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ABSTRACT OF THE DISSERTATION

Hemodynamics: From Developmental Mechano-transduction to Vascular Injury

and Regeneration

by

Kyung In Baek
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2019
Professor Tzung Hsiai, Chair

Abstract

Hemodynamic shear force is an important determinant of cardiovascular function
and development. While mammalian models combined with next regeneration
sequencing are essential for diagnosis and drug discovery, zebrafish has emerged as an
important developmental model that combines in vivo analyses of cardiovascular
phenotypes and the advantages of forward and reverse genomic engineering. The
following studies in this thesis utilize an advanced imaging-based technique to
characterize hemodynamic regulation in cardiovascular development and regeneration in
embryonic zebrafish. Cardiogenesis involves a series of complex signaling pathways,
while imaging cellular dynamics including cardiac trabeculation requires high
spatiotemporal resolution. By using four-dimensional light-sheet fluorescent microscopy,

we constructed four-dimensional moving domain models of the contracting myocardial
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wall to investigate hemodynamic regulation of endocardial Notch signaling in facilitating
cardiac trabeculation. /In vivo modulations of hematopoiesis and atrial contraction, or
ectopic expressions of Notch Intracellular Cytoplasmic Domain (NICD), suggested
distinct flow patterns in myocardial geometry differentially activate endocardial Notch
activity for trabecular organization and contractile function. Vascular disorders
characterized by ischemic reperfusion injury, such as stroke, myocardial infarction, and
peripheral vascular disease, remain the most frequent causes of incapacitating disease
and death. Despite numerous efforts, structural and functional vessel recovery remains
challenging, while molecular events underlying vascular injury and regeneration are
largely unknown. A plethora of epidemiological studies consistently support a link
between redox active ultrafine particles (UFP, diameter < 0.1 um) in primary pollutants
and cardiopulmonary disease. Due to the small size and the light weight of the particle,
aspiration of UFP allows for penetration of pulmonary systems as well as the endothelial
barrier. Once particles enter the circulatory system, they systematically affect endothelial
homeostasis by promoting vascular oxidative and inflammatory responses. However,
epigenetic and pathological effects underlying vascular regeneration upon particle
exposure remains elusive. For the second part of this thesis, we investigated the
importance of the Forkhead Box Sub-family O1 (FOXO1)/Notch activation complex upon
UFP exposure in vascular regeneration. Finally, our vascular protective metabolomic
profiles suggested hemodynamic shear forces is a central player in modulating the
expression levels of glycolytic metabolites. In this context, we investigated the Vascular
Endothelial Growth Factor Receptor (VEGFR)-Protein Kinase C isoform epsilon (PKCg)
pathway and its role in promoting pro-glycolytic metabolites to help facilitate vascular

regeneration.
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Introduction

Biomechanical forces intimately influence cardiac morphogenesis '. During development,
the myocardium differentiates into two layers, an outer compact zone and an inner
trabeculated zone. In response to hemodynamic shear stress 2, Notch receptor-ligand
interaction is implicated in the initiation and organization of trabeculation 3 4. Both
trabeculation and compaction are essential for normal contractile function during cardiac
development 8. A significant reduction in trabeculation is associated with ventricular
compact zone deficiencies (hypoplastic wall), whereas hypertrabeculation is associated
with left ventricular non-compaction cardiomyopathy (LVNCC) ® '°. The former condition
predisposes patients to heart failure with depressed ejection fraction (EF), and the latter
to heart failure with preserved EF and arrhythmia ' 2. LVNCC is the third most common
cardiomyopathy after dilated and hypertrophic cardiomyopathy in the pediatric population
13 Its prevalence was estimated at 4.5 to 26 per 10,000 adult patients referred for
echocardiographic diagnosis '* 4. During cardiac morphogenesis, the initial site of
endocardial protrusion into the cavity occurs at the site of flow impingement directly
opposite the atrioventricular (AV) valve, leading to elevated WSS and thus providing a
mechanotransductional basis to link shear stress with trabeculation °. Ventricular
trabeculation produces a complex network of muscular ridges and grooves. Although
Notch signaling activated by blood flow and cardiac contraction have been reported
previously, the detailed mechanisms by which spatial and temporal variations in wall
shear stress (WSS) coordinate this process are not yet known 7 5.

Several molecular pathways for trabeculation have been found to regulate cardiomyocyte
proliferation and differentiation '6'®. Mutations in Notch signaling pathways result in

congenital heart defects in humans and other vertebrates '°. Using RBPJ-k and Notch1
2



mutants, Grego-Bessa et al. and others demonstrated that the Notch-EphrinB2-Nrg1-
ErbB2 pathway initiates differentiation of trabeculation % 16 7. We further demonstrated
that hemodynamic shear forces mediate endocardial Notch-Nrg1-ErbB2 signaling, which
promotes contractile function 720,

To spatially and temporally characterize endocardial WSS during cardiac morphogenesis
in this study, we integrated advanced light-sheet imaging with 4-D computational fluid
dynamics (CFD) to elucidate the mechanotransduction underlying the formation of
trabecular ridges and grooves. We hypothesized that spatial (ot/0x) and temporal
variations (ot/ot) in WSS modulate endocardial Notch signaling to drive formation of
trabecular ridges and grooves for optimal ventricular contractile function during
development. Using light-sheet fluorescence microscopy (LSFM) for rapid image
acquisition and high-axial resolution, together with moving-domain CFD, we determined
the hemodynamic forces across the AV valve and at the site of impingement on the
opposing wall where the endocardial trabecular ridges first form in live zebrafish embryos.
Results quantify the biomechanical forces underlying the initiation of trabeculation °. 4-D
CFD simulations revealed pulsatile shear stress (PSS) along the trabecular ridges and
oscillatory shear stress (OSS) in the grooves during trabeculation. Accompanying gain-
and loss-of-function experimental analyses corroborated sequential upregulation of Notch
activity from the endocardium to the trabecular grooves, resulting in cardiomyocyte
proliferation. The oscillatory shear index (OSl), defined as the extent of oscillation of the
direction of wall shear stress vector at any point on the ventricular wall during the cardiac
cycle, was elevated in the trabecular grooves in association with prominent Notch

activity.



Genetic manipulations to reduce endocardial WSS attenuated trabeculation and Notch
activity > 7 2. 22 Furthermore, our in silico simulation predicted that ventricular
trabeculation promotes kinetic energy (KE) dissipation, whereas non-trabeculated
ventricle lacks KE dissipation, resulting in ventricular remodeling and contractile
dysfunction. Thus, the integration of advanced light-sheet imaging with 4-D computation
and zebrafish genetics demonstrate that spatiotemporal variations in WSS modulate
Notch activity to coordinate the initiation of trabecular ridges and grooves, with
physiological implications in optimizing cardiac structure and function during cardiac

development.

Methods

Zebrafish Embryos

Zebrafish were bred and maintained at the UCLA Zebrafish Core Facility, and
experiments were performed in compliance with UCLA IACUC protocols “¢. Transgenic
Tg(cmic2:gfp) and Tg(;tp1:gfp,cmic2:mCherry) zebrafish lines were used under the
following conditions: 1) control (wild type), 2) gatata MO, and 3) AG1478 treated groups
29 Gata1a MO reduced hematopoiesis and blood viscosity by 90% as previously reported
21,26 Wea (courtesy of Dr. Deborah Yelon, UCSD, La Jolla, CA) were used to inhibit the
development of atrioventricular gradients. FUCCI (fluorescent Ubiquitylation-based cell
cycle indicator) zebrafish (courtesy of Dr. Ken Poss, Duke University, Durham, NC) was
used to visualize the number of cardiomyocyte proliferation for each condition. The two
transgenic lines used in the FUCCI system
were Tg(cmic2:mCherry) and Tg(cmlic2:Venus-hGeminin)P?%8, To maintain transparency
of zebrafish embryos, we added 0.003% phenylthiourea (PTU) in E3 medium to suppress

pigment formation at 10 hours post fertilization (hpf).
4



4-D Cardiac SPIM Imaging with Synchronization Algorithm

We integrated our in-house 4-D LSFM imaging system with post-processing
synchronization to visualize dynamic ventricular motion in the embryos 7:35:49.50, By L SFM,
we scanned in vivo zebrafish hearts from the rostral to the caudal end. Each section was
captured with 500 x-y planes (frames) at 10 ms exposure time (100 frames per second)
via a sCMOS camera (Hamamatsu Photonics, Hamamatsu City, Japan). The thickness
of the light-sheet was tuned to 5 ym to provide a high axial (Z-axis) resolution for adequate
reconstruction of the 4-D cardiac image, and the Z-step was set to 2 ym for lossless digital
sampling according to the Nyquist sampling principle 2. To synchronize with the cardiac
cycle, we determined the cardiac periodicity on a frame-to-frame basis by comparing the
pixel intensity from the smallest ventricular volume during peak systole to the largest
volume during end-diastole 33 3%, The reconstructed 4-D images were processed using

Amira software (Berlin, Germany).

Computational Modeling

The reconstructed 4-D zebrafish images were processed to extract the wall motion of a
beating zebrafish ventricle. A detailed account of the computational modeling framework
from zebrafish images to blood flow simulation and wall shear stress computation was
presented in Vedula et al ?. Briefly, 3-D images at mid-diastole were segmented using 3-
D level set segmentation in SimVascular (http://www.simvascular.org) to create a
triangulated surface of the ventricle. Next, to extract ventricular motion, we used an
efficient non-rigid deformable B-spline-based image registration 3¢ with a source image

(e.g. at mid-diastolic phase) registered to a target image (e.g. at end-diastole) by
5



minimizing a similarity function. A cubic B-spline transformation was used to deform the
control points on the source image during registration. A Laplacian-based smoothing
operator weighted by a regularization coefficient was added to the similarity function to
ensure that the deformations were smooth and non-intersecting. These deformations
were used to morph the initial segmented surface to extract the motion of the ventricle. A
tetrahedral volume mesh was then created using TetGen (http://wias-
berlin.de/software/tetgen/) open source meshing library that is integrated into

SimVascular.

Moving Domain CFD Modeling

A detailed description of the methodology to perform moving domain CFD modeling in
zebrafish embryos is provided in Lee et al. and Vedula et al. Briefly, the individual
developmental stages were captured using SPIM technique and the video frames were
processed using ImageJ (National Institutes of Health, Bethesda, MD, USA) # 22. We
performed image segmentation using 3-D level set methods in the SimVascular open
source software at one selected cardiac phase to extract the ventricular morphology 5'.
The endocardial surface in direct contact with the blood was subsequently extracted as a
triangulated surface. The extracted surface was further processed for segmentation
related artifacts such as hole filling, smoothing, extrusion, and surface remeshing in
MeshMixer (Autodesk Research Inc.). We then employed a non-rigid deformable image
registration technique to extract the motion of the endocardial boundary 22 %2, In this
approach, a source image (e.g. at end-systolic phase) is registered to a target image (for
e.g. at end-diastole) by minimizing a similarity function. A cubic B-spline transformation is

used to deform the control points on the source image during registration. A Laplacian
6



based smoothing operator weighted by a regularization coefficient is added to the
similarity function to ensure that the deformations are smooth and non-intersecting. These
computed deformations are then used to morph the initial segmented endocardium
boundary and the process is repeated sequentially on all the images spanning the cardiac
cycle. Based on the wall motion determined by image registration over the cardiac cycle,
the triangulated mesh was then deformed accordingly during the CFD simulation as
described below.

We model blood flow on moving domains as an incompressible and Newtonian fluid
governed by the Navier-Stokes equations written in arbitrary Lagrangian-Eulerian (ALE)

formulation as,

ov ,
p<E+(v—v).Vv)= —Vp + 2uVev

V.o =0,
where, v and p are the fluid velocity and pressure, respectively, ¥ is the endocardial wall
velocity, and p and u are the fluid density and viscosity, respectively. We solve the above
equations using an in-house parallelized finite element solver that employs stabilized
linear finite elements for spatial discretization 2%, the stable and second-order accurate
generalized-a. method for time integration, and a modified Newton-Raphson method for
linearization of the governing equations 5. The solver has been thoroughly validated 4 53
and was previously employed to simulate cardiac hemodynamics in zebrafish embryos *
and in studies of congenital heart disease in humans 225455 The computed velocity field
is then post-processed to extract wall shear stress (WSS) and oscillatory shear index

(OSI) defined as,
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averaged kinetic energy (KE) and rate of energy dissipation (®) defined as,
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where, V, is the ventricular volume and T, is the duration of the cardiac cycle. While OSI
quantifies the change in the direction of the shear vector during the cardiac cycle
normalized between 0 and 0.5, the energy dissipation (®) quantifies the rate at which the

kinetic energy is being dissipated to heat due to viscosity 2.

AG1478 and DAPT Treatment
ErbB signaling inhibitor, AG1478, at 5 uM (Sigma—Aldrich, St. Louis, MO) in 1% DMSO
was diluted in E3 medium at 30 hpf. DAPT (Sigma-Aldrich, St. Louis, MO), Y-Secretase

Inhibitor, at 100 yM was also administered at 30 hpf.

NICD mRNA and MO injection
Gatala MO were re-suspended in nuclease-free water and injected at 8 ng/nL at 1-4 cell
stages. NICD mRNA at 10 ng was injected at 1-4 cell stages to rescue Notch signaling

and to restore the trabeculation.



Preparation of NICD mRNA

Rat NICD cDNA was amplified from donor plasmids and cloned into the plasmid pCS2+
at the BamH I/EcoR | site. Clones with the insert of interest were selected by PCR
screening and validated with sequencing. mRNA was prepared using the mMessage SP6
kit (Invitrogen, CA) following the manufacturer’s instructions. The in vitro transcribed
mRNA was purified using a total RNA isolation kit (Bio-Rad, CA) for in vivo rescue

experiments.

