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HIGHLIGHTS

® Endothelial inflammation is prior to neutrophils accumulation and lipid deposition during the early atherogenesis.

e Endothelial inflammation is characterized by the down-regulation of PPARy and the up-regulation of TNF-a and IL-1f.
® PPARYy agonist rosiglitazone inhibits HCD-induced up-regulation of TNF-a and IL-1 by reversing PPARy expression.

® Rosiglitazone ameliorated myeloid cells/neutrophils accumulation and lipid deposition in HCD-fed zebrafish.

ARTICLE INFO ABSTRACT

Keywords: Background and aims: Hyperlipidemia-induced atherosclerosis is the major cause of heart attack and stroke in
Hypercholesterolemia humans. However, pathological details and molecular mechanisms underlying early atherogenesis remain in-
Zebrafish completely characterized. This study explored the early events of atherogenesis in a hypercholesterolemic
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Myeloid cells
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PPARy

zebrafish model in vivo.

Methods: We used transparent transgenic zebrafish larvae Tg(lysc:EGFP), Tg(mpx:EGFP), Tg(mpegl:EGFP), Tg
(flk1:EGFP) or Tg(lysc:EGFP/flk1:mCherry), together with fluorescently labeled control and high cholesterol diets
(HCD), to dynamically investigate the early development of atherosclerosis with confocal in vivo. Endothelial
cells with green fluorescence were sorted by fluorescence-activated cell sorting (FACS) to detect gene expression.
Moreover, we treated hypercholesterolemic zebrafish model in vivo or human umbilical vein endothelial cells
(HUVEQ) in vitro with rosiglitazone, an agonist of peroxisome proliferator-activated receptor y (PPARY).
Results: We found that HCD-induced endothelial inflammation was an earlier pathological alteration than
myeloid cells/neutrophils accumulation and lipid deposition in zebrafish vascular vessels of HCD-fed zebrafish.
Endothelial inflammation was characterized by down-regulation of anti-inflammatory PPARy and upregulation
of pro-inflammatory tumor necrosis factor a (TNF-a) and interleukin-1f (IL-1). Pharmacological treatment with
rosiglitazone reversed the decrease in the expression of PPARy and decreased expression of TNF-a and IL-1§ in
HCD-fed zebrafish. Moreover, rosiglitazone ameliorated myeloid cells accumulation and lipid deposition in HCD-
fed zebrafish in vivo.

Conclusions: Hyperlipidemia-induced endothelial inflammation happens earlier than myeloid cell neutrophils
accumulation in vascular vessels, and neutrophils accumulation is prior to lipid deposition during the initial
stage of atherosclerosis. Early alleviation of inflammation induced by HCD would have a prophylactic effect for
the initial development of atherosclerosis.
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1. Introduction

Atherosclerosis and its clinical manifestations in cardiovascular
diseases are the leading cause of morbidity and mortality worldwide
[1]. Atherosclerosis is attributed to the progressive narrowing of the
artery lumen owing to hyperlipidemia. Recently, compelling advances
in basic and clinical studies have indicated that atherosclerosis is not
only a lipid storage disease, but also a complex and multifactorial
process. Generally, atherosclerosis is supposed to initiate when excess
cholesterol exists in blood, low-density lipoprotein cholesterol deposits
in the subendothelial space, and superfluous oxidized low-density li-
poprotein (ox-LDL) forms. ox-LDL results in endothelial dysfunction
and monocyte recruitment into the arterial intima by pro-inflammatory
factors from vascular cells [2,3]. Monocytes then differentiate into
macrophages, which take up lipoproteins and become foam cells, and
eventually contribute to the formation of fatty streaks—the hallmark of
early atherosclerosis [4]. Fatty streaks then develop into advanced
plaques that narrow the blood vessel and restrict blood flowing to the
heart, brain or limbs. In addition to monocytes and macrophages, other
cell types such as neutrophils have gained increasing attention recently
in investigating the initiation and progression of atherosclerotic lesions
[5-7]. Studies have shown that hyperlipidemia-triggered neutrophilia
mediate monocyte recruitment and promotes early atherosclerosis,
whereas macrophages and lesion burden decrease after neutropenia in
HCD-fed Apoe ™/~ mice [8,9].

The treatment of atherosclerosis is considered to begin at the ear-
liest possible stage, the fatty streak, when it is a pure inflammatory
lesion [10]. Exploring the pathophysiological process and molecular
mechanisms of atherosclerosis, especially the spatial and temporal de-
tails, is of utmost importance to develop potential strategies to alleviate
the harm to human health [11]. However, fatty streaks develop slowly
and silently, needing over decades in humans. Pathological details and
molecular mechanisms underlying early atherogenesis remain con-
troversial, mainly because of the incapability of dynamically mon-
itoring the early occurrence of atherosclerosis in current experimental
systems in vivo, including mouse or rabbit models and human biopsies.

