarities.

HYPERLIPIDEMIA AND ATHEROSCLEROSIS

Hyperlipidemia is the most prevalent dyslipidemia in humans, of which characteristic
symptoms include abnormally high levels of lipids in the blood plasma. Hyperlipidemia can
be caused by diverse factors such as constituent of ingested-nutrition, metabolic syndrome
including diabetes, obesity and inherited genetic mutations.**** Those risk factors are closely
associated with disturbances of lipid physiology, which eventually induce an elevated level

of lipids, most notably the TG. It has been shown that a combination of environmental
factors and genetic abnormalities triggers the onset of hyperlipidemia in humans. Secondary
hyperlipidemia, also known as acquired hyperlipidemia, is derived from altered underlying
environmental factors including unhealthy diet, metabolic disorder such as diabetes
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mellitus, disturbed endocrine system such as hypothyroidism, side effects of glucocorticoid
and estrogen medication, and complications related to renal and liver diseases.* Primary
(familial) hyperlipidemia can be caused by single or multiple genetic abnormalities. For
instance, deficiency of lipoprotein lipase and apoC-II results in increased chylomicrons,* and
mutations of LDL receptor and apoB gene can lead to increased levels of LDL in plasma due
to lack of uptake of LDL particles.*

Chronic hyperlipidemia and hypercholesterolemia have been shown to predispose to
atherosclerosis; persistent elevation of TG and cholesterol level in blood plasma accelerates
the development of atheroma, an accumulation of fatty materials which adhere to arteries.
The atheromatous plaque on the luminal side of the arteries substantially increases the
likelihood of developing atherosclerosis. Atherosclerosis is a progressive inflammatory
disorder by nature. It has been shown that immune cells, in particular, macrophages,
facilitate the progression of atherosclerosis.*” Macrophages which are attracted to the

site of atheromas uptake fatty deposits on the luminal side of the arteries, and eventually
differentiate as foam cells which are highly inflammatory and exacerbate lesion formation.
Zebrafish forms atheromas as a response to the diet-induced hypercholesterolemia.*
Using a fluorescent cholesterol ester, it has been shown that the HCD in zebrafish could
initiate alterations in vasculature, which are reminiscent of the early stage atherosclerosis in
humans.” While it is apparent that zebrafish could undergo initial phase of atherosclerosis
under HFD and HCD, however, to date, it remains unclear whether zebrafish develops full
blown atherosclerosis beyond the initial phase.

ZEBRAFISH MODEL FOR DYSLIPIDEMIA RESEARCH

A number of zebrafish models to study obesity and hyperlipidemia have been established
(Fig. 2). In this section, we will summarize the use of zebrafish as a model for dyslipidemia
research. For convenience's sake, we will introduce prevailing approaches utilizing zebrafish
as a model to investigate human dyslipidemia into 2 categories.

1. Inducer based approaches

Inducer-based approaches have been successfully used in other model organisms to
emulate human dyslipidemia conditions. Briefly, animals are fed with a HFD or HCD

and subsequent physiological alterations are assessed. In zebrafish, feeding regimen,
environmental conditions, as well as chemical inducers have been successfully applied to
induce hyperlipidemia in both adult and larvae. It has been shown that alterations in diet
regimen such as Artemia overfeeding, high iron diet, as well as classical HFD and HCD have
shown to precipitate the onset of dyslipidemia in zebrafish by altering lipid metabolism. For
instance, it has been shown that overfeeding zebrafish with Artemia significantly increased the
body mass and plasma TG level in zebrafish, emulating the obesity induced hyperlipidemia
in humans.* Indeed, a number of well-characterized regulators of lipid metabolism such as
APOH, IL-6 and IL-1f in the coagulation cascade, and SREBF1, PPARo/y, NR1H3 and LEP

in lipid metabolism has been identified by transcriptomic analysis using zebrafish overfed
with Artemia.> In addition, long-term application of high iron diet regimen in zebrafish also
elevates lipid level in blood plasma as shown in rodent models.”

It has been shown that zebrafish also demonstrate robust responses toward classic diet
regimen used to induce hyperlipidemia and hypercholesterolemia. As shown in other
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Fig. 2. Zebrafish hyperlipidemia model. As shown in humans, dyslipidemia in zebrafish is similarly induced by either environmental or genetic factors.
Environmental factors such as continuous light exposure, chemical treatment, and diet regimens can influence lipid metabolism and predispose to dyslipidemia
in zebrafish. In addition, abrogation of genes associated with lipid metabolism such as nr1h3 and apoc2 using genome editing tools or morpholino results in
dysregulated lipid metabolism, leading to fatty liver, obesity and lipid accumulation in vasculature and other organs.