Confocal Imaging

The transgenic Tg(cmic2:mCherry) and Tg(cmlc2:Venus-hGeminin)P?8 zebrafish lines
were crossbred to visualize proliferating cardiomyocytes during cardiac morphogenesis.
Embryonic zebrafish were randomly picked and immobilized in neutralized 0.02% tricaine
solution (Sigma-Aldrich, St. Louis, MO). After movements of the pectoral fin stopped,
embryos were anesthetized and mounted in 1-2% low-melting agarose (Sigma-Aldrich,
St. Louis, MO) on a glass coverslip to perform imaging with dual channel confocal
microscopy (Leica TCS-SP8-SMD). Images of newly proliferating cardiomyocytes and the

variations of the cardiac morphology were taken with 3 pm interval in the Z-direction.

Statistics

For statistical comparisons between two experimental conditions, unpaired t-test was
used. P values < 0.05 were considered significant. Comparisons of multiple mean values
were performed by one-way analysis of variance (ANOVA), and statistical significance

among multiple groups was determined using Tukey’s method.
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Study approval
Zebrafish were maintained in accordance with University of California Los Angeles
(UCLA), Los Angeles, California Institutional Animal Care and Use Committee (IACUC)

protocols under a project license also approved by the UCLA IACUC (ARC no. 2015-055).

Results

ErbB2 signaling mediates trabeculation

A transgenic zebrafish line, Tg(cmlic2:gfp), with the reporter transgene expressing green
fluorescent protein (GFP) in cardiomyocytes, was used to demonstrate initiation of
trabeculation. After cardiac looping from a peristaltic heart tube 23, endocardial
trabeculation was initially absent (Figure. 1A). At 3 days post-fertilization (dpf), trabecular
ridges (white arrows) developed across the atrioventricular (AV) canal, where atrial
contraction generated pulsatile flow impacting on the site of initial trabeculation (Figure.
1B: white arrow) 4. At 4 dpf, these ridges were prominent throughout the endocardium
(Figure. 1C) 24, At 5 dpf, they organized into an interconnected network (Figure. 1D) °.
As a corollary, inhibiting ErbB2, downstream of Notch, with AG1478 inhibited the initiation
of trabecular ridges from 2 dpf to 5 dpf (Figure. 1E-H). These findings indicate that

myocardial ErbB2 inhibition abrogates trabeculation.

Genetic manipulations alter the interplay between 4-D (3-D + time) wall shear stress
and Notch-mediated trabeculation
LSFM image data acquired from the transgenic Tg(cmlic2:gfp) embryos was used to

perform 4-D CFD simulations to quantify wall shear stress (WSS). We reconstructed
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spatial and temporal variations in WSS by solving the Navier-Stokes equations governing
the incompressible blood flow with an imposed moving-wall boundary condition
(ventricular wall motion) implemented in an arbitrary Lagrangian Eulerian (ALE)
framework 7 with linear tetrahedral elements. We applied our in-house, stabilized, second-
order, finite element method-based flow solver to simulate blood flow using large-scale,
multi-core, high-performance computing clusters 25. We first determined the 4-D WSS
over the entire ventricular cavity, which we segmented from light-sheet scanning of the
zebrafish ventricle (Figure. 2, Video S1-S3). 4-D CFD simulations revealed that gataa
MO injection, which lowered blood viscosity, resulted in reduction of area-averaged wall
shear stress (AWSS) and subsequent trabeculation (n=3 vs. wild type; Figure. 2A) 7- 2"
26, Using the same approach, we re-simulated for gata’a MO injected zebrafish using the
viscosity of the wild type (WT) zebrafish blood and compared results 27. The simulation
revealed normalization to WT AWSS (Figure. 2B). These simulation results support the
notion that viscosity (hemodynamics) is an important contributor to initiate trabeculation
7. Furthermore, wea mutation, which inhibits atrial contraction, reduced blood flow across
the AV valve, resulting in a significant reduction in AWSS and, subsequently, a non-
trabeculated ventricle 7. However, ErbB2 inhibitor treatment only slightly reduced AWSS
as compared to gatata MO and wea mutants (Figure. 2B). Nonetheless, there was still
a lack of trabeculae due to inhibition of ErbB2, downstream of Notch, despite of conserved
hemodynamic forces > '® (Figure 2A-B). Co-injection of gatata MO with NICD mRNA
rescue restored ventricular trabeculation; however, AWSS remained substantially lower
(Figure. 2A-B). Quantifying WSS over one cardiac cycle, we observed that time-
averaged WSS (TWSS) in gatata MO, gatala MO combined with NICD mRNA, and wea

mutants, were also substantially lower compared to WT and ErbB2 inhibitor (n=5 vs. WT
11



and ErbBZ2 inhibitor) (Figure. 2C). Thus, CFD simulations using 4-D images of genetically
modified embryos support that AWSS and TWSS were higher in trabeculated compared

to non-trabeculated ventricles.

Spatio-temporal variations in WSS develop in trabecular ridges and grooves
Moving domain 4-D CFD simulations further demonstrated that trabecular ridges and
grooves influenced the characteristics of shear stress during development (n=3) (Figure.
3A, B). Findings from previous 4-D WSS simulations (Figure. 2A) indicated that
myocardial contraction promoted pulsatile shear stress (PSS) acting on the trabecular
ridges, whereas flow recirculation in the trabecular grooves generated oscillatory shear
stress (OSS) at 4 dpf in the WT (Figure. 3C). Time-dependent AWSS was 8.5-fold higher
along the trabecular ridges than in the grooves during systole (Figure. 3D).

With respect to WSS-coordinated trabeculation, we demonstrated that OSS upregulated
endothelial Notch signaling-related mRNA expression to a greater extent than PSS in
human aortic endothelial cells (HAEC) (Figure. 3E). In addition, Notch1 mRNA
expression was significantly elevated in response to OSS (0+3 dyn'cm2 without a net
forward flow) (Figure. 3F), whereas the levels of Notch1 mRNA expression were
gradually reduced in response to the incremental forward flow components (0£3, 113,
2+3, 3+3, and 53 dyn'cm). Thus, spatial (6t/6x) and temporal variations (6t/ot) in WSS
are implicated in modulating Notch activity in the trabecular ridges and grooves; OSS

without net forward flow significantly induced Notch-related genes.

WSS mediates sequential Notch activity from endocardium to trabecular grooves

12



Using our rapid LSFM imaging with high-axial resolution, we captured sequential Notch
activity (GFP) from endocardium to trabecular grooves in the transgenic Tg(tp-
1:gfp,cmic:mCherry) line. At 3 dpf, Notch activity was prominent in the endocardial layer
and AV canal (Figure. 4A-E and Figure. S1A-C). At 4 dpf, TP-1, Notch promoter signal,
for Notch activity appeared more prominent in the trabecular grooves than in the
endocardium (Figure. 4F-J and Figure. S1E-F). At 5 dpf, Notch activity in the grooves
was interspersed with the trabecular ridges (Figure. 4K-O and Figure. S1G-l). As
trabeculae organized to form a network, Notch activity was prominent in both the
epicardium and trabecular grooves. Prominent Notch activity remained present in the AV
canal for valve formation at 5 dpf 28. In reference to the previous Figure 3F, OSS
mediated up-regulation in Notch1-related mRNA expression is consistent with the
prominent Tp-1 signal in the trabecular grooves (Figure. 4l and 4N). Thus, these findings
suggest flow-mediated Notch activity progressed from endocardium at 3dpf to trabecular
grooves at 4dpf.

In response to y-secretase inhibitor, DAPT, to inhibit proteolytic release of Notch
Intracellular Domain (NICD), endocardial TP-1 signal for Notch activity was absent at 3
dpf (Figure. 5A-E). Notch activity remained absent at 4 dpf (Figure. 5F-J). Notch activity
slightly appeared at 5 dpf while the ventricle remained non-trabeculated (Figure. 5K-0O).
Notch activity at the AV canal also remained prominent at 5 dpf, reminiscent of the WT.
These observations support endocardial Notch signaling initiation of trabeculation and
subsequent Notch activity in the trabecular grooves.

In response to NICD mRNA injection to rescue Notch activation and trabeculation in the
DAPT-treated transgenic Tg(tp-1:gfp,cmic:mcherry) embryos, TP-1 signal for Notch

activity was restored in the endocardium at 3 dpf (Figure. 6A-E). Similar to wild type,
13



Notch activity was also restored in the trabecular grooves at 4 dpf (Figure. 6F-J). Notch
activity became pronounced in the trabecular grooves and epicardium at 5 dpf (Figure.
6K-0). In addition, the TP-1 signal in the trabecular grooves (Figure. 61 and 6N) was
reminiscent of the oscillatory flow-medicated Notch activation shown for WT in Figure.
3A-C. These findings further support spatiotemporal variations in shear stress underlying
sequential upregulation of Notch activity to coordinate trabecular organization.

As a corollary, injection with N/ICD mRNA at 1-4 cell stage to the WT induced over-
expression of Tp-1 signal in the endocardium at 3 dpf, with a notably larger ventricular
wall thickness compared to WT (Figure. S2A). Notch activity became prominent in both
the endocardium and epicardium with pronounced trabeculation at 4 dpf (Figure. S2B).
Prominent Notch activity developed with an accentuated trabecular network at 5 dpf, as
notable by the interconnecting bridges between the endo- and epi-cardium (Figure. S2C,
white arrows). Therefore, N/ICD mNRA injection to the WT further corroborated the role

of Notch activation in promoting trabecular network formation.

FUCCI system localizes WSS-mediated cardiomyocyte proliferation in the
trabecular ridges

To localize WSS-mediated proliferating cardiomyocytes, we used the fluorescent
ubiquitylation-based cell cycle indicator (FUCCI) system 2°. The two transgenic lines used
in the FUCCI system employed two fusion proteins,
Tg(cmic2:mCherry) and Tg(cmlic2:Venus-hGeminin)P?%8, which were expressed in the
myocardium and cyclically in the S/G2/M phase, respectively 2°. The Venus-hGeminin
signal (arrowheads) indicated the proliferating cardiomyocytes (green* nuclei) (Figure. 7).

At 4 and 5 dpf in WT, the number of proliferating cardiomyocytes was significantly higher
14



than the gata’a MO treated group (Figure. 7A-D, G, and Video S4-S5). Co-injecting
NICD mRNA with gatatla MO partially restored the number of proliferating
cardiomyocytes at 4 dpf and 5 dpf (Figure. 7 E-G and Video S6). Thus, the FUCCI

system localized WSS-mediated cardiomyocyte proliferation in the trabecular ridges.

Elevated oscillatory shear index (OSI) developed in the trabecular grooves

We further quantified the extent of OSS in terms of direction of the shear vector over a
period of time at any point on the ventricular wall called oscillatory shear index (OSlI)
which ranges from 0 to 0.5 0. An OSI of zero indicates a unidirectional net forward flow,
whereas 0.5 reflects a 180° change in direction of the shear vector during the cardiac
cycle. OSI equal to 0.5 with net forward flow.. In Figure 3E-F, OSS without a net forward
flow (0+3 dyn-cm) significantly up-regulated endothelial Notch signaling-related genes.
In the trabecular grooves in the X-Z plane (ventricular bottom view), CFD simulation
showed high OSI values for each hemodynamic condition (n=3) (Figure. 8). At 2 and 3
dpf, prominent trabecular ridges and grooves resulted in increased OSI. At 4 and 5 dpf,
formation of the complete trabecular network further elevated OSI. In response to ErbB2
inhibition, the non-trabeculated ventricle attenuated OSI except for the regions posterior
to the inlet from the atrium (n=3) (Figure. 8C, white asterisk). In both the WT and ErbB2
inhibition groups, high OSI developed in the low pressure region opposite the outflow tract
and posterior to the AV canal to induce backflow 3'. As a corollary, the OSI profiles were
also reduced in response to both gatata MO and wea mutation (Figure. 8J and 8L).
Rescue with NICD mRNA injection to the gata’la MO-treatment restored OSI in the
trabecular grooves (Figure. 8M). Therefore, we recapitulated endocardial flow

recirculation in terms of changes in OSI values, and high OSI co-localized in trabecular
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groove where epicardial Notch was expressed during development. In accordance with
our in vitro cell study (Figure. 3E-F), this supports our hypothesis that OSS activates

epicardial Notch to develop trabecular grooves.

Trabeculation contributed to kinetic energy dissipation

4-D CFD simulations revealed that trabeculation introduces distinct area-averaged shear
stress (AWSS) profiles (Figure. 3D). Next, we assessed the role of trabeculation in kinetic
energy (KE) dissipation using our genetic models. In the aorta, it is well-recognized that
KE of blood flow is converted into potential energy in the artery wall in the form of elastic
recoil 3. In the developing ventricle, our 4-D CFD simulations showed that pulsatile flow
across the AV valve produces high KE impacting the endocardium (Figure. 9A and Video
S2), followed by increased KE dissipation (Figure. 9B). Both inhibition of atrial contraction
in the wea mutants and reduction in viscosity in the gatata MO group reduced the KE
intensity (Figure. 9A and 9C) and subsequently reduced KE dissipation throughout the
cardiac cycle (Figure. 9B and 9D). Notably, the wea mutation resulted in the most
profound reduction in both KE and energy dissipation (Figure. 9C-D). We previously
demonstrated that the shear stress-mediated Notch-Nrg1-ErbB2 pathway contributes to
the initiation of trabeculation and subsequent contractile function 7. Here, our in silico

analysis further revealed the key role of trabeculation for ventricular energy dissipation.