Zebrafish represents a promising animal model for metabolic dis-
ease research including obesity, diabetes, fatty liver disease and
atherosclerosis [12]. This animal model has greater advantages than the
conventional mouse or rat models. Zebrafish larvae are small and op-
tically transparent up to about 30 days post fertilization in vitro, en-
abling the use of fluorescently labeled lipids and fluorescent proteins to
monitor cellular or subcellular events with high-resolution but without
surgical or other invasive procedures in live animals. Moreover, the
biochemistry and physiology of zebrafish are similar to humans in
many respects. Major elements of lipid metabolism are conserved be-
tween fish and mammals [13-15]. Also, there is accelerated lipid oxi-
dation in HCD-fed zebrafish, in which hyperlipidemia and lipid accu-
mulation in blood vessels are rapidly induced and high levels of
oxidized lipoproteins, specific oxidized phospholipid and cholesteryl
ester moieties can be detected [11,16]. Many pathological events in-
volved in early atherogenesis of zebrafish, including vascular lipid ac-
cumulation, myeloid cell recruitment, endothelial layer disorganization
and other pathological processes are similar in mammals and can be
reproduced and continuously monitored in vivo with high-resolution
[11,16,17].

In the present study, we chronologically investigated the early de-
velopment of atherosclerosis by taking advantage of the superiority of
live optically transparent transgenic zebrafish larvae of Tg(lysc:EGFP),
Tg(mpx:EGFP), Tg(mpegl:EGFP), Tg(flk1:EGFP) or Tg(lysc:EGFP/
flk1:mCherry). Based on clear dynamic images, we found that in-
flammation in endothelial cells induced by HCD happened earlier than
the accumulation of myeloid cells/neutrophils in vascular vessels, and
myeloid cells/neutrophils accumulation was prior to lipid deposition
during the initial stage of atherosclerosis. We also revealed that down-
regulation of anti-inflammatory gene expression (PPARY) was critical to
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endothelial inflammation and up-regulation of PPARy expression in-
hibited endothelial inflammation, blocked myeloid cells accumulation
and reduced lipid retention in the vascular lumen. These results not
only suggest the critical role of HCD-induced endothelial inflammation
during the initiation of atherosclerosis, but also provide clues to en-
hance atherosclerosis therapy.

2. Materials and methods
2.1. Ethics statement

All animal work has been approved by the Sichuan Animal Care and
Use Commiittee and conducted based on relevant guidelines. The Permit
Number is SYXK (Chuan) 2008-119.

2.2. Zebrafish food preparation

HCD zebrafish food for adult or larvae was made as described before
[11]. HCD food for zebrafish larvae was made by soaking baby food
(Hatchfry Encapsulon Grade 0, Argent Chemical Laboratory) in a die-
thyl ether solution of cholesterol (Merck Millipore) to achieve a content
of 4% (w/w) cholesterol in the food after ether evaporation. The control
food for zebrafish larvae was only baby food without extra cholesterol
addition. Adult zebrafish HCD food was made using a similar procedure
but with adult fish food (Shenzhen INCH-GOLD Fish Food Co, Ltd). For
purposes of studying vascular lipid accumulation in larvae, both control
and HCD food were supplemented with 10 pug/g red fluorescent cho-
lesteryl ester analog (BODIPY™ 542/563Cy;, Invitrogen).

2.3. Zebrafish maintenance

Wild type (AB), Tg(lysc:EGFP), Tg(mpx:EGFP), Tg(mpegl:EGFP), Tg
(flk1: EGFP) and Tg(lysc:EGFP/flk1:mCherry) zebrafish were maintained
in a normal condition of 28 °C, pH 7.2~7.4, 14h on and 10 h off light
cycle [18,19]. The zebrafish were randomly divided into two or more
groups. HCD or control diets were fed to wild type (AB) or transgenic
zebrafish starting at 5 weeks post fertilization (adult fish) for an addi-
tional 8 weeks or 5 days post fertilization (zebrafish larvae) for an
additional 10 days twice daily.