HID, high-iron diet; HFD, high-fat diet; HCD, high-cholesterol diet.

dyslipidemia animal models, HFD and a HCD could promote obesity, hyperglycemia and
hyperlipidemia rapidly in adult and larvae zebrafish. At 5 days after the start of HFD or

HCD regimen, lipid accumulation within the vasculature and other organs such as liver

and intestine is markedly increased in larva zebrafish; within the vasculature, fatty streak
formation in the arteries and vascular processes characteristic of early development of
human atherosclerosis could be found in HFD or HCD fed zebrafish.*** Consistent with this
observation, the level of oxidized LDL, which known to contribute to initiate the formation of
atherosclerotic lesions, was increased in HCD fed zebrafish.® Moreover, proportion of VLDL
and LDL fraction within total lipoprotein was substantially elevated at the expense of HDL in
HCD zebrafish model.* The HCD fed zebrafish also showed the thickening of the endothelial
cell layer and increased vascular permeability, suggesting that dysregulation of lipoprotein
metabolism not only causes hyperlipidemia and hypercholesterolemia, but also could impede
vascular development and angiogenesis-dependent vascular remodeling.

In addition to aforementioned approaches which directly interfere with zebrafish metabolism

to create dyslipidemia conditions, alternative approaches which indirectly modulate zebrafish
metabolism have been evaluated. For instance, it has been shown that zebrafish larvae exposed
to continuous light for 6 days had a 7-fold higher prevalence of adipocytes compared with control
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fish.>? Under the continuous light exposure, changes in the expression of circadian rhythm

genes, including period2 and rev-erba, adversely affect lipid metabolism.> In addition, treatment of
chemical mutagens for one day such as rosiglitazone, phenylephrine, and T0O070907, along with
HFD or HCD regimen, successfully altered lipid metabolism in zebrafish.>*>*

2. Genetic approach

It has been proposed that lipid metabolism disorders in humans are not only associated
with environmental factors, but are heavily influenced by genetic makeup.*>* In humans,

a number of large-scale genome-wide association study analyses have convincingly
demonstrated the association of specific single nucleotide polymorphisms with dyslipidemia
and helped to identify the region of the chromosome which may harbor the candidate genes
for the hereditary dyslipidemia.* Rodent models have been traditionally used to validate
candidate genes associated with human dyslipidemia. For instance, rodents which have
mutations in the loci linked to lipid metabolism such as apoB, apoE and LDL receptor,
phenocopy human hyperlipidemia symptoms and have been used for studying various CVDs.
However, rodent models have innate limitations as a gene discovery model since these
models are not suitable for forward genetic screen, a frequently used tool to identify novel
genes associated with a specific phenotype.

As the only vertebrate model organism amenable to forward genetic screen, zebrafish

has recently garnered attention as an alternative model to rodents. Indeed, several

zebrafish mutants which defective lipid processing and metabolism have been identified

from mutagenesis forward genetic screens using chemical mutagens or pseudotyped
retrovirus.”*>”> These mutants invariably develop symptoms reminiscent of human

metabolic diseases such as hepatic steatosis and non-alcoholic fatty liver disease, and
therefore, could serve as critical resource to better delineate molecular underpinning of
human pathophysiology. For instance, zebrafish harvest moon (hmn) mutation, which affects
glutamine--fructose-6-phosphate transaminase 1 (gfptl) locus, a key enzyme for hexosamine
biosynthetic pathway exhibits excessive lipid accumulation in the liver and an elevated level

of TG, similar to clinical hallmarks of metabolic syndrome in human.* The phenotype found
in zebrafish hmn mutants is consistent with the idea that hexosamine biosynthetic pathway
could predispose to the onset of diverse metabolism-related diseases including diabetes and
atherosclerosis.®® In addition, forward genetic screens in zebrafish have identified mutations
in a set of novel genes which have not been implicated in hyperlipidemia and atherosclerosis,
suggesting that zebrafish model could serve as an effective gene discovery platform to identify
candidates for novel risk factors for human hyperlipidemia and atherosclerosis.”

By using gene editing technologies, zebrafish genome can be efficiently manipulated to
generate a specific mutation, which enables us to decipher the precise function of potential
disease-causing genes. For instance, CRISPR/Cas9 has shown to introduce mutations in
vivo with up to 50% targeting efficiency and generate biallelic mutations in zebrafish.
Moreover, in vivo gene knockdown could be achieved in zebrafish with a relative ease using
morpholino, a modified anti-sense oligonucleotide.®® Since zebrafish genome harbors
orthologs of key factors regulating lipid metabolism in mammals and major classes of
apo, as well as CETP, genetic manipulation of these genes could help us to uncover novel
molecular underpinning of dyslipidemia and to identify novel therapeutic targets for
dyslipidemia-associated symptoms.® To date, a number of zebrafish mutants affecting key
regulators of lipid metabolism has been generated. For instance, deletion of zebrafish Lxr
gene nrlh3, an orthologue of liver X receptors (Lxrs) which functions as master regulators
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of cholesterol catabolism and neutral lipids transport, leads to hypercholesterolemia and
hepatic steatosis.* In addition, abrogation of zebrafish apoc2, an orthologue of APOC2 which
activates lipoprotein lipase, induces clear symptoms of atherosclerotic plaques such as lipid
deposition in vasculature and organs and lipid-loaded macrophages, reminiscent of human
pathophysiology.?® Moreover, it has been reported that attenuating the function of genes
associated with lipid metabolism by morpholino could provide quick and easy assessment on
the function of a specific gene in lipid metabolism, without generating genetic mutations.
For instance, knock-down of genes associated with cholesterol transport such as abcal and
abegl result in increased level of free cholesterol.® Taken together, these findings suggest
that zebrafish offers an unparalleled versatility as an in vivo model to dissect the underlying
genetic contribution to dyslipidemia.