Trabeculation influenced ventricular remodeling and cardiac strain
By integrating light-sheet imaging with the synchronization algorithm for the cardiac
cycles 7, followed by segmentation to extract the changes in 3-D ventricular morphology,

we recapitulated the time-dependent changes in geometrical fluid domains in response
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to ErbB2 inhibition, gatata MO, and wea mutation 7> 33-3%, Registration was performed on
the 4-D image data using B-spline-based deformable registration methods 36, and the
computed deformation field was used to morph the segmented ventricular surface to
extract the period of ventricular contraction 2. We quantified the dynamic changes in
ventricular volume in response to 1) AG1478 treatment to inhibit ErbB2 (n=3), 2) gataia
MO injection to reduce viscosity (n=3)" 2!, and 3) the wea mutants to arrest atria
contraction (n=3) (Figure. 10A) > 7. We compared changes in mean end-diastolic
volumes (WT = 5.5x10% um?3; AG1478 = 8.0x10° uym3; gatata MO = 4.4x10% ym?) and
mean end-systolic volumes (WT = 2.3x10% uym3; AG1478 = 2.9x10°% um?3, gatata MO =
1.6x10°% um?3) (Figure. 10B) in relation to cardiac strain (Figure. 10C). In response to the
wea mutation, both systolic (0.8x10°um?®) and diastolic ventricular volume (0.7x10%um?3)
remained relatively unchanged as a result of the non-contractile ventricle. Analysis of
ventricular axial strain also showed reduction in contractile function in the non-
trabeculated ventricle (Figure. 10C). Altogether, changes in hemodynamic forces in the
non-trabeculated ventricle were associated with increased end-systolic and end-diastolic
volumes and reduced ventricular axial strain. These findings suggest a dual role for

trabeculation to provide both enhanced contractile force and kinetic energy dissipation.

Discussion

In this study, we demonstrate the quantification of hemodynamic forces inducing
trabeculation via Notch signaling during cardiac development. Using a combination of
light-sheet imaging and 4-D CFD, we recapitulated the initiation of trabeculation opposite
to the AV valve where hemodynamic forces drive endocardial protrusion into the cardiac

lumen via Notch-Nrg1-ErbB2 signaling > 7. Our genetically altered zebrafish models
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showed the role of 4-D WSS in trabeculation formation. While both PSS and OSS
activated endothelial Notch signaling, OSS, even without net forward flow (0+3 dyn-cm),
induced the greatest upregulation of Notch-related genes. Using transgenic Tg(tp-
1:gfp,cmic:mcherry) embryos, our accompanying gain- and loss-of-function experiments
showed sequential Notch activation from the endocardium to trabecular grooves in an
alternating pattern (Figure. 3C). The use of a FUCCI system further localized WSS-
mediated proliferating cardiomyocytes in the trabecular ridges. Our moving domain CFD
simulations further demonstrated high OSI and increased KE dissipation in the
trabeculated ventricles, and low OSI and reduced KE dissipation in the non-trabeculated
ventricles and the ventricle underwent remodeling and reduced contractile function (16).
We assessed whether hemodynamic forces modulate trabecular ridges and grooves as
well as cardiomyocyte proliferation. We used 3 genetic manipulations: (1) micro-injection
of gata1a-MO at 1- to 4-cell stage to reduce hematopoiesis and subsequent viscosity by
90% 2" 26, (2) wea mutation to arrest atrial contraction, and (3) ErbB2 inhibition. These
manipulations reduced both AWSS and TWSS, and attenuated trabeculation at 5 dpf,
leading to ventricular remodeling and reduced contraction. As demonstrated in 4-D CFD
simulations, our in silico input of normal blood viscosity from WT zebrafish into ventricular
wall boundaries from gata7a MO-injected zebrafish returned the WSS nearly to the level
of WT, supporting the notion that WSS initiates trabeculation. When Notch signaling was
inhibited with y-secretase, DAPT, the ventricular wall remained non-trabeculated despite
the presence of endocardial WSS, further supporting the role of endocardial Notch
signaling in activating myocardial ErbB2 and its initiation of trabeculation.

4-D CFD simulations also predicted spatiotemporal variations in WSS that may

coordinate formation of trabecular ridges and grooves. While PSS induces endocardial
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Notch to initiate trabecular ridge formation, OSS develops in the grooves to activate Notch
(Figure. 11A-B). Of note, the Notch pathway is subject to many levels of regulation with
both positive and negative feedback 37- 3. The precise outcome of Notch activation is
often sensitive to the combination of lateral inhibition and induction, and the tissue-
specific ligand (DII1 and DIl4, Jag1 and Jag2)-receptor interactions may influence the
alternating pattern of trabecular ridges and grooves during cardiac development 3% 49, For
instance, Han et al. reported that Notch ligand Jag2b inhibits the neighboring ErbB2
signaling to prevent cardiomyocyte sprouting and trabeculation in the zebrafish embryos
6. We previously showed that hemodynamic shear stress induces endocardial Notch-
Nrg1-ErbB2 signaling to initiate trabeculation 7. Our gain- and loss-of-function analyses
further corroborated the sequential Notch activity from endocardium to trabecular grooves.
These findings provide a biomechanical basis to further investigate whether PSS
activates Delta-Notch “lateral induction” to initiate the ridge-like trabecular endocardium,
whereas OSS induces Jag2b-Notch lateral inhibition on the neighboring ErbB2 signaling,
resulting in the groove-like endocardium (Figure. 11C).

Our findings also support a role of trabeculation in dissipating KE of flow from atrial
contraction during the early stages of cardiac development. Trabeculation is known to
facilitate oxygenation and nutrient transport and to enhance cardiac contractile function
23, Lack of dissipation in non-trabeculated hearts was associated with adverse ventricular
remodeling and contractile dysfunction. The concept of KE dissipation is commonly
applied to hydrodynamics of dam spillway protection, where steps are designed into dam
spillways to prevent structural damage from fluid forces #'- 42, Similar concepts are used
to protect the lungs in mechanical respiratory systems “3. During early cardiac

morphogenesis, the thin ventricular wall may not withstand the KE transfer of atrial inflow,
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and thus trabeculation may be desirable for ensuring enough dissipation to minimize
momentum transfer to the ventricle walls. KE dissipation was reduced by almost half in
non-trabeculated hearts, which are predisposed to heart failure and fetal demise 4. The
KE of atrial inflow is particularly important in zebrafish, where atrial contraction (A-wave)
dominates over the early passive filling of the ventricle (E-wave) as evidenced by pulsed-
wave Doppler velocity measurements (Figure. $3).4° Ultimately, the series of events,
including recirculatory flow in the grooves, may confer protection from ventricular
remodeling and dysfunction (Figure. 11C) 6.

Non-trabeculated ventricles had reduced axial strain and ventricular remodeling (Figure.
10). Axial strain and ejection fraction were also reduced by ErbB2 inhibition, whereas
Nrg1 mRNA rescue restored ventricular strain and EF 7. Although ErbB2 inhibition had
little effect on KE, the non-trabeculated endocardium resulted in less KE dissipation,
supporting the role of trabeculation in cushioning the forces of atrial inflow.

We previously used particle image velocimetry (PIV) to validate 4-D CFD code for
spatiotemporally varying WSS and pressure gradients AP across the AV canal “. Inlet
boundary velocities were acquired from the Tg(gata1:dsred) transgenic zebrafish in
which the movement of red blood cells (RBC) was tracked (Mathworks, Natick, MA). While
PIV is commonly used to validate CFD, it is entirely dependent on particle movement that
may be inaccurate near the wall surface #6. Furthermore, the small embryonic zebrafish
poses an optical challenge. Mickoleit et al. and our laboratory has developed a rigorous
method for reconstruction of zebrafish RBC movement in 3-D with a high spatiotemporal
system 3% however, modeling the circulatihg RBC remains unresolved. Further
optimization of the 4-D light-sheet imaging methods may allow improved 4-D volume

mapping techniques in future work 47.
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In summary, by integrating advanced light-sheet imaging with in silico simulation and
zebrafish genetics, we obtained insights into the role of hemodynamic forces in Notch-
mediated trabeculation and demonstrated the importance of trabeculation in contractile
function, kinetic energy dissipation, and cardiac morphogenesis, with relevance to human

left ventricular non-compaction and hypotrabeculation.
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FIGURES

2 dpf Reconstructed 3-D image

ErbB2 inhibitor

Figure. 1. ErbB2-dependent trabeculation during cardiac morphogenesis. (A) In the wild type
(WT), trabecular ridges were absent at 2 dpf. (B) A prominent trabecular ridge developed across
the atrioventricular (AV) canal at 3 dpf. Atrial blood flow (red arrow) through the AV canal directly
impacted onto the endocardium. (C) Additional trabecular ridges (yellow arrows) developed on
both sides of the initial trabecular ridge at 4 dpf. (D) Trabeculation organized to form an interwoven
network at 5 dpf. (E-H) In response to ErbB2 inhibitor (AG1478), trabeculation remained absent
in the ventricular wall throughout the cardiac developmental stages. The ventricular wall thickness
in response to ErbB2 inhibitor was reduced as compared to the WT. A, atrium; V, ventricle.

Reproduced in this dissertation with permission from Lee, Vedula, Baek et al.

22



Cardiac cycle

AN

WT

gatatia MO

N VR XY
AN

-~

wea

-

-

ErbB2 inhibitor gata7 MO + NICD

wss
(Dyn-cm)

i
™ W
\“\.‘l

AWSS (dyn-cm?2)
v ooN oW

AG1478
— = gatala MO + regular viscosity
= gatala MO + NICD

Control AWSS
———gatala MO
wea mutant

Time (s)

c 16

TWSS (dyn/cm?)

0
L 4
gatata MO +
regular viscosity

*
WT
*
ErbB2 inhibitor

*

gatata MO
injected

*

wea

gatata MO
+NICD

Figure. 2. Time-dependent 3-D computational fluid dynamics (CFD) simulation of the endocardial
wall shear stress (WSS). (A) CFD simulation (3-D + time) was constructed from light-sheet
imaging of zebrafish embryos in response to 4 genetic manipulations: gata7a morpholino (MO),
wea mutants, ErbB2 inhibitor, and co-injection of gatata MO with NICD mRNA. The CFD
simulation revealed spatial and temporal variations in ventricular WSS in synchrony with the
changes in ventricular morphology during a cardiac cycle. (B) Over the entire ventricle of WT
embryos, averaged WSS (AWSS) was higher than that in non-trabeculated ventricles from the 3
other groups. Despite the ErbB2 inhibitor treatment, AWSS was still higher than those of gata1a
MO-injected and wea mutant. When the ventricular cavity of gata’a MO-injected model was
demarcated to simulate WSS with WT blood viscosity, AWSS value was restored to that of WT.
(C) Time-averaged WSS (TWSS) in the WT embryos was higher than that of the gata’ia MO-
injected (lower blood viscosity) and wea mutants (lower cardiac contractility), whereas the ErbB2-
inhibited embryos developed a similar TWSS as compared with the WT. In silico simulation to
restore to the WT blood viscosity in the gata7a-MO injected embryos normalized the TWSS to

that of the WT. Reproduced in this dissertation with permission from Lee, Vedula, Baek et al.
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Figure. 3. Spatio-temporal variations in WSS in trabecular ridges and grooves modulate Notch-
related gene expression. (A) Time-dependent 3-D CFD simulation revealed distinct spatial
variations in ventricular WSS as highlighted in red color. (B) Distinct shear stress profiles
developed in the trabecular ridges vs. grooves. (C) Trabecular ridges were exposed to pulsatile
shear stress (PSS) while trabecular grooves were exposed to oscillatory shear stress (OSS). An
elevated oscillatory shear index (OSI) developed as a result of flow trapped between the two
trabecular ridges. (D) Trabecular ridges were exposed to significantly higher AWSS than
trabecular grooves. This observation prompted the investigation into the initiation of trabecular
ridges in response to high WSS. (E) Using a previously reported dynamic flow system *¢, we
demonstrated that OSS induced Notch-related mRNA expression to a greater extent than did
PSS. (F) Notch1 receptor expression was highest under oscillatory shear stress (0+3 dyn-cm™
with zero net flow). Notch1 expression was attenuated in response to a gradual increase in net
forward flow (1£3, 23, 343, and 5+3 dyn-cm™) (t-test *P < 0.05, n=3). Reproduced in this

dissertation with permission from Lee, Vedula, Baek et al.
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Myocardium Notch Activity Merged Zoomed Schematic
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Figure. 4. Sequential Notch activity from endocardium to trabecular grooves in the WT. Our 4-D
LSFM imaging captured sequential Notch1b activation (green) from endo- to epicardium in the
transgenic Tg(Tp-1:GFP;cmic:mcherry) line. (A-E) At 3 dpf, Notch1b activity localized to the
endocardial layer and AV canal. (F-J) At 4 dpf, Notch activity located primarily in the epicardium
than in the endocardium. Epicardial Notch1b activity and trabecular ridges organized into an
alternating pattern. (K-O) At 5 dpf, trabeculae developed into a network structure, Notch activity
was prominent in both the endocardium and trabecular grooves. Red scale bar: 50 ym. Green
scale bar: 10 ym. Dotted line (E, J, O): endocardium. Solid line (E, J, O): epicardium. (n=3).