2.4. Human umbilical vein endothelial cell isolation and culture

Endothelial cells were isolated from the veins of human umbilical
cords (HUVEC) as described before [20]. Inject the 0.2% collagenase
(Sigma) solution into the vein, tightly clamp it with the surgical clamp
and incubate the cord in the water-bath for 10 min. Afterwards, gently
squeeze the cord to facilitate cell detachment and collect the cells by
washing the vein with phosphate buffer saline. Then suspend the pellet
of cells in M199 medium with 20% FCS (Gibco) and culture in a 37 °C,
5% CO,, incubator (Thermo Fischer Scientific). The following day (after
less than 24h) remove non-adherent cells by changing the culture
medium. A solution with 0.25% trypsin (Gibco) was used for cell sub-
culture.

2.5. Imaging of zebrafish larvae

For in vivo confocal microscopy, live larvae were anesthetized with
0.003% tricaine and embedded in a 3% methylcellulose. Lecia sp5 II
confocal upright microscope system was used to take digital micro-
graphs and pictures, which were processed with Leica LAS-AF software.
Zeiss Stemi 2000-C stereomicroscope with the AxioCam MRc5 digital
CCD camera was used to take whole zebrafish images.

2.6. Nile red labeling of adipose tissue

Nile red (Invitrogen) was dissolved in acetone at 1.25mg/ml as
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stock solution and stored at —20°C avoiding smooth. Nile red was
added to fish water at a final working concentration of 0.1 mg/ml,
placed in the dark for 1h and then water was changed twice before
imaging.

2.7. Zebrafish and HUVEC treatment with rosiglitazone

Rosiglitazone standard was provided by Chengdu Food and Drug
Administration. Rosiglitazone solution was added into the fish water at
a final concentration of 0.5 uM or 1 uM from 5 days post fertilization for
an additional 10 days, twice a day. HUVEC (1 x 10°) were seeded in 6-
well plates for 24 h before oxidized low-density lipoprotein (ox-LDL,
Invitrogen) (40pug/ml) alone or ox-LDL (40 pg/ml)/rosiglitazone
(10 uM) mixture treatment for another 24 h and then cells were col-
lected for quantitative real-time polymerase chain reaction (qPCR).

2.8. Knockout or overexpression lentivirus vector construction of PPARy

Full length human PPARy cDNA ORF was amplified from Cloning
Vector (HG12019-G, Sino Biological) with BamHI or EcoRI restriction
site attached to the ends, respectively. Then it was attached to the linear
overexpression vector (pWPXLD) treated using the same restriction
enzymes. The constructed overexpression vector is called pWPXLD-
PPARy. Human single guide RNAs (sgRNA) targeting PPARy, #1 (5'-
ctccgtggatctctcegtaa-3’) and #2 (5’-cattacgaagacattccatt-3’) were
cloned into LentiCRISPRv2 plasmid [21]. The constructed knockout
vector is called LentiCRISPRv2-PPARy-sgl# and LentiCRISPRv2-
PPARY-sg2#.

2.9. HUVEC knockout or overexpression of PPARY by lentivirus infection

Lentivirus was prepared by co-transfection of 293T cells with
overexpression or knockout of the above plasmid along with packaging
plasmids pMD2.G (AddGene) and psPAX2 (AddGene) [22]. Lentivirus-
containing medium was collected at 48 and 72h post-transfect- ion,
filtered using a 0.45um filter and stored at —80 °C. For viral trans-
duction, HUVEC were incubated with lentivirus-containing medium
and 10 ug/mL polybrene for 24 h. HUVEC were allowed to recover for
24 h before treatment with ox-LDL (40 ug/ml) for another 24 h. Over-
expression or knockout of PPARy in HUVEC was validated by reverse
transcription polymerase chain reaction (RT-PCR) or DNA sequencing.

2.10. Fluorescence-activated cell sorting (FACS) of transgenic zebrafish
endothelial cells

The HCD or control diet was fed to Tg(flk1: EGFP) larvae starting at
5 days post fertilization for an additional 6 days, twice daily. For each
sample, ~50-100 larvae were stored and dissociated by collagenase I
(Sigma) (1 mg/ml) for 25~30 min at 31 °C. Single-cell suspensions were
filtered using a 40 pm mesh and stained with 4’,6-diamidino-2-pheny-
lindole (DAPI, Invitrogen) (1 pg/ml) for 10~20 min at 37 °C. At least
10,000 endothelial cells with green fluorescence were sorted using an
Aria III flow cytometer (BD Biosciences) [23].