PHARMACOLOGICAL HIGH THROUGHPUT SCREENING
USING ZEBRAFISH MODEL

Zebrafish genome contains orthologues of more than 80% of human disease-associated
genes are present in zebrafish genome, although zebrafish are phylogenetically more

distant from humans than rodents and utilizes distinct metabolic regulation.* Based on

the similarity in genetic composition, combined with its attributes as a model organism,
zebrafish has been extensively used for pharmacological screens.®® Since the advent of

the chemical biology, zebrafish has been extensively used as a vertebrate model to identify
proteins which could be targeted by chemical modulators.® Pioneered by Peterson and
Schreiber,” chemical screens using zebrafish have identified an arrays of novel compounds
with various biological effects. For instance, widely-used small molecule antagonists of Bone
Morphogenetic Protein signaling, dorsomorphin and its derivatives, were first identified

by chemical screening using zebrafish.” By utilizing available zebrafish mutants, chemical
screens could be targeted to identify a selected group of chemical modulators affecting

a specific genetic mutation. GS4012, a novel chemical agonist of vascular endothelial
growth factor-A signaling, has been identified to selectively impact angiogenesis and could
ameliorate the phenotype of hey2 mutation.” More recently, zebrafish-based chemical screen
has successfully identified prostaglandin as key factors which modulates the proliferation
of the hematopoietic stem cells,”” which could revolutionize the hematopoietic stem cell
transplantation practice.

For hyperlipidemia and atherosclerosis, pharmacological screen using zebrafish could be
similarly applied to identify novel therapeutic agents (Fig. 3). For instance, Clifton and
others” have used zebrafish to identify novel inhibitors for lipid absorption which could be
used to modulate diet-induced hyperlipidemia, suggesting that zebrafish-based chemical
screen could be used to identify novel first-in-class drugs. In addition, pharmacological
screen using hyperlipidemic zebrafish model could identify novel chemicals which could
complement with currently available therapeutic options in a high-throughput, timely and
cost-effective manner. For instance, many drugs currently used for treating hyperlipidemia in
human such as atorvastatin (Lipitor), a competitive inhibitor of HMG-CoA reductase, have
shown to exert similar effects in dyslipidemic zebrafish,” which opens up the opportunity
to utilize zebrafish to delineate pharmacokinetics. Since statins which are widely used for
treatment of hyperlipidemia could cause side effects including muscle pain, headache,
dizziness, sleep problems, rarely, inflammation of organs and even myopathy in patients,”
there remains an unmet need to identify alternatives to these medications.
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Fig. 3. High-throughput drug screen using zebrafish hyperlipidemia models. A pair of zebrafish provides hundreds
of eggs per week, which enables production of genetically identical individuals for high throughput screen. In
addition, zebrafish larvae are small enough to be raised in a small volume of aqueous media within a single well
of multi-well plate, which increases the efficacy and reproducibility of the high throughput screen. Efficacy of
candidates can be verified by lipid staining such as Oil Red O, Nile Red and BODIPY staining. Combined with
phenotypic resemblance between hyperlipidemic zebrafish and humans, these aforementioned attributes as a
model organism have propelled zebrafish as an important alternative model to investigate pathophysiology of
dyslipidemia in humans.

Moreover, zebrafish offers a competitive edge over cell culture based screen, since potential
side effects of candidates could be assessed within developing embryos. Using zebrafish,
most of results can be assessed by uncomplicated assay like Nile Red staining visualizing
lipid accumulation. With ever-increasing number of hyperlipidemia and CVD associated
mutations in humans, it is increasingly important to provide a custom-tailored therapy. Since
zebrafish can be easily manipulated genetically using genome editing tools, which allows to
screen for a target specific antagonists and agonists, zebrafish model is likely to thrive as a
model for drug discovery targeting dyslipidemia in humans.

CONCLUSION

Zebrafish which has been traditionally utilized to investigate diverse aspects of vertebrate
development, emerges as a unique model for studying human dyslipidemia. Here, we provide

a briefyet comprehensive review on unique features of zebrafish as a dyslipidemia model. It is
apparent that zebrafish offers a unique alternative model to provide novel insights on related
human diseases. Therefore, it is certain that dyslipidemia-related research in zebrafish will
continue to advance our current understanding on the pathophysiology of dyslipidemia, but also
will help us to identify novel therapeutic intervention for lipid metabolism and related diseases.
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