Reproduced in this dissertation with permission from Lee, Vedula, Baek et al.
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Myocardium Notch Activity Zoomed Schematic
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Figure. 5. Inhibition of Notch activity and trabeculation in response to y-secretase inhibition. (A-
E) At 3 dpf, DAPT treatment reduced Notch activity in the endocardium except for the AV canal
region in the transgenic Tg(Tp-1:GFP;cmic:mcherry) line. (F-J) At 4 dpf, Notch activity remained
absent in the endocardium. A small area of Notch activity appeared in the epicardium (green
arrow). (K-O) At 5 dpf, additional small areas of Notch activation appeared in the epicardium,
while trabeculation remained absent. Red scale bar: 50 um. Green scale bar: 10 um. Dotted line
(E, J, O): endocardium. Solid line (E, J, O): epicardium. (n=3). Reproduced in this dissertation

with permission from Lee, Vedula, Baek et al.
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Myocardium Notch Activity Merged Zoomed Schematic
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Figure. 6. NICD mRNA injection rescued Notch activation and trabeculation in the DAPT-treated
embryos. (A-E) At 3 dpf, NICD injection rescued Notch activation in the endocardium of DAPT-
treated transgenic Tg(Tp-1:GFP;cmlc:mcherry) embryos. (F-J) At 4 dpf, Notch activity appeared
to be more prominent in the trabecular grooves than in the endocardium, reminiscent of the WT.
(K-0) At 5 dpf, Notch activity was present in both endocardium and trabecular grooves, but not
myocardium. Red scale bar: 50 ym. Green scale bar: 10 ym. Dotted line (E, J, O): endocardium.
Solid line (E, J, O): epicardium. (n=5). Reproduced in this dissertation with permission from Lee,

Vedula, Baek et al.
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Figure. 7. FUCC system localized WSS-mediated proliferating cardiomyocytes in the
trabecular ridges. (A, B) FUCCI system was used to visualize the myocardial proliferation
via WT double transgenic zebrafish line between
Tg(cmic2:mCherry) and Tg(cmlic2:Venus-hGeminin)P?8.  Proliferating cardiomyocytes
(green® nuclei) were present at the trabecular ridgese. (C, D) In response to gata’a MO,
the number of proliferating cardiomyocytes was attenuated (n=4, t-test *p < 0.05). (E, F)
Co-injection of gata1a MO with NICD mRNA partially restored cardiomyocyte proliferation
(n=4, t-test *p < 0.05). (G) The graph statistically quantified the numbers of proliferating
cardiomyocytes in response to gatala Mo and to NICD mRNA rescue. Reproduced in

this dissertation with permission from Lee, Vedula, Baek et al.
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Figure. 8. Elevated OSI values developed in trabecular ridges and is depend ventricular
surface roughness. OSI revealed distinct difference in the WT vs. ErbB2 inhibitor
treatment and roughness of ventricular surface. (A-B) At 2 and 3 dpf, elevated OSI| was
interspersed between trabecular ridges and grooves in the WT. (C-D) At 4 and 5 dpf, high
OSl associated with formation of the trabecular network. (E-G) However, ErbB2 inhibition
to attenuate trabeculation abrogated the interspersed OSI at 2, 3, and 4 dpf. (H) Despite
distinct OSI from the WT at 5 dpf, slight interspersion of OSI appeared in the ErbB2
inhibited group with consistent absence of trabecular network. (I) High OSI is generated
in trabecular ridges at 4dpf. (J) OSI is significantly reduced after lowering of blood
viscosity. (K) ErbB2 inhibited zebrafish showed attenuated trabecular wall which stymied
oscillatory flow at ventricular wall. (L) Due to lack of atrial contraction, blood flow acting
on the ventricle is low. This generated minimal amount of OSI. (H) Co-injection of NICD

mRNA and gata1 MO, OSl is reminiscent of WF zebrafish due to restored trabeculation.
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Figure. 9. Effects of trabeculation on the kinetic energy and energy dissipation in the ventricle at
4 dpf. (A) Gatala MO injection reduced viscosity and WSS, resulting in a lower kinetic energy
(KE) profile than in WT embryos during a cardiac cycle. However, ErbB2 inhibition model, which
reduces trabeculation, received similar high KE. (B) Both gata’a MO injection and ErbB2
inhibition reduced energy dissipation in the ventricle, compared with WT. (C) Wea mutants, which
lack the atrial contraction needed for initiation of trabeculation, had a profound reduction in KE.
(D) Wea mutants also had a profound reduction in energy dissipation, associated with ventricular

remodeling (Figure 2A).
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Figure. 10. Genetic manipulations of trabeculation influenced ventricular remodeling and strain
rates. (A) Changes in 3-D fluid domain at end-diastole and -systole were recaptured by light-sheet
imaging and were subsequently reconstructed. The 3-D ventricular contours reflect the
trabeculated endocardium in the WT and the non-trabeculated endocardium in the genetic
models. The red dots indicate the instantaneous moment at which ventricular volume was
reconstructed during the cardiac cycle. (B) Time-dependent changes in ventricular volume were
compared in response to genetic manipulations. ErbB2 inhibitor-mediated attenuation in
trabeculation resulted in an increase in ventricular volume as compared to the WT. Gata’a MO-
mediated reduction in shear stress reduced ventricular volume. Wea mutation resulted in a nearly
zero ventricular volume. (C) Genetic manipulations to inhibit trabeculation also resulted in a

reduction in ventricular strain rates (p < 0.01, n=3).
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Figure. 11. Schematic of spatial and temporal determinants of shear stress and endocardial

trabeculation. (A) WSS activates endocardial Notch signaling. (B) The development of trabecular
ridges promotes flow recirculation yielding OSS, which, in turn, induces Notch activity in the
trabecular grooves. (C) Coordination of PSS-induced endocardial Notch and OSS-mediated
Notch in the grooves may organize ventricular trabeculation. While endocardial Notch activates
myocardial Erbb2 expression to initiate trabecular ridge formation, Notch activity in the grooves
may cause lateral inhibition of Erbb2 expression and resultant trabeculation ®. DAPT treatment
inhibits NICD release, whereas NICD expression rescues Notch signaling and trabeculation.
Trabeculae may serve to dissipate kinetic energy thus preventing ventricular remodeling and

dysfunction.
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Myocardium Notch Activity Merged
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Figure S1. Sequential Notch in WT zebrafish from confocal microscopy. (A-C) At 3 dpf, Tp1
signal, Notch promoter, activity initially resided in the endocardial layer and AV canal. (D-F) At 4
dpf, Notch activity appeared to be more prominent in the epicardium than in the endocardium.
Epicardial Tp1 signal and trabecular ridges were organizing into an interspersed pattern. (G-H)
As trabeculae developed to form a network structure, Notch activity was prominent in both the

epi- and endocardium. Notch activity was absent in the myocardium.
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Figure S2. NICD mRNA injection to WT zebrafish Tg(cmic:mchery; tp1:gfp). (A) At 3dpf,
tp1 signal was initially expressed in endocardium as other groups. However, ventricular
thickness was thicker than WT. (B) At 4 dpf, ventricle was over trabeculated and Notch
activity was shown in both endocardium and myocardium. (C) Large amount of
myocardium was separated from ventricular wall and form a trabecular network by

interconnecting with thin bridges (arrow).
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Figure S3. Pulse-wave (PW) Doppler image of adult wild type zebrafish. PW Doppler provides
assessment of passive filling of the ventricle (early [E]-wave velocity) and active filling during atrial
systole (atrial [A]-wave velocity). Unlike in human hearts, atrial contraction (A-wave) is stronger
than passive filling by ventricular relaxation, therefore, E/Aratio is < 1 at baseline. For wea mutant,

A-wave would be negligible due to lack to atrial contraction.

35



[Supplemental Videos Available Online]

Video S1. Registration of 4-D beating heart with segmented fluid domain.
Video S2 4-D WSS profile of WT zebrafish.

Video S3. 4-D streamline traces of WT zebrafish heart.

Video S4. Cardiomyocytes proliferation of WT zebrafish at 5 dpf

Video S5. Cardiomyocytes proliferation of WT zebrafish at 5 dpf

Video S6. Cardiomyocytes proliferation of rescue zebrafish with NICD mRNA injection at 5 dpf
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Introduction

Zebrafish (Danio rerio) share conserved cardiovascular developmental signaling
pathways with mammals, providing a genetically tractable model in developmental
research, drug screening, and heart failure studies '-°. Zebrafish embryos are optically
transparent, allowing for real-time visualization of structural and functional phenotypes 2
6. Their small size and short developmental stages facilitate high-throughput genetic,
epigenetic, and pharmaceutical analyses 7-8. Although mammalian models including mice
exhibit the capacity of tissue regeneration during the early stage of development,
zebrafish demonstrate structural recovery in response to anatomical amputation,
chemotherapy, or redox active ultrafine particles (UFP, diameter < 0.2 ym) in air pollutants
2. In this review, we introduce our novel imaging technique using our custom-built light-
sheet fluorescence microscopy (LSFM) to elucidate zebrafish models of cardiovascular
injury and regeneration. We highlight the pathological effects of ambient UFP exposure
underlying impaired Notch transcriptional activation complex to promote vascular
regeneration °. Furthermore, we introduce a novel flow-responsive mechano-metabolic
pathway implicated in vascular regeneration °.

1. Light-sheet imaqging to study cardiovascular regeneration

Live imaging has transformed biomedical sciences by permitting visualization and
analysis of dynamic cellular processes as they occur in their native contexts ''-13.
Conventional methods continue to be useful, but the pursuit of new biological insights
often requires higher spatiotemporal resolution in ever-larger, intact samples and,
crucially, a gentle touch, such that biological processes continue unhindered. Although
confocal microscopy improves spatial resolution and image contrast, using the same path

for both illumination and fluorescence detection leads to intensive photo-bleaching and
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photo-toxicity with limited penetration depth (100-150 um) '4 15, Multi-photon microscopy
utilizes an infrared mode-locked laser as the illumination source and reaches up to 1 mm
penetration depth '8 7, but requires a high numerical aperture (NA > 0.7) and a short
laser pulse with a long wavelength. On account of these limitations, LSFM splits the paths
so that the illumination plane is perpendicular to the detection angle. Therefore,
fluorescence is emitted from the selective focal plane, and only a few fluorescent

molecules are excited in the micrometer thickness of the light-sheet.

In comparison to conventional microscopy, LSFM integrates several distinct advantages
18,19 (1) LSFM exposes the specimens to at least three orders of magnitude less light
energy than confocal and multi-photon fluorescence microscopes over conventional
excitation, thus greatly reducing photo-bleaching and photo-toxicity by two to five orders
of magnitude 2922, In the absence of a pinhole, the loss of energy efficiency of the
illumination beam is not more than 5% after transmission through the lenses and mirrors
to scan a plane of sample. (2) LSFM allows for illuminating the desired sample area,
significantly increasing signal efficiency and axial resolution. The thickness of the light-
sheet generated by the illumination lens is the major determinant of the axial resolution
whereas the axial resolution of other optical microscopes is predominately determined by
the NA of the detection lens. (3) LSFM enables rapid imaging at 100 frames/sec (~400
megapixels/sec) after applying a sCMOS or CCD camera with a large dynamic range, far
more than the 10 megapixels/sec of confocal or multi-photon microscopy. (4) LSFM also
provides higher signal-to-noise ratio which is over 100:1, while that of confocal
microscopy is 60:1 and multi-photon microscopy is only 10:1. LSFM for the present

experimental data set was carried out on previously developed systems (Fig. 1A) 3 23-28,
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The detection path, including an objective lens (10x/0.25, Nikon), a tube lens (ITL 200,
Thorlabs), and switchable optical filters (Semrock, NewYork, USA), was placed
orthogonal to the illumination plane for collecting fluorescence signals (Fig. 1B1-2). Digital
images were recorded with a high frame rate by using two scientific CMOS cameras
(ORCA-Flash4.0 V2, Hamamatsu, Japan) for dual-channel detection (Fig. 1B3). A diode-
pumped solid-state laser containing four wavelengths of 405 nm, 473 nm, 532 nm, and
589 nm (Laserglow Technologies, Toronto, Canada) was used as the illumination source
(Fig. 1B4). Three common light-sheet configurations were generated to illuminate the
embryonic zebrafish heart (150-250 pm), adult zebrafish heart (500—1500 uym), and
neonatal mouse heart (3000-5000 um) (Fig.1C+1). The confocal region of the light-sheet
was used as a uniform planar illumination and was finely stretched to cover the
sample’s transverse dimension (Fig.1C2). The extent of axial projection was directly
imaged at the waist of the light-sheet by the profiler, and the confocal range was further
reconstructed by stacking the projections (Fig. 1C2). The thickness of the light-sheet,
defined as the axial full width at half maximum (FWHM) value of the beam waist, was
measured at ~5 ym for the embryonic zebrafish heart (i), ~9 ym for the adult zebrafish
heart (ii), and ~18 pym for the neonatal mouse heart (iii) (Fig. 1C1.2). The lateral confocal
regions with respect to these three axial extents were profiled (Fig. 1Cz i-iii). The
detection objectives were 10x/0.3 (Plan Fluor, Nikon, Japan) for the embryonic
zebrafish heart, 4x/0.13 (Plan Fluor, Nikon, Japan) for the adult zebrafish heart, and
1x/0.25 (MVX10, Olympus, Japan) for the neonatal mouse heart to capture the full
region-of-interest (ROI). Once the thickness of the light-sheet for excitation and the
objective lens for detection were determined, the lateral and axial resolution for each

configuration could be obtained by measuring the point spread function (PSF). The
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fluorescent point source (polystyrene beads) was imaged by applying the
aforementioned three light-sheet configurations and demonstrated the lateral and axial

resolution by measuring the FWHMSs from x-y, x-z, and y-z plane images (Fig. 1C3).

LSFM has the capacity to localize the 4D cellular phenomena with multi-fluorescence
channels to study cardiovascular development and regeneration. Unlike commercial
systems, including the ASI iSPIM, Zeiss Z.1, Leica SP8 and LaVision Ultramicroscope.
Our multi-scale LSFM strategy is capable of rapid imaging acquisition to elucidate
mechanisms of vascular regeneration after injury in the zebrafish cardiovascular system.
In comparison with the ASIiSPIM, Zeiss Z.1 and Leica SP8 2%-32, we applied dry objective
lenses with long-working distances to provide a large field-of-view. We further
implemented a cylindrical lens to reshape the Gaussian beam to achieve high
spatiotemporal resolution without the need for laser scanning the contracting heart 4 27.
In addition, our system minimizes photo-bleaching and photo-toxicity due to the planar
illumination “. In contrast to the LaVision Ultramicrope optimized for mouse brain 33, our
LSFM system enables live imaging of zebrafish embryos. Furthermore, our custom-built
system adapts a retrospective synchronization algorithm to reconstruct contracting
embryonic hearts in 4D ?”. We have also demonstrated a resolution-enhancement method
for using the objective lenses with low NA objectives, allowing for multi-scale imaging with
a large field-of-view 34. For these reasons, our custom-built LSFM has the capacity to

perform the image-guided study for cardiovascular regeneration.