2.11. Quantitative real-time PCR for gene expression

Total RNA of larvae and HUVEC were isolated using TRIZOL
Reagent (Invitrogen) according to the instructions. Quantity and quality
(A260/A280 ratio) of isolated RNA were determined with a NanoDrop
ND2000 spectrophotometer (Thermo Fischer Scientific). Endothelial
cells sorted from larvae were isolated by single cell real time reverse
transcription polymerase chain reaction (RT-PCR) assay kit (Signosis).
All cDNA synthesis was performed by Revert Aid RT Kit (Thermo
Fischer Scientific) according to the instructions. qQPCR was performed
on a CFX96™ Real-Time PCR Detection System (Bio-Rad) with SYBR
green fluorescent labeled qPCR mix (Bio-Rad) and run with cycling
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parameters: 95 °C (30s), 40 cycles of 95°C (5s), 60 °C (30s) and then
65°C-95°C, increasing 0.5°C per 5s. All qPCR primers used
(Supplementary Table 1). The real-time PCR results were analyzed by
Bio-Rad CFX Manager 2.0 software.

2.12. Microarray expression profile of zebrafish

The RNA samples extracted using Trizol reagent (Invitrogen) were
sent to CapitalBio Beijing, China, for microarray hybridization on
Affymetrix Zebrafish Genome Array containing 15,617 transcripts
(Affymetrix). All manipulations were performed as described in the
technical manual (Affymetrix). Hybridization data were analyzed using
GeneChip Operating Software (GCOS 1.4). The images were first as-
sessed by visual inspection and then analyzed to generate raw data files
saved as CEL files using the default setting of GCOS 1.4. Then, CEL files
were analyzed for data summarization, normalization and quality
control using the GeneSpring sofware with MAS5 algorithm. Gene sets
regarding zebrafish lipid metabolism pathway were collected in Kyoto
Encyclopedia of Genes and Genomes (KEGG). These identified genes
mapping to the microarray expression profile of zebrafish feeding with
HCD or control diets for 10 days were visualized by heat maps.

2.13. Statistical analysis

Statistical analysis was done with Imaris 9.1.0 and SPSS 18.0 sta-
tistical analysis software with unpaired student's t-test, a = 0.05, 0.01
or 0.001. It is regarded as statistically significant at p < 0.05. Graph
Pad Prism 5 was used for figures.

3. Results

3.1. Myeloid cells accumulated near to vascular vessels in zebrafish larvae
fed HCD

HCD-induced hypercholesterolemia in mice resulted in apparent
thickening of the endothelial cell layer in early lesions [24]. We also
observed thicken endothelial cell layers, especially at sites of intestinal
blood vessel bifurcations (Fig. 1A), and red fluorescent plaques in
dorsal aorta (Fig. 1C) in Tg(flk1:EGFP) transgenic larvae fed red fluor-
escence-labeled HCD for 10 days. The analysis of gene expression
profiles showed that fifteen pathways relating to lipid metabolism
changed in HCD-fed zebrafish. Among them, pathways of fatty acid
elongation (Supplementary Fig. 2A), fatty acid degradation
(Supplementary Fig. 2B), arachidonic acid metabolism (Supplementary
Fig. 2C) and biosynthesis of unsaturated fatty acids (Supplementary
Fig. 2D) up-regulated significantly. Moreover, we found that zebrafish
had an enlarged belly (Supplementary Fig. 1A) and body weight in-
creased significantly (p < 0.05) (Supplementary Fig. 1B) after feeding
HCD food for an additional 8 weeks starting at 5 weeks post fertilization
(“adult” fish). These results indicated that zebrafish are inherently
susceptible to HCD diets.

Myeloid cells, macrophages or neutrophils, play important roles
during atherogenesis [6,25]. To observe the recruitment of myeloid
cells in early atherogenesis in HCD-fed zebrafish larvae, we used Tg
(lysc:EGFP) transgenic larvae in which EGFP expression is driven by
lysozyme C promoter and mainly expressed in macrophages or neu-
trophils [26]. After 10 days of HCD feeding from 5 days post fertiliza-
tion, green fluorescent myeloid cells accumulated in the trunk where
seemed to be the position of the caudal vein, which was different from
diffuse distribution in control fish (Supplementary Fig. 1C). To further
reveal the spatial relationship between the caudal vein and recruited
myeloid cells, we used Tg(lysc:EGFP/flk1:mCherry) double transgenic
zebrafish larvae. In this model, myeloid cells (green) and endothelial
cells (red) could be simultaneously investigated under fluorescent mi-
croscope at high-resolution. After 10 days of HCD feeding, the imaging
clearly showed that green myeloid cells accumulated along the caudal
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Fig. 1. Myeloid cells accumulate near vascular vessels in high cholesterol diet (HCD) fed zebrafish.