However, the main limitation of LSFM reside in photon scattering or absorption in the
setting of imaging acquisition of large specimens (such as the rodent heart) or interfacing

with mismatching refractive indices (from inadequate tissue clearing). Other limitations
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include the effect of out-of-focus light to reduce the signal-to-noise ratio. As a result of
absorption, refraction, and scattering of coherent light within the tissue, these limitations

generate stripe or shadow artifacts to attenuate the image. The lateral resolution of LSFM

is lower than that of confocal imaging by the factor of v2 when the same objectives are
used 3. The advantages and disadvantages among the different optical modalities are

summarized in Table 1.

1.1. Light-sheet imaging with automated segmentation method to analyze
doxorubicin-induced cardiac injury and regeneration

In adult zebrafish, regenerating myocardium electrically couples with uninjured
myocardium 36, providing a conserved cardiomyopathy model 7. Precise assessment of
cardiac ventricular architecture remains an imaging challenge due to the small size of the
heart. The advent of the chemical clearing method enabled multi-scale imaging of hearts
from zebrafish embryos (hundreds of um in diameter) to adult fish (1-2 mm in diameter)
24,26 In the setting of a simplified tissue clearing method using benzyl alcohol-benzyl
benzoate (BABB) to improve laser penetration and to achieve optical transparency, we
visualized volumetric changes of cardiac morphology in adult zebrafish in response to
doxorubicin-induced cardiac toxicity by combining light-sheet illumination with a
customized automated segmentation method based on histogram analysis (Fig. 2A).
Doxorubicin is an anthracycline agent that is commonly used in chemotherapy regimens
for patients with a variety of cancers, and it is well known to cause cardiac injury, often
limiting its use clinically 8. The transgenic Tg(cmlc2:GFP) zebrafish line was used to
visualize ventricular remodeling after doxorubicin chemotherapy. The detection

objective is imaged through the liquid-air interface where it is introduced to a spherical
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aberration-based PSF extension 3°. The section thickness (1-5 pym) of mechanical
scanning was determined based on the Nyquist-Shannon sampling theorem, while image
acquisition was done with an exposure time of between 10-50 ms. Thus, the spatial
resolution of the LSFM in cross-section varied from 1 ym to 10 ym, while the waist wo
ranged from 2 to 9 ym. Reconstructed image stacks underwent alpine interpolation and
iterative 3D deconvolution to compensate under-sampling of the camera and to prevent
blurred images. A 4-step automated image segmentation process was then applied to the
input images for precise assessment of the structural reorganization of the adult zebrafish
heart, as previously described 3. Cardiac volumes assessed with automated
segmentation were quantitatively compared following 3, 30, and 60 days of doxorubicin
treatment (Fig. 2B). Our present data revealed 3 days of doxorubicin treatment led to
global cardiac injury and resulted in the reduction of both endocardial and myocardial
volumes, followed by ventricular remodeling at day 30, and complete regeneration and
restoration of normal architecture at day 60. Furthermore, the automated segmentation
method established a well-defined structure of the atrium, ventricle, and bulbus arteriosus,
revealing ventricular trabeculae and ultrastructure (Fig. 3A-B, D). The computation of the
angle between the atrio-ventricular (AV) valves and ventricular-bulbar (VB) valves
permitted precise assessment, including the ventricular inflow (dotted yellow line) and
outflow path (solid yellow line) (Fig. 3C). Our results accentuate the suitability of light-
sheet imaging combined with automated segmentation as a high-throughput method to
monitor 3D cardiac ultrastructural changes in adult zebrafish, with translational

implications to drug discovery and modifiers of chemotherapy-induced cardiomyopathy.

1.2. LSFM to study mechano-transduction and vascular dynamics
51



With the use of the transgenic Tg(flk1:GFP; Gata1:Ds-red) zebrafish line which drives of
the expressions of VEGFR2 as well as erythrocytes, we simultaneously detected
circulating erythrocytes and demonstrated flow-mediated vascular regeneration. Our
previous study established a zebrafish tail amputation model to seek mechanisms
underlying vascular regeneration after injury '°. The posterior tail segments of the
embryos were amputated with a sterilized surgical scalpel under a stereomicroscope and
immobilized with low melting agarose in a fluorinated ethylene propylene tube to achieve
a uniform refractive index for fluorescence detection. Imaging cellular dynamics across
large specimens requires high spatiotemporal resolution, uniform light-sheet thickness
and low photo-bleaching/-toxicity. LSFM enables image acquisition of dynamic
biophysical and biochemical activities such as blood flow or a beating heart at > 100
frames/sec. The precise alignment of dual-channel detection of LSFM further allows us
to concurrently acquire the structure of the vasculature and circulating erythrocytes to
perform 2D particle imaging velocimetry (PIV) in the dorsal aorta (DA) (Fig. 4A-E). The
tail amputation model with LSFM offers a flexible platform to study hemodynamic
regulation on endothelial vascular regeneration (Fig. 4F-G), providing an entry point to
study mechano-transduction in a low Reynolds number system (Re: 100 ~ 1000). Besides,
LSFM imaging has also been implemented in various developmental studies, such as 4D
reconstruction of contracting zebrafish hearts '8 27, time-lapse imaging of neural activity
and cell lineages in Drosophila %44, C. elegans 32, zebrafish 19:30.45-4% and mice %°. Unique
characteristics of LSFM permit long-term imaging of cardiovascular regeneration and
development. In comparison to the aforementioned studies, visualization of the periodic

contractions of the embryonic heart requires either a 4D synchronization algorithm 1828
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5" or a volumetric imaging method, while capturing dynamic blood flow in 4D is still

underway.

2. Zebrafish tail amputation model to study vascular regeneration after injury

2.1. Exposure to ambient UFP reveals importance of Notch signaling for vascular
regeneration

Ambient particulate matter (PM25s) in air pollutants is an emerging epigenetic factor in
promoting endothelial dysfunction 52 53, Recent epidemiological studies have consistently
supported that PM25 exposure results in elevated risk of cancer, respiratory diseases,
and cardiovascular defects during development %45°, UFP are a major sub-fraction of
PM2.s and comprise a mixture of highly reactive organic chemicals ¢ and transition metals
54, 6163 Exposure to UFP promotes Jun amino-terminal kinase (JNK) expression to
produce a reactive oxygen species (ROS), thereby increasing vascular oxidative stress,
and is also implicated in NF-kB-mediated inflammatory responses that induce
atherosclerosis and vascular calcification %4 6267,

The Notch signaling pathway is an evolutionarily conserved intracellular signaling
pathway intimately involved in cell-fate determination ¢8-72 and regulates initial sprout
formation during angiogenesis 738, Upon ligand binding, Notch receptors undergo
proteolytic cleavages to release the Notch Intracellular Cytoplasmic Domain (NICD) under
regulation of a disintegrin and metalloproteinases (ADAM) family. Following translocation
to the nucleus, NICD forms a transcriptional activation complex to induce downstream
Notch target genes, including Hairy and enhancer of split-1 (Hes?) and gridlock ©2.
Ablation of Notch1 is associated with developmental retardation resulting in embryonic
lethality, whereas dysregulated Notch1 activity in endothelial cells induces aberrant

proliferation, resulting in a hyperplastic vascular network 8'. Missense mutation of the
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Notch3 gene underlies the development of the degenerative vascular disease known as
Cerebral  Autosomal-Dominant  Arteriopathy  with  Subcortical Infarcts and
Leukoencephalopathy (CADASIL) &.

To investigate whether UFP mitigate Notch-mediated vascular regeneration, we
crossbred the Notch reporter transgenic fish Tg(tp1:GFP) with the Tg(flk1:mCherry) line
to image Notch activity-mediated vascular regeneration. The Epstein-Barr Virus terminal
protein 1 (tp1) reporter contains two Notch-responsive elements on the Rbp-Jx binding
sites for NICD, thereby reporting regional Notch1b activation 2’. The control group
developed vascular regeneration and formed a loop between the DA and the dorsal
longitudinal anastomotic vessel (DLAV) with prominent endothelial Notch activity (as
visualized in yellow) on the site of injury at 3 days post amputation (dpa). On the other
hand, UFP exposure resulted in significant reduction of vascular endothelial Notch activity
followed by disrupted vascular network formation on the injured site. The ADAM10
inhibitor, GI254023X, which inhibits proteolytic activation of the Notch receptor,
recapitulated Notch-mediated impaired vascular regeneration. To further investigate
whether the reduction of Notch signaling is associated with vascular impairment after the
injury, we constructed dominant-negative Notch1b (DN-Notch1b) mRNA that attenuated
Notch signaling by 96%. Approximately 75% of Notch-knockdown embryos underwent
aberrant vascular regeneration and network formation, exhibiting embryonic lethality at 5
dpa. NICD mRNA micro-injection as a means to up-regulate Notch signaling restored
UFP-, ADAM10 inhibitor-, and DN-Notch1b mRNA- attenuated Notch activity and
consequent vascular regeneration. By using our well-established zebrafish tail
amputation model, we provide a molecular basis to assess the effects of UFP on

endothelial function for vascular regeneration (Fig. 5).
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Epidemiological studies consistently support a link between maternal exposure to air
pollutants and increased risk of congenital cardiovascular diseases %¢. UFP in air
pollutants are the products of incomplete combustion from urban environmental sources,
including diesel trucks and gasoline vehicles, and are enriched by elemental and
polycyclic aromatic hydrocarbons '°. Their large surface-to-volume ratio increases
potential absorption to the pulmonary and cardiovascular systems 838 UFP exposure
via inhalation facilitates plasma lipid metabolite production and increases high-density
lipoprotein oxidant capacity to accelerate atherosclerosis in LDLR-null mice . UFP
exposure further regulates atherogenic lipid metabolites and promotes macrophage
infiltration in the intestine '°, where the composition of the micro-biota is altered to elevate
atherogenic lipid metabolite levels. The emerging role of redox-sensitive micro-RNAs
(miRs) have been implicated in cellular proliferation 887, PM.s have been reported to
modulate the levels of a number of miRNAs, including miR-223 and miR-375 -9,
Therefore, UFP could regulate the level of miRs for Notch inhibition 1.

Nevertheless, the mechanism underlying endothelial proliferation and vascular
regeneration remains elusive due to the demand of high spatial and temporal resolution
of real-time 3-D imaging. Scanning methods such as confocal or multi-photon microscopy
are able to provide sufficient lateral resolution to reveal the biophysical dynamics at the
cellular level but are confined to sequential raster scanning over the specimen. For
instance, confocal microscopy allows for capturing angiogenic sprouts at a particular time
but is limited in time-lapse imaging due to rapid photo-bleaching %>°4. However, selective-
plane illumination and concurrent detection in a 2D plane enable to implement time-lapse
visualization of regenerating endothelial vasculature with the minimal photo-bleaching

and photo-toxicity. The signal-to-noise ratio and axial resolution of LSFM are also
55



improved due to planar illumination; otherwise, the focus of detection gradually degrades
in the deep tissue. Therefore, the shorter exposure time, the deeper penetration depth,
and the higher spatiotemporal resolution allow for time-lapse imaging of vascular
regeneration and cellular dynamics in live zebrafish embryos, and LSFM provides the
basis for revealing the mechanisms underlying cardiovascular regeneration and
development.

2.2. Shear stress modulation of vascular dynamics and regeneration
Hemodynamic blood flow exerts shear stress, cyclic stretch, and hydrostatic pressure on
the endothelium 9 % While cyclic stretch plays an important role in maintaining
endothelial function, it is well recognized that hemodynamic shear forces mechanically
and metabolically modulate vascular endothelial function %-°°. A complex flow profile
develops at the arterial bifurcations, where flow separation and migrating stagnation
points create disturbed flow (DF), mediating the focal and eccentric nature of
atherosclerotic lesions '°°-1%_ A recent study examined the role of laminar shear stress in
driving expression of vascular endothelial growth factor (VEGF) and endothelial nitric
oxide synthase (eNOS)-mediated Protein Kinase C isoform epsilon (PKCe) to modulate
endothelial cell (EC) proliferation and lumen formation '97. 198 Unidirectional pulsatile
(PSS) and oscillatory shear stress (OSS) differentially modulate the canonical Wnt/p-
catenin pathway to modulate vascular development and regeneration 2 %, while also
being implicated in the differentiation of vascular progenitors during angiogenesis 19 111,
Endothelial glycolysis is mechano-responsive "2, and ECs are highly glycolytic ''3. ECs
further increase the level of glycolytic flux when switching from quiescence to a
proliferative state, while the glycolytic enzyme, 6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase 3 (PFKFB3), localizes in lamellipodia ''*. As a critical regulator of
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glycolysis, PFKFB3 further involves lamellipodia/filopodia extension during vessel
formation 13 114 Laminar shear stress modulates the expression of Kriippel-like factor 2
(KLF2) to suppress PFKFB3-mediated endothelial glycolysis and vessel sprouting 5,
whereas disturbed flow mitigates mitochondrial respiration and increases basal glycolysis
and glycolytic capacity .

Our recent study with zebrafish supports the notion that PSS and OSS differentially
modulate VEGFR-PKCe signaling to induce PFKFB3-mediated glycolytic metabolites for
vascular repair '°. Use of embryonic zebrafish allowed for genetic manipulation of blood
viscosity to alter the level of endothelial wall shear stress "7 to modulate the PKCe-
PFKFB3 pathway in vivo (Fig. 6A). Gata’a morpholino oligonucleotide (MO) micro-
injection prevented erythrocyte production, thereby reducing the level of viscosity-
mediated shear stress compared to control (Fig. 6Ai-ii). > '8, On the other hand, EPO
mRNA micro-injection resulted in elevated erythrocytosis as a means of augmenting
viscosity-mediated wall shear stress (Fig. 6Aiii) ''°. In the transgenic Tg(flk1:GFP)
zebrafish model of tail regeneration, control p53 MO injection demonstrated vascular
regeneration, as visualized by a closed loop between the DA and the DLAV at 3 dpa. In
contrast, suppressing the level of PKCe with MO injection developed aberrant vascular
regeneration. Furthermore, micro-injection of Gatala MO delayed vascular regeneration
from 3 dpa to 5 dpa. The micro-injection of cardiac troponin T2 (Tnhnt2) MO to arrest
myocardial contraction and subsequent blood flow further attenuated vascular
regeneration at 3 dpa, while embryos failed to thrive at 5 dpa. On the other hand,
erythropoietin (EPO) mRNA micro-injection promoted tail regeneration. As a corollary,
PKCe mRNA restored vascular regeneration in Gata7a MO injected embryos at 3 and 5

dpa (Fig. 6B).
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In reference to our metabolomic analysis via gas chromatography time-of-flight mass
spectrometry (GC-TOF), we elucidated that shear stress regulates glycolytic metabolites,
including glucose (CeH1206), fructose (CeH1206), and dihydroxyacetone (CsHsOs, DHA)
via PFKFB3. In the zebrafish tail amputation model, exposure to DHA increased the
proportion of zebrafish embryos with complete regeneration in the control group, whereas
it rescued vascular repair in the absence of PKCe (Fig. 7). Our findings support that flow-
responsive PKCe modulates endothelial glycolytic metabolites that are implicated in
vascular regeneration. The advent of high-throughput “omics” approaches, including
epigenomics, transcriptomics, miRnomics, proteomics, and metabolomics '%°, has
provided new mechanotransduction strategies to discover biomarkers with therapeutic

targets.

Current scanning methods are limited by their sequential point-scanning strategy
in 2D planes, being insufficient to elucidate hemodynamic shear forces during cardiac
morphogenesis. Unlike conventional bright-field microscopy, LSFM applies orthogonal
illumination and detection, enabling investigators to selectively localize mechano-
transduction to the endocardial endothelial lining within an ultra-thin plane of the sample.
Due to the rapid multi-channel detection at the single cellular level, LSFM allows for the
simultaneous imaging of the blood flow at the injured site and 3D structure of the vessels,
elucidating hemodynamics with underlying the initiation of endocardial trabeculation
during cardiac development 27. In conclusion, LSFM allows for rapid tracking of
fluorescently labeled targets in multiple channels, thereby providing a computational basis

to quantify blood flow and hemodynamic shear forces.
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Conclusion and Outlook

Zebrafish have been utilized as an emerging developmental model due to a conserved
physiology and anatomy with mammals. lts optical transparency at the embryonic stage
facilitates direct observation of organogenesis including cardiovascular morphogenesis.
While zebrafish comprise a well-established genetic system for studying cardiovascular
development and disease, zebrafish demonstrate unique regenerative capacity in
response to anatomical or chemotherapy-induced injury. Both high spatiotemporal
resolution and deep tissue penetration are required to tracking cardiovascular dynamics,
such as the regenerating ventricular ultrastructure. Therefore, LSFM is suitable to monitor
spatiotemporal variations of the regenerating cardiovascular system with minimal photo-
bleaching /-toxicity, and is also a promising approach to track single blood cells as well
as estimating the parabolic velocity distribution of blood flow in the embryonic zebrafish
model. In addition, parallel advances in deep learning and virtual reality may lead us to
more precisely elucidating cardiovascular architecture and function in future studies.
Developing a novel convolutional or recurrent neural network for automatic segmentation
will benefit image post-processing procedures that are otherwise limited in accuracy and
efficiency by manual segmentation in the setting of large data sets '2'-'23, The study of
interactive virtual reality establishes an efficient and robust framework for creating a user-
directed microenvironment in which we are able to unravel developmental cardiac
mechanics and physiology with high spatiotemporal resolution 28 124126 |n this review, we
address our zebrafish model of injury with a mechanistic approach to understand
cardiovascular regeneration. Furthermore, our findings with zebrafish combined with

multi-scale light-sheet imaging demonstrate the advantages of light-sheet imaging,
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highlighting its role as a novel imaging strategy that can illuminate the mechanisms of

cardiovascular injury and repair and further advance the field.
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FIGURES

Fei et al, Sci. Rep., 2016

aaaaaaaaa

853
B& Gl Relaylens! (M2 |
" %H»if%;’ _

v, i "I _oe_pwi ‘ Adult zebrafish
o, (oL Jompm\eff—scmos1 heart
i e FWIL| *Fiterset

Neonatal mouse
heart .-~

] -
_ |
i — -
L
iv e
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collimated laser sources were focused through a cylindrical lens and transmitted by illumination
lens (IL) to generate a light-sheet sectioning the sample. The objective lens (DL) was
positioned orthogonally to the illumination path for fluorescence detection. In addition, the dual-
channel detection was achieved using a dichroic mirror and filter sets at the detection arm. The
focus of detection needs to be exactly conjugated to the illuminated plane. (B1) The formation
of the light-sheet from the illumination objectives and detected by detection objectives. (B2)
Top view of the light-sheet demonstrated orthogonal relation between IL and DL. (Bs) Four
laser wavelengths offer flexibility for different fluorophores. M: mirror; DC: dichroic mirror; BE:
beam expander; CL: cylindrical lens; SL: scan lens; TL: tube lens; FW: filter wheel; IL:
illumination lens; DL: detection lens. (B4) The two orthogonal cameras allowed for the capability
of simultaneous dual-channel detection. (C1) The axial confinement of the light-sheet was used
for sectioning the (i) embryonic zebrafish, (ii) adult zebrafish, and (iii) neonatal mouse hearts.
LS: light-sheet. (C2) The changes in confocal region corresponded to the area available for

light-sheet sectioning. The double-headed arrow line indicates the confocal region, in which
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the light-sheet is considered to be uniform. The scale bars are 100 uym in length for the sub-
images in (i), (i) and (iii). (Cs) Imaging a 400 nm fluorescent bead (sub-resolution point source)
was compared with the (i) 5 um LS detected by the 20x/0.5 DL, (ii) 9 um LS by 10x/0.3 DL, (iii)
18 um LS by 4x/0.13 DL and (iv) 18 um LS by 4x/0.13 DL, with resolution enhancement applied.

Reproduced in this dissertation with permission from Baek, Ding, Chang et al.
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Packard et al, Sci. Rep., 2017
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Figure 2. Light-sheet imaging to analyze doxorubicin-induced cardiac injury and regeneration
Adult zebrafish hearts were isolated at days 3, 30, 60 following intraperitoneal treatment with
doxorubicin or control vehicle. (A) Control zebrafish hearts exhibited a preserved architecture
during the study period. Treatment of doxorubicin induced a dramatic cardiac remodeling leading
to an acute reduction in size at day 3, followed by a gradual increase at day 30, and normalization
at day 60. (B) Total heart, myocardial, and endocardial volumes were quantitatively compared to
control values demonstrating the regeneration process following doxorubicin-induced injury (** P
< 0.01 vs control). Doxo: doxorubicin. Scale bar: 200 um. Reproduced in this dissertation with

permission from Baek, Ding, Chang et al.
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Packard et al, Sci. Rep., 2017
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Figure 3. 3D rendering of the adult zebrafish heart (A) 3-D rendering combined with automated
segmentation method provided anatomic structures of the intact atrium, ventricle, and bulbous
arteriosus in adult zebrafish heart. (B) Precise assessment of zebrafish heart with automated
segmentation established a cross-section through the atrium, ventricle, and bulbous arteriosus
and demonstrated 2 leaflets of the AV valve (red) and of the VB valve (orange). (C) Ventricular
inflow (dotted yellow line) and outflow path (solid yellow line) were estimated with computation
of the angle between the atrioventricular (AV) valves and ventricular-bulbar (VB) valves. Scale

bar: 100 um. Reproduced in this dissertation with permission from Baek, Ding, Chang et al.
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Tail Amputation

\DLAV\

Figure 4. Light-sheet imaging of vascular regeneration and circulating erythrocytes in response
to tail amputation (A) An inverted fluorescence image demonstrated the vasculature (green) and
amputation region (dashed line) of a transgenic Tg(flk1:GFP; Gata1:Ds-Red) zebrafish embryo at
3 dpf. ISV: intersegmental vessel; DLAV: dorsal longitudinal anastomotic vessel; SIV:
subintestinal vessel; PCV: posterior cardinal vein; DA: dorsal aorta. (B) LSFM imaging of the
erythrocytes (red) adjacent to the site of amputation and regeneration. The dashed white box
indicated locations of higher power images in the subsequent panels (C-E). An individual
erythrocyte (red) in relation to the vascular endothelial layer (green) was tracked under LSFM at
100 fps. The travel distance and net velocity of each erythrocyte could be measured from the
corresponding location difference among images (C), (D) and (E). The complete (F) and
incomplete (G) vascular regeneration between DLAV and DA were revealed in separate zebrafish
embryos at 3 days after tail amputation. Scale bars: 25 um. Reproduced in this dissertation with

permission from Baek, Ding, Chang et al.
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Baek et al, Antioxid Redox Signal, 2018
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Figure 5. Ambient UFP exposure impaired Notch-mediated vascular regeneration. Transgenic

Tg(tp1:GFP; flk1:mCherry) zebrafish embryos revealed Notch activity in the vasculature, as

indicated by the overlapped yellow color, corroborating the role of endothelial Notch activity in the

site of vascular repair. The control group developed vascular regeneration at 3 days post tail

amputation (dpa). UFP or ADAM 10 inhibitor (G1254023X) treatment attenuated endothelial Notch

activity in the site of injury and impaired vascular regeneration. Injection of dominant negative

(DN)-Notch1b mRNA further attenuated Notch signaling-mediated vascular regeneration. As a

corollary, NICD mRNA injection upregulated Notch activity and rescued UFP-, ADAM10 inhibitor-

or DN-Notfch1b mRNA-impaired vascular regeneration. Reproduced in this dissertation with

permission from Baek, Ding, Chang et al.
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Figure 6. Shear stress is implicated in PKCe-dependent vascular repair. (A) Blood viscosity of

3 dpa

the embryonic zebrafish was genetically manipulated to alter the level of endothelial wall shear
stress. Compared to control embryos, micro-injection of Gatala MO reduced the level of
erythropoiesis and consequent wall shear stress, whereas erythropoietin (EPO) mRNA resulted
in the opposite effect. (B) The control and p53 MO-injected fish developed vascular repair at 3
dpa (yellow arrows). Reduction of viscosity-mediated shear stress with Gataia MO delayed
vascular repair from 3 dpa to 5 dpa. The presence of Tnnt2 MO to arrest myocardial contractility
led impaired vascular repair at 3 dpa, while embryos failed to thrive at 5 dpa (red arrow). On the
other hand, increased level of erythropoiesis with EPO mRNA promoted vascular regeneration.
Silencing PKCe with MO attenuated vascular repair at both 3 and 5 dpa, whereas upregulation of
PKCe mRNA restored vascular impairment in Gata1a MO injected embryos. Reproduced in this

dissertation with permission from Baek, Ding, Chang ef al.
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Baek et al, Antioxid Redox Signal, 2018
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Figure 7. Glycolytic metabolite, dihydroxyacetone (DHA) promoted vascular regeneration.
Transgenic Tg(flk1:GFP) embryos injected with control P53 MO or PKCe MO were treated with
or without DHA at 1mg/mL for 3 days after initial vascular injury. Micro-injection of PKCe MO
resulted in impaired vascular regeneration (red arrow), whereas DHA treatment reversed the
effect of PKCe MO and promoted vascular regeneration (yellow arrows). Reproduced in this

dissertation with permission from Baek, Ding, Chang ef al.
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Table 1: Comparative advantages and disadvantages among different imaging

modalities
Method Lateral-Axial Penetration Image Advantage Disadvantage
Resolution (um) acquisition
(nm) time
LSFM 200-500 >1000 ms-s Low phototoxicity Big data
CFM 200-400 150 s-mins Optical sectioning Scanning
WFM 250 - ms-mins Low cost, Low contrast
user-friendly design
SD-CFM 200-400 150 s-mins Rapid Image Fixed pinhole
acquisition
MPM 300-500 1000 ms-mins Penetration depth, Requires high
intrinsic confocality power pulsed
laser
STED 80-400 50 s-mins High resolution at Significant
confocal speed photobleaching
PALM/STORM 50-100 0.1 mins-hr Extremely high Slow image
resolution acquisition

LSFM: light-sheet fluorescence microscopy; CFM: confocal microscopy; WFM: wide-field microscopy; SD-CFM:
spinning disk confocal microscopy; MPM: multi-photon microscopy; STED: stimulated emission depletion; PALM:
photo-activated localization microscopy; STORM: stochastic optical reconstruction microscopy. Adapted from Ding Y

et al., Curr. Cardiol. Rep., 2018.
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Introduction

Vascular regeneration involves complex signaling pathways, and exposure to ambient
particulate matter (PM25, d < 2.5 ym) is an emerging epigenetic factor to impair vascular
regeneration ' 2. While PMzs in air pollution significantly contributes to cancer,
cardiovascular, and respiratory diseases 3®, recent epidemiological studies indicated an
increased risk of cardiovascular defects during development 7. Ultrafine particles (UFP,
diameter < 0.2 ym) are the highly redox-active subtraction of PM2 s rich in reactive organic
chemicals ° and transition metals 3 112, UFP exposure activates JNK to produce reactive
oxygen species (ROS), and induces NF-kB-mediated inflammatory responses to initiate
atherosclerosis and vascular calcification''7. However, the mechanism whereby
exposure to ambient UFP impairs vascular regeneration remains unexplored.