(A) Confocal images of vessel (green) bifurcation (i ii) in Tg(flk1:EGFP) larvae. White arrowheads, incrassate endothelial cells layer. Scale bar, 20 um. (B) Vascular
occlusion nodes, statistical analysis of incrassate endothelial cells layer of vessel (green) bifurcation (i ii). (C) Confocal images of the dorsal aorta (green) in Tg
(flk1:EGFP) larvae. White arrowheads, enhanced red fluorescent lipid plaques. Scale bar, 50 um. (D) Incidence of atherosclerosis, percentage of zebrafish with
atherosclerosis versus total zebrafish in the control or HCD group. (E) Confocal images of caudal vein in Tg(lysc:EGFP/flk1:mCherry) larvae, and myeloid cells (green)
accumulation along the vessel (red) walls. Scale bar, 50 pm. (F) Statistical analysis of total myeloid cells in the region from yolk sac to tail. (G) Percentage of myeloid
cells between the caudal vein and dorsal aorta (MBV) versus total myeloid cells. (H) Average distance of myeloid cells to caudal vein. All images and statistical
analysis were carried out after feeding zebrafish with red fluorescently labeled control or HCD diets for 10 days, starting at 5 days post fertilization. **p < 0.01;

***p < 0.001, Student's t-test.

vein and dorsal aorta (Fig. 1E). Quantitative analysis showed that sig-
nificantly increased in myeloid cells number (p < 0.001) (Fig. 1F) and
a higher percentage of myeloid cells accumulated between the caudal
vein and dorsal aorta (MBV) (p < 0.01) (Fig. 1G) and closer to the
caudal vein (p < 0.001) (Fig. 1H).

3.2. Myeloid cells recruitment preceded vascular lipid deposition

In addition to myeloid cells recruitment, lipid retention in vascular
walls is another important event during early atherogenesis [27,28]. To
reveal the chronological order of myeloid cells recruitment and lipid
retention during the initial stage of atherosclerosis, we fed Tg(lys-
c:EGFP) transgenic larvae with control or HCD food supplemented with
10 ug/g red fluorescent cholesteryl and monitored myeloid cells re-
cruitment (green) and lipid retention (red) every day by confocal mi-
croscope. Dynamic observations clearly showed that as early as 8 days
myeloid cells began to recruit to vascular vessels (Fig. 2A) and a higher
percentage of myeloid cells accumulated between the caudal vein and
dorsal aorta (MBV) (p < 0.05) (Fig. 2C) and closer to the caudal vein in
HCD-fed larvae (p < 0.01) (Fig. 2D). Vascular lipid retention (Fig. 2A)
and increase in total myeloid cells could not be detected until 10 days
(p < 0.05) (Fig. 2B). These results indicated that myeloid cells re-
cruitment to vasculature is prior to vascular lipid retention in HCD-fed
zebrafish larvae.

3.3. Neutrophils not macrophages accumulated before vascular lipid
deposition

Lysc-EGFP cells include macrophages and neutrophils [26]. To dis-
criminate whether macrophage or/and neutrophil responded to HCD
feeding, we used two more specific transgenic zebrafish Tg(mpx:EGFP)
and Tg(mpegl:EGFP). In Tg(mpx:EGFP), the neutrophil-specific protein
myeloperoxidase (mpx) promoter drives EGFP expression in neu-
trophils [29]. Macrophage expressed gene 1 (mpegl) was identified as
tightly restricted to macrophages and has been used as a marker for this
cell lineage in zebrafish [30,31]. Using these two genetically modified
zebrafish, a similar phenomenon to Tg(lysc:EGFP) (Fig. 2A) was ob-
served in Tg(mpx:EGFP) (Fig. 3A) but not in Tg(mpegl:EGFP)
(Supplementary Fig. 3A). In Tg(mpx:EGFP) zebrafish, we found that
neutrophils between the caudal vein and dorsal aorta (NBV) increased
significantly (p < 0.05) (Fig. 3C) and closer to the caudal vein
(p < 0.05) (Fig. 3D) from day 8. In transgenic zebrafish Tg(mpe-
gl:EGFP), the total number of macrophages (p > 0.05)
(Supplementary Fig. 3B), the percentage of macrophages between the
caudal vein and dorsal aorta (p > 0.05) (Supplementary Fig. 3C) and
the average distance from the macrophage to the caudal vein
(p > 0.05) (Supplementary Fig. 3D) did not significantly change. Thus,
neutrophils rather than macrophages may be the cells that accumulate
near vasculatures before vascular lipid deposition.