The Notch signaling pathway is an evolutionarily conserved intercellular signaling
pathway critical in cell-fate specification and embryonic development'®23. Upon ligand
binding, the Notch receptor undergoes proteolytic cleavages to release Notch Intracellular
Cytoplasmic Domain (NICD). Following translocation to the nuclei, NICD forms a
transcriptional activation complex consisting of recombination signal-binding protein for
immunoglobulin J region (Rbp-Jx), suppressor of hairless, Lag-1(CSL), and mastermind-
like (MAML) to induce Notch target genes 24,

The Forkhead box O subfamily (FOXO) protein is a transcription factor that regulates
hormonal control, cellular metabolism, and differentiation 2°. Analogous to Notch signaling
in cell fate and vascular maturation, FOXO1 (FKHR), the dominant isoform of the
Forkhead box O subfamily, is essential for vascular growth. Conditional deletion of
FOXO1 results in abnormal sprout formation and vascular migration, resulting in a

hyperplastic vascular network, whereas constitutively active FOXO1 suppresses vascular
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expansion, resulting in a sparse vascular network 2. Endothelial FOXO1 physically
interacts with canonical Notch signaling by binding to CSL, enhancing co-repressor
clearance to promote Notch signaling 2’. FOXO1 ablation recapitulates the Notch1
knockout phenotype, whereas the FOXO1 interaction with NICD promotes Notch1
activation in vascular, muscular, and neuronal differentiation 2’

In this context, we assessed whether exposure to ambient UFP inhibits Notch signaling
via FOXO1/Notch activation complex to impair vascular regeneration. Following tail
amputation in embryonic zebrafish, vascular regeneration occurred, whereas UFP
exposure attenuated Notch activity and impaired regeneration. UFP further down-
regulated FOXO1 expression, resulting in reduced FOXO1 and NICD co-localization.
While rescue with N/ICD mRNA partially restored Notch activity, rescue with FOXO1
mMRNA reversed UFP-mediated reduction in Notch activity, leading to restored vascular
network and blood flow to the amputated site. Thus, the redox active UFP down-regulate
FOXO1-mediated Notch signaling, revealing the essential role of FOXO1/Notch activation

complex in vascular regeneration.

Materials & Methods

Ultrafine particle collection

UFP were collected at the University of Southern California (USC) campus near
downtown Los Angeles, California. UFP are characterized by a mixture of particulate
pollutants, including ambient PM from heavy duty diesel trucks, light duty gasoline
vehicles, and PM generated by photochemical oxidation of primary organic vapors ©2.
UFP were collected with High Volume Particle Sampler, operating at 400 liters per minute

63, on Zefluor PTFE membrane filters (3 um, Pall Life Sciences, NY). Collected PM
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samples were extracted from the filter substrates by soaking and vortexing in ultrapure
Milli-Q water followed by sonication and neutralization. Metal and organic content of the
UFP samples were quantified using inductively coupled plasma mass spectrometry (ICP-
MS) and Siever 900 Organic Carbon Analyzer respectively as reported % 65, Mass
fraction of the total organic carbon (TOC) and major metals (in units of ng/ug UFP) are
summarized in Fig. S1.

Vascular endothelial cell culture and exposure to UFP

Human aortic endothelial cells (HAEC) were cultured in endothelial growth medium (Cell
Applications, San Diego, CA) supplemented with 5% Fetal Bovine Serum (FBS), 1%
penicillin/streptomycin (Life Technologies, NY) and 0.1% fungicide. HAEC were
propagated for experiments between passages 4 and 7, and were treated with UFP,
ADAM10 inhibitor, GI254023X, or proteasome inhibitor, MG-132 (Sigma-Aldrich, MO) at
indicated concentrations diluted in M199 media (Life Technologies, NY).

Preparation of NICD, FOXO1, and dominant negative Notch1b (DN-Notch1b) mRNA
Rat NICD and mouse FOXO1 cDNA were amplified from donor plasmids and cloned into
the plasmid pCS2+ at the BamHI/EcoRI sites (for NICD) and BamHI/Xbal sites (for
FOXO1), respectively. Zebrafish DN-Notch1b cDNA was amplified from zebrafish cDNA
with primers excluding the intracellular domain and cloned into pCS2+ at EcoRI/Xhol sites.
Clones with insert of interest were selected by PCR screening and validated with
sequencing. mMRNAs were prepared using the mMessage SP6 kit (Invitrogen, CA)
following the manufacturer’s instruction. The in vitro transcribed mRNAs were purified by
using a total RNA isolation kit (Bio-Rad, CA) for in vivo rescue experiments.

Notch reporter activity assay
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HEK-293 cells were grown to sub-confluence in 24-well plates. The cells were transfected
with the Notch reporter plasmid pJH26 with or without control or dominant-negative
Notch1b (DN-Notch1b) plasmid overnight using Lipofectamine 2000 (Thermo Fisher
Scientific, MA). The cells were treated overnight with UFP at different concentrations in
M199 containing 0.1 % FBS. The cells were lysed in Passive Lysis Buffer (Promega, WI),
and luciferase activities were quantified with a Luminometer using Bright-Glow substrate
(Promega, WI).

Quantitative real-time PCR analysis

Notch signaling related gene mRNA expression patterns, including Notch ligands DLL4,
JAG1 and JAGZ2, Notch receptor Notch1b, downstream target Hey2, and FOXO1, were
assessed by quantitative real-time PCR (QRT-PCR). RNA was isolated using the Bio-Rad
total RNA kit (Bio-Rad, CA), and synthesized into cDNA using iScript cDNA synthesis kit
(Bio-Rad, CA). Synthesized cDNAs were diluted in the molecular biology reagent water
(Sigma-Aldrich, MO) for PCR amplification with gPCR master mix (Applied Biological
Materials Inc., Canada). The individual mRNA expression patterns were normalized to
actin expression. Sequence of primers and MOs are listed in Table 1.

Western blot analysis and immunoprecipitation

HAEC treated with or without UFP were lysed with standard RIPA buffer supplemented
with phosphatase inhibitor as previously described 6. Cytosolic and nuclear lysates were
prepared as previously described . Protein concentrations of each sample were
determined by DCP assay. Western blotting was done as previously described % with
anti-FOXO1 (H-128, Santa Cruz Biotechnology Inc., TX), anti-MAML1 (EMD Millipore Inc.,
CA) and anti-NICD (V1744, Cell Signaling Technology Inc., MA). Equal loading was

verified with anti-B-tubulin (AA2, Santa Cruz Biotechnology Inc., TX). Blot densitometry
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was performed with the FluorChem FC2 imaging software for chemiluminescence.
Immunoprecipitation of FOXO1 and NICD was performed with Pierce Crosslink magnetic
IP/CI-IP kit (Thermo Fisher Scientific, MA) following the manufacturer’s instruction.
Elution of imunoprecipitation was neutralized with neutralize buffer (Thermo Fisher
Scientific, MA) for Western blot analysis.

Assessment of vascular regeneration with the transgenic Tg(fli1:GFP) zebrafish tail
amputation model

The transgenic Tg(fli1:GFP) zebrafish line, in which vascular endothelial cells were
labeled with GFP under the promoter of Fli1 (also known as ERGB), was used to image
the vascular regeneration. Tg(fli1:GFP) fish embryos were injected with or without NICD
mRNA, P53 control MO (GeneTools LLC, OR), FOXO1 MO (GeneTools LLC, OR),
FOXO1 mRNA (2-4 picograms), or dominant negative (DN)-Notch1b mRNA, and were
cultured in standard E3 medium supplemented with 0.05% methylene blue at 28.5 °C for
3 days. At 3 days post fertilization (dpf), approximately 100 um of the posterior tail
segments was amputated using a clean razor blade under a phase contrast microscope
(Zeiss, Germany). Embryos were then returned to fresh E3 medium, or E3 medium with
UFP or ADAM 10 inhibitor. At 3 days post tail amputation (dpa), embryonic zebrafish were
randomly picked and immobilized in neutralized 0.02% tricaine solution (Sigma-Aldrich,
MO), and were mounted in 1-2% low melting agarose (Sigma-Aldrich, MO) on a glass
coverslip to image regeneration of blood vessels with confocal microscopy (Zeiss,
Germany).

Notch activity in double transgenic Tg(tp1:GFP; flk1:mCherry) embryos

The Tg(tp1:GFP) Notch reporter line was crossbred with the Tg(flk1:mCherry) line to

localize endothelial Notch signaling. NICD mRNA, FOXO1 MO, and FOXO1 mRNA were
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micro-injected to modulate Notch signaling and to elucidate FOXO1/Notch cooperation.
At 6 dpf (3 dpa), embryos were randomly selected to image Notch activation in the central
nervous system and in the amputated tail. Embryos from the remaining group were sorted
and treated with and without UFP and ADAM10 inhibitor. After 3 days of treatment, Notch
signaling localized in the vasculature was scanned at 3-5um intervals in the Z direction
using dual channel confocal microscopy (Zeiss, Germany). Images of Notch activity and
the vascular endothelial layer were acquired and superimposed to visualize endothelial
Notch activation. Images from each channel are displayed as Fig. S8. Stacked images
from both channels were projected onto a single plane using ImagedJ to visualize 3-D
Notch activation.

Immunofluorescence staining

Following UFP exposure, HAECs were fixed with 4% PFA and stained with antibody
against NICD and FOXO1 diluted in 2% BSA (Sigma Aldrich, MO). Images were acquired
by using dual channel confocal microscopy (Zeiss, Germany) and superimposed by using
Imaged.

Visualization of FOXO1/NICD co-localization.

To accentuate co-localizations of NICD and FOXO1, we customized a MATLAB
(Mathworks, MA) algorithm. Multi-level image thresholds were applied for segmenting the
single slice in each channel. Threshold levels for each channel were manually chosen to
generate binary masks of the slice. Pixels defined with binary masks were merged
together and visualized as overlapping regions, while the remaining regions were
regarded as background.

FOXO1 knockdown
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Scrambled (Qiagen, CA) and FOXO1 siRNA (Thermo Fisher Scientific) were transfected
to HAEC with Lipofectamine 2000 (Invitrogen, CA) as previously described 3. To confirm
FOXO1 knockdown, cells were applied to immunofluorescence staining and imaged
under fluorescent microscopy (Zeiss, Germany) at 48 hours post transfection.
Endothelial cell migration and tube formation assays

For migration assays, human aortic endothelial cell (HAEC) monolayers at confluence
were scratched with 200 pL pipette tips. After the scratch, cells were treated with or
without UFP at 25 pg/mL in M199 media (Life Technologies, NY). Cell migration was
imaged under phase contrast microscopy (Olympus IX 70) at 4, 8, 12, and 24 hrs. For the
quantification of cell migration, distances between each inner border of cells was
assessed using Imaged. For tube formation assays, confluent HAEC were pre-treated
with or without UFP at 25 pg/mL and re-suspended in DMEM (Invitrogen, CA)
supplemented with 25 ng/mL VEGF and 5% FBS. Cells were then added to 96-well plates
coated with growth factor-reduced Matrigel (BD Biosciences, CA) and were incubated
with or without UFP. Tube formation was imaged under phase contrast microscopy at 4,
8, 12, and 24 hrs.

Quantification of the regenerated intersegmental vessels

To quantify changes in vascular repair, we used Amira 3D imaging software. The whole
vasculature on the posterior tail segment was masked (purple). The area of regenerated
vessels was derived manually by designating segmental vessels (pink) connecting the
DA and the DLAV (Fig. S4).

Imaging blood flow on the tail post regeneration

Double transgenic Tg(fli1:GFP; gata1:DS-RED) zebrafish underwent tail amputation at 3

dpf, and were maintained with or without UFP at 25 pg/mL for 3 days. At 3 dpa, fish were
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immobilized and placed in 1-2% low melting agarose to image the circulation of
erythrocytes through the regenerated vessel. Images of the blood flow and endothelial
layer were taken separately with Qlcam at 20-30 frames per second (fps). Images were
superimposed by using Corel imaging software.

Wholemount zebrafish immunofluorescence staining

Wild type zebrafish embryos were injected with P53 MO and FOXO1 MO (GeneTools
LLC, OR) respectively, and were maintained in standard E3 medium at 28.5 °C for 3 days.
At 3 dpf, embryos were fixed in 4% PFA solution overnight and were subjected to pure
acetone for dehydration. Embryos were then rehydrated with 0.2% PBST and were
blocked with 2% BSA (Sigma Aldrich, MO). Zebrafish embryos underwent 24 hours of
incubation with FOXO1 targeted antibody (C-9, Santa Cruz Biotechnology Inc., TX) to
assess reduction of FOXO1. Fluorescent images were acquired using a confocal
microscope (Zeiss, Germany) by mounting embryos in 1-2% low melting agarose.
Statistical analysis

Data were expressed as mean z standard deviation and compared among separate
experiments. Unpaired two-tail t test and 2 proportion z-test were used for statistical
comparisons between 2 experimental conditions. P values < 0.05 were considered
significant. Comparisons of multiple values were made by one-way analysis of variance
(ANOVA) and statistical significance for pairwise comparison was determined by using
the Tukey test.