3.4. PPARy down-regulation in HCD-fed zebrafish larvae and endothelial
cells prior to myeloid cells accumulation

Myeloid cells accumulation suggested that HCD induced an in-
flammatory response in zebrafish large vascular vessels. Given that
TNF-a and IL-1f are two major cytokines that trigger the down-stream
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inflammatory cascade during hypercholesterolemia-induced innate
immune response [32], we detected TNF-a and IL-1§ expression in
zebrafish larvae by quantitative RT-PCR (RT-qPCR) after feeding HCD
or control diets for 10 days. Results showed that both TNF-a (p < 0.01)
and IL-1f (pp < 0.05) expression significantly increased (Fig. 4A).

PPARYy plays an important role in endothelial cell homeostasis [33]
and acts as an anti-inflammatory regulator in human diseases [34,35].
So, we detected PPARy expression and found that it significantly de-
creased in HCD-fed larvae (p < 0.05) (Fig. 4B). We further collected
endothelial cells at different time (0,3,5,7,9 days) by fluorescence-ac-
tivated cell sorting post HCD or control diets feeding (Fig. 4C). RT-qPCR
detected the chronological expression of PPARy in sorted endothelial
cells and indicated that PPARy was slightly but not significantly de-
creased at 5 days (p > 0.05) but significantly decreased at 7 and 9 days
in HCD-fed larvae (p < 0.05) (Fig. 4D). Therefore, we further detected
the expression of PPARy at 6 days and found it significantly decreased
(p < 0.05) (Fig. 4E). Meanwhile, the expression of TNF-a was sig-
nificantly increased (p < 0.05) (Fig. 4F) at 6 days. Thus, this indicates
that the decrease of PPARy expression in endothelial cells was earlier
than myeloid cells accumulation (Fig. 4G). Moreover, in human um-
bilical cords cells (HUVEC) treated with ox-LDL for 24 h, PPARy ex-
pression decreased (p < 0.05) (Fig. 4H) while TNF-a (pp < 0.01)
(Fig. 4D) and IL-1f (p < 0.05) (Fig. 4J) expression increased. This is
consistent with observations in zebrafish.

Adipose cells could secret a variety of pro-inflammatory and in-
flammatory cytokines [36] and HCD made adult zebrafish fatter
(Supplementary Fig. 1A). To reveal whether myeloid cells were re-
cruited by adipose cells, we detected adipocytes in zebrafish larvae
after 10 days of control or HCD diets by Nile red staining. Red fluor-
escent imaging indicated that no obvious differences were observed
between the control and HCD-fed larvae and also no red fluorescent
signaling was detected in the region where myeloid cells accumulated
(Supplementary Fig. 4A). Anti-inflammatory gene CCAAT/enhancer-
binding protein B (C/EBP-f) (p < 0.05) (Supplementary Fig. 4B) and
PPARy (pp < 0.05) (Fig. 4B) expression significantly decreased. p RT-
gPCR results revealed that zebrafish adipocyte lineage markers leptin-a
and fatty acid-binding protein-11a (Fabp-11a) had no significant up-
regulation in HCD-fed zebrafish (p > 0.05) (Supplementary Fig. 4C).
Together, these results suggested that HCD-induced up-regulation of
TNF-a (p < 0.01) and IL-1f (p < 0.05) (Fig. 4A) expression in zebra-
fish larvae was not related to the increase of adipose cells.

3.5. PPARYy agonist rosiglitazone ameliorated inflammation, myeloid cells
accumulation and lipid deposition in zebrafish larvae in vivo

Then, we investigated whether up-regulation of PPARy could ame-
liorate inflammation and inhibit myeloid cells accumulation and lipid
deposition. By studying the anti-inflammatory effect of rosiglitazone in
HCD-fed zebrafish, we found that rosiglitazone significantly amelio-
rated myeloid cells accumulation near the caudal vein and dorsal aorta
(Fig. 5A). Rosiglitazone (1 pM) significantly increased PPARy expres-
sion (p < 0.05) (Fig. 5B) and reduced TNF-a and IL-1f3 expression
(p < 0.05) (Fig. 5C) in zebrafish fed HCD. Quantitative analysis of the
distance of myeloid cells to the caudal vein (p < 0.01) (Fig. 5E) and
the percentage of myeloid cells between the dorsal aorta and caudal
vein to total myeloid cells (p < 0.01) (Fig. 5F) indicated precovery of
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Lipid diposition

(A) Confocal images of caudal vein in Tg(lysc:EGFP) larvae. Myeloid cells (green) and lipid deposition plaques (red) distributed as indicated. White arrowheads,
enhanced red fluorescent lipid plaques. Scale bar, 50 um. Days post feeding (dpf). (B) Statistical analysis of total myeloid cells in the region from yolk sac to tail. (C)
Percentage of myeloid cells between the caudal vein and dorsal aorta (MBV) versus total myeloid cells. (D) Average distance of myeloid cells to caudal vein. (E)
Schematic diagram of the chronological order of myeloid cells accumulation and lipid deposition. All images and statistical analysis were carried out after feeding

zebrafish with red fluorescently labeled control or HCD diets for 6, 8 and 10 days, starting at 5 days post fertilization. *p < 0.05;

©p < 0.01; ***p < 0.001,

Student's t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

myeloid cells distribution in dispersion degree. Rosiglitazone treatment
did not suppress HCD-induced increase of myeloid cells total number
(p > 0.05) (Fig. 5D), suggesting the PPARy-independent mechanism
caused the increase of myeloid cells number. Moreover, rosiglitazone
(1 uM) treatment almost completely blocked the lipid deposition in Tg
(flk1:EGFP) larvae fed red fluorescently labeled control or HCD diets
(Fig. 5G). Together, these results indicated that extinguishing PPARy-
mediated inflammation could ameliorate HCD-induced myeloid cells
accumulation and lipid deposition in zebrafish, suggesting the pro-
phylactic potential of targeting PPARy to inhibit early development of
arteriosclerosis.

Next, we examined the anti-inflammatory effect of rosiglitazone to
ox-LDL induced inflammation in HUVEC. In ox-LDL treated HUVEC
cells, TNF-a (p < 0.01) (Fig. 5H) and IL-18 (p < 0.05) (Fig. 5I) ex-
pression increased and PPARYy expression (p < 0.05) (Fig. 5J) de-
creased significantly. However, after the addition of rosiglitazone, TNF-
a (p < 0.05) (Fig. 5H) and IL-1f (p < 0.05) (Fig. 5I) expression
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decreased and PPARy expression (p < 0.05) (Fig. 5J) increased sig-
nificantly compared to ox-LDL treated HUVEC cells. In addition, we
tested the effect of PPARy overexpression or knockout on the expression
of TNF-a and IL-1B8. We overexpressed (p < 0.01) (Supplementary
Fig. 5A) or knocked out (Supplementary Fig. 6A) PPARYy gene by using
recombinant lentivirus infection in HUVEC cells. The results showed
that PPARy overexpression significantly inhibited upregulation of TNF-
a (p < 0.01) (Supplementary Fig. 5B) and IL-18 (p < 0.01)
(Supplementary Fig. 5C) expression in HUVEC cells after ox-LDL
treatment. In PPARy knockout HUVEC cells, ox-LDL treatment further
promoted the expression of TNF-a (p < 0.01) (Supplementary Fig. 6B)
and IL-13 (p < 0.05) (Supplementary Fig. 6C). Together, these pieces
of evidence suggested that PPARy could directly inhibit the expression
of inflammatory genes.
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4. Discussion

Atherosclerosis is a chronic progressive vascular disease that takes
decades to develop into advanced plaques in humans. The early de-
velopment of atherosclerosis is believed to follow a paradigm of en-
dothelial cell dysfunction, lipid deposition, inflammatory cell recruit-
ment and foam cell formation [4]. However, direct imaging evidence of
early development of atherosclerosis remains scarce, because it needs
months to observe disease progression only with anatomy, in currently
widely used mouse or rabbit models. With the zebrafish larvae model,
early development of atherosclerosis can be easily studied in a few days
in the optically transparent zebrafish body with a fluorescent micro-
scope, because of the rapid development in vitro and the excellent
characteristics as model of lipid metabolism, to study the pathological
important events in early-stage atherogenesis [11]. In the present study,

through chronological visualization of the sequence of these early
events in live transgenic zebrafish larvae, we found that hypercholes-
terolemia induced endothelial inflammation (6 days post HCD feeding)
preceded myeloid cells (specifically neutrophils) accumulation (8 days
post HCD feeding) and lipid deposition (10 days post HCD feeding) in
vascular vessels. Lipid deposition was the latest event during this pro-
cess. These findings emphasized the importance of endothelial in-
flammation during early development of atherosclerosis.

Endothelial dysfunction caused by nitric oxide reduction, en-
dothelial pro-inflammatory activation or hemodynamics is an im-
portant contributor to the pathobiology of atherosclerosis [37]. It is
considered to be the early predictor of atherosclerosis [38]. Athero-
sclerosis is primarily considered a chronic inflammatory disease, as the
vasculature hosts many complex chronic inflammation events among
various inflammatory molecules [2] leading to endothelial dysfunction
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fertilization. (E) Statistical analysis of PPARy and (F) TNF-a gene expression in sorted fluorescent endothelial cells from Tg(flk1:EGFP) larvae after feeding zebrafish
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[39,40]. Accumulating evidence has demonstrated that endothelial that hypercholesterolemia induced endothelial dysfunction was char-
dysfunction could be induced by interference with inflammatory mo- acterized by endothelial inflammation, which was featured by the
lecules like PPARy [41] and TNF-a [42,43]. In this study, we revealed downregulated expression of PPARy and upregulated expression of
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TNF-a and IL-1f. This was confirmed by detecting their expression in
FACS-sorted endothelial cells from Tg(flk1:EGFP) transgenic larvae fed
by HCD for 6 days.

PPARYy expression in endothelial cells plays an important role in
endothelial dysfunction [44,45]. PPARy signal mediates activation of
endothelial nitric oxide synthase (eNOS) [46], inhibits the expression of
cellular adhesion molecules and reduces inflammatory cells migration
and adhesion to atherosclerotic plaques [47]. Our results showed that
the PPARy agonist, rosiglitazone, significantly alleviated the in-
flammation in vasculatures and inhibited HCD-induced myeloid cells
recruitment and lipid deposition. It is similar to the previous results in
the rabbit model treated with rosiglitazone, while the authors thought
this benefit from increased high-density lipoprotein [48]. PPARy also
regulates lipid and glucose utilization excepting inflammatory re-
sponses in many tissues and expresses not only in vascular endothelial
cells, but also the adipose tissue [49]. However, in our study we did not
regard that adipocytes participated in the early development of ather-
osclerosis because we did not find the accumulation of myeloid cells
near adipocytes, and the mass of adipose tissue increase in HCD-fed
zebrafish larvae. In addition, adipose lineage markers (Leptin-a and
fatty acid-binding protein-11a) had no obvious alternations.

Studies have shown that cholesterol can affect PPARy expression by
T-box (Tbx) transcription factor [50], long noncoding RNA (IncRNA)
[51] and microRNA [52]. In addition, endothelial-specific low-density
lipoprotein receptor related protein 1 (LRP1) can interact with PPARY,
acting as its transcriptional co-activator in endothelial cells [53]. Tbx20
could directly regulate PPARy expression, as shown by Thx20 knock-
down and PPARYy inhibition, which significantly reversed the protective
effect of Thx20 in HUVECs [50]. Ox-LDL markedly decreased IncRNA
AC096664.3 in vascular smooth muscle cells (VSMCs) and THP-1
macrophages and downregulation of IncRNA AC096664.3 reduced
ABCG1 expression through inhibiting the expression of PPARy, which
led to an increase in total and free cholesterol in VMSCs [51]. Down-
regulation of miR-17-5p significantly reduced the production of in-
flammatory cytokines, inhibited lipid accumulation and activated
PPARy in macrophages of ApoE~/~ mice fed a high cholesterol diet
[52].

TNF-a and IL-1f induce the expression of neutrophil chemotactic
factors in HUVEC [54] and neutrophil recruitment [55]. Combined with
our evidence, we speculate that the chronological events in early
atherosclerosis are endothelial inflammation, neutrophils accumula-
tion, and lipid deposition. Then, macrophages may be recruited and
infiltrate to lesions as found in human autopsy subjects and other
models [27,28]. These dynamic and visual evidence in vivo is difficult to
obtain in vitro or in other experimental models like mice or rabbits.

In summary, we chronologically discriminated the important events
during the early development of atherosclerosis in vivo in transgenic
zebrafish fed HCD. We revealed that endothelial inflammation occurred
prior to myeloid cells (specifical neutrophils), accumulation, and
myeloid cells accumulation was earlier than lipid deposition in vascu-
latures. We also found that downregulation of PPARy expression in
endothelial cells played a critical role in triggering these events. The
administration of rosiglitazone (PPARYy agonist) significantly inhibited
HCD-induced inflammation, myeloid cells accumulation and lipid de-
position. Thus, we not only revealed the central role of HCD-induced
endothelial cell inflammation during the initial stage of atherosclerosis,
but also provided clues to enhance the therapy of atherosclerosis.
Moreover, once again our study reinforces that zebrafish is an excellent
in vivo experimental model for investigating the early events of ather-
osclerosis and vascular inflammation, and drug discovery targeting at
atherogenesis.
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