Results

UFP exposure impaired vascular regeneration

To assess the effects of UFP on vascular regeneration, we used the transgenic

Tg(fli1:GFP) zebrafish embryos to visualize the vascular endothelium in response to tail
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amputation at 3 days post fertilization (dpf) (Figs. 1A-B). Embryos in the control group
developed a complete loop formation connecting the dorsal aorta (DA) with the dorsal
longitudinal anastomotic vessel (DLAV) at 3 days post amputation (dpa) (Fig. 1C),
accompanied with restored blood flow to the amputated site (Supplemental Video 1A),
whereas UFP-exposed embryos developed a disrupted vascular network with aberrant
blood flow (Fig. 1D) (Supplemental Video 1B). Impaired vascular regeneration was seen
in 77% of the UFP-exposed embryos as compared to 20% of the wild type (WT) embryos
(* P<0.05, n =20 for WT, n=28 for UFP) (Fig. 1E). As a corollary to the zebrafish model
of vascular endothelial injury and regeneration, UFP inhibited both endothelial cell
migration and tube formation (Fig. S2). Thus, UFP exposure impaired vascular repair.
UFP exposure down-regulated Notch-related genes

To assess Notch signaling in response to UFP exposure, we used the pJH26 Notch
reporter. UFP significantly reduced Notch activity in human aortic endothelial cells (HAEC)
in a dose-dependent manner (* P < 0.05 vs. control, n = 3) (Fig. 2A), accompanied with
down-regulation of Notch signaling-related genes, including Notch ligand D//4 and Notch
target Hes1, in a dose- and time-dependent manner (* P < 0.05 vs. control, n = 3) (Figs.
2B-C). In the zebrafish embryos, UFP exposure also down-regulated Notch signaling-
related genes, including Notch ligands (JAG1 and JAG2), the Notch receptor (Notch1b),
and Notch targets (Hey2 and Hes17) (* P < 0.05 vs. control, n = 3) (Fig. 2D). The UFP-
mediated attenuation in Notch signaling was corroborated by ADAM10 inhibitor
(GI1254023X) that inhibits Notch receptor activation (Fig. 2D). Thus, UFP inhibited Notch
activity and down-regulated Notch-related mRNA expression in both HAEC and zebrafish
embryos.

UFP-attenuated Notch signaling impaired vascular regeneration
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We further performed gain- and loss-of-function analyses to validate Notch signaling-
mediated vascular regeneration in the transgenic Tg(fli1:GFP) embryos. Similar to the
effects of UFP, ADAM10 inhibitor, GI254023X, impaired vascular regeneration after tail
amputation (* P < 0.05, n = 20) (Fig. 3A-B). However, rescue with NICD mRNA
attenuated the proportion of embryos with ADAM10 inhibitor- and UFP-impaired vascular
regeneration from 65% to 31% and 80% to 31%, respectively (* P < 0.05, n = 20) (Figs.
3C). To further assess whether the reduction in Notch signaling impairs vascular
regeneration, we constructed a dominant-negative Notch 1b (DN-Notch1b) mRNA that
inhibits 96% of Notch signaling (Fig. S3). 75% of embryos injected with DN-Notch1b
mMRNA developed abnormal vascular regeneration and exhibited embryonic lethality (* P
< 0.05, n = 20), which was reduced to 50% by NICD mRNA rescue (Fig. 3C). In
agreement with DN-Notch1b mRNA, UFP exposure during embryogenesis retarded
development and promoted embryonic lethality (Fig. $5). Hence, UFP-attenuated Notch
signaling is implicated in impaired vascular regeneration.

Reduced endothelial Notch activity impaired vascular regeneration

We further crossbred the Notch reporter transgenic fish Tg(ip1:GFP) with
Tg(flk1:mCherry) line to demonstrate Notch activity-mediated vascular regeneration. The
tp1 (Epstein Barr Virus terminal protein 1) in the Notch reporter line contains two Rbp-Jx
binding sites for NICD, thereby reporting regional Notch1b activation 28. Vascular
endothelial Notch activity (as visualized in yellow) was reduced following either UFP
exposure, ADAM10 inhibitor treatment, or injection of DN-Notch1b mRNA, accompanied
with incomplete vascular loop closure (* P < 0.05 vs. control, n = 29 for control, n = 28 for
UFP, n = 29 for ADAM10, n = 15 for DN-Notch1b), whereas N/ICD mRNA injection

rescued endothelial Notch activity and restored vascular regeneration (Fig. 4A).
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Endothelial Notch activity was further quantified by a customized MATLAB algorithm to
color-code the accentuation of co-localized Notch activity in the vasculature (Fig. 4B).
These findings further support that UFP exposure inhibits endothelial Notch activity to
impair vascular network formation.

UFP exposure attenuated FOXO1-mediated Notch activation complex

To elucidate the mechanism underlying UFP-mediated reduction in Notch activity, we
analyzed the protein levels of NICD and Notch co-activators to form the activation
complex. The total, active, and nuclear NICD protein levels remained unchanged in HAEC
following 6 hours of UFP exposure (Fig. 5A). Consistently, intact level of NICD protein
was observed in response to various UFP exposure time (2, 3, 4, 5, and 6 hours) (* P <
0.05 vs. control, n = 3) (Fig. S6). In contrast, FOXO1 expression, but not Mastermind-
like1 (MAML1) expression, was significantly reduced after 6 hours post initial UFP
exposure (* P < 0.05 vs. control, n = 3) (Fig. 5B). FOXO1 mRNA expression was also
reduced in a dose- and time-dependent manner by UFP treatment (* P < 0.05 vs. control,
n = 3) (Fig. 5C). Treatment of the proteasome inhibitor, MG-132, in the presence of UFP
restored UFP attenuated- FOXO1 protein expression, suggesting that UFP also stimulate
the degradation of FOXO1 via proteasome (Fig. 5D) (* P < 0.05 vs. control, n = 3). To
determine whether suppressing FOXO1 expression affects the formation of the Notch
activation complex, we performed immunoprecipitation and immunofluorescence against
NICD and FOXO1, respectively. Immunoprecipitation with different UFP exposure time
(2, 3, 4, 5, and 6 hours) revealed that UFP suppressed FOXO1 expression 4-5 hours post
initial exposure, while significantly attenuated FOXO1-mediated NICD pull down 5 and 6
hours after exposure (Fig. 5E). Immunofluorescence further uncovered a reduction in

NICD and FOXO1 co-localization (* P < 0.05, n = 3) (Fig. 5F). Silencing FOXO1 with
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siRNA recapitulated the UFP-mediated reduction in Notch activation complex formation
(* P <0.05, n =3) (Fig. 5E), and down-regulated Notch signaling gene expressions.
These data corroborate FOXO1-mediated Notch signaling (Fig. S7), and UFP
suppression of FOXO1 expression, leading to a reduction in FOXO1/Notch activation
complex.

FOXO1 is an essential co-activator for the Notch activation complex for vascular
repair

To assess the importance of FOXO1/Notch activation complex for vascular regeneration,
we performed gain- and loss-of-function analyses on FOXO1. Wholemount zebrafish
immunofluorescence staining with anti-FOXO1 validated the reduction of FOXO1
expression following FOXO1 MO micro-injection (Fig S6A). Embryos injected with P53
control MO developed normal vascular repair at 3 dpa (* P < 0.05, n = 20), whereas
FOXO1 MO impaired vascular regeneration analogous to UFP-mediated effect (Fig. 6A).
FOXO1 mRNA rescue restored regeneration despite the presence of UFP (* P < 0.05, n
= 25), whereas co-injection of FOXO1 MO with N/ICD mRNA failed to restore vascular
regeneration (* P < 0.05, n = 17) (Figs. 6A-C). FOXO1 MO attenuated Notch activity in
the Tg(tp1:GFP, flk1:mCherry) embryos (Figs. 7, S7B), co-injection of FOXO1 MO and
NICD mRNA partially restored Notch activity (* P < 0.05, n = 15) (Figs. 7A-B). Taken
together, FOXO1 is an essential co-activator of the Notch activation complex, and UFP
inhibits FOXO1-mediated Notch signaling to impair vascular regeneration following tail
amputation (Fig. 8).

Discussion

The novel contribution of our study lies in the elucidation of UFP-mediated disruption in

FOXO1/Notch complex to impair vascular network formation. DN-Notch 76 mRNA
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injection or ADAM10 inhibitor treatment supports Notch signaling as the mechanism
underlying UFP-impaired vascular regeneration. We further uncovered that UFP
attenuated FOXO1 expression and FOXO1/NICD co-localization. While NICD mRNA
rescue partially restored Notch activity, FOXO7 mRNA rescue completely restored UFP-
attenuated Notch activity and blood flow to the injured site. Hence, FOXO1 is as an
essential co-activator for the Notch activation complex for Notch signaling-mediated
vascular regeneration.

The Notch signaling pathway regulates stem cell differentiation and proliferation 24 29-32,
Ablation of Notch1 induces developmental retardation, followed by collapsed
arterial/'venous specification and vascular malformation '®. Dysregulated Notch activity
results in abnormal endothelial proliferation, leading to a hyperplastic vascular network
prone to developing cancer 3. Missense mutation in the Notch3 gene is the underlying
cause of the degenerative vascular disease known as Cerebral Autosomal-Dominant
Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL) 34. In
addition, Notch signaling is implicated in the initiation of sprouting angiogenesis 35 36,
Following UFP exposure, zebrafish embryos developed impaired vascular repair and
aberrant appearance in intersomatic space (Figs. 1 & 3), accompanied with reduced
Notch activity and down-regulation of Notch target genes (Fig. 2). We further
corroborated UFP-mediated reduction in Notch activity using the transgenic Tg(ip1:GFP)
Notch activity reporter line (Figs. 3 & 7). In addition, ADAM10 inhibitor or DN-Notch1b
MRNA strengthened the role of Notch signaling in restoring vascular network formation.
As a corollary, UFP attenuated vascular endothelial cell migration and tube formation (Fig.

S2). Thus, UFP attenuates Notch signaling to impair vascular regeneration.
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NICD, MAML1, and FOXO1 bind to the CSL domain to form a Notch activation complex.
While UFP inhibited Notch activity, NICD and MAML protein levels remained unchanged.
For this reason, we uncovered down-regulation of FOXO1 mRNA and protein expression
following UFP exposure (Fig. 5). FOXO1 and Notch cooperation has been reported in
myogenic differentiation and neural stem cell differentiation 2 37. Our data suggest that
UFP exposure suppressed FOXO1-mediated Notch activation complex formation; thus,
attenuating Notch signaling for vascular regeneration.

Exposure to ambient PM25s promotes cardiovascular, pulmonary, and gastrointestinal
disorders 3. Epidemiological studies associated maternal exposure to air pollutants with
increased occurrence of congenital heart diseases 7. Maternal exposure to ozone (Os) at
the second-month gestation increases the risk of aortic and pulmonary valve anomalies
6. UFP are the redox-active sub-fraction of PM.s, harboring elemental carbon and
polycyclic aromatic hydrocarbons (PAH) as products of incomplete combustion from
urban environmental sources, including the exhaust from diesel trucks and gasoline
vehicles 3. Their large surface-to-volume ratio favors their potential adsorption to or
absorption in the pulmonary and cardiovascular systems 4942, Long-term epidemiological
studies on UFP exposure demonstrate adverse respiratory function 4344, exercise-
induced cardiac ischemia 5 and arrhythmias 46. At the molecular level, UFP induces JNK-
mediated superoxide (O2") production and NF-kB-mediated monocyte recruitment to
prime atherosclerosis '3 47. UFP exposure via inhalation increases plasma lipid
metabolites and reduces HDL anti-oxidant capacity to accelerate atherosclerosis in
LDLR-null mice . UFP inhalation further promotes atherogenic lipid metabolites and
macrophage infiltrates in the intestine %, where microbiota composition was altered to

produce atherogenic lipid metabolites 8. In our zebrafish model of vascular injury and
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repair, we provide the first molecular insights into UFP-suppressed FOXO1 as a co-
activator for the Notch activation complex.

The emerging role of redox-sensitive micro-RNAs (miRNAs), including miR-223 and -375,
have been implicated in disrupting FOXO1 signaling #° and cellular proliferation 5% 51,
Furthermore, miR-154 and -379 have been reported to regulate inflammatory responses
52, 53 While miR-3188 targets the mTOR pathway to suppress p-PI3K/p-AKT/c-JUN
signaling %*, miR-132 activates the PI3K/AKT pathway to decrease FOXO1 expression .
PM.s has been reported to modulate the levels of a number of miRNAs including miR-
223 and miR-375 568 Thus, UFP could down-regulate FOXO1 by modulating miRNAs.
Additionally, we have previously reported that UFP activates JNK, and JNK activation
promotes protein ubiquitination and degradation via proteasome activity '3 %°. In this study,
we observed UFP down-regulated FOXO1 protein levels via proteasome degradation
(Fig. 5D) which could be mediated by the JNK pathway (Fig. S9). However, the precise
mechanism whereby UFP exposure suppresses FOXO1 expression warrants further

investigation €.

Overall, we demonstrate FOXO1 as an important co-activator with NICD for assembling
the Notch activation complex for vascular development and regeneration ¢'. UFP-
mediated reduction in FOXO1/NICD complex formation was corroborated by
immunoprecipitation of FOXO1-mediated NICD pull down, immunofluorescence of
FOXO1 expression, and FOXO1/NICD co-localization. Thus, exposure to redox active

UFP disrupts Notch activity to impair vascular network formation.
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Figure 1. UFP impaired vascular repair. (A) Vasculature of transgenic Tg(fli1:GFP) zebrafish at
3 days post fertilization (dpf). The yellow dashed box denotes the site of tail amputation. (B)
Zebrafish underwent tail amputation at 3 dpf. Dashed line indicates the site of amputation. (C)
WT fish developed vascular regeneration with a complete loop connecting the Dorsal Aorta (DA)
with the Dorsal Longitudinal Anastomotic Vessel (DLAV) at 3 days post amputation (dpa) (yellow
arrow). (D) Fish exposed to UFP at 25 ug/mL developed impaired vascular repair and a disrupted
vascular network (red arrows) at 3 dpa. (E) Percentage of fish with abnormal vascular repair. UFP
exposure led to significant impairment in vascular repair (* P < 0.05, n=20 for WT, n=28 for UFP).

Reproduced in this dissertation with permission from Baek et al.
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Figure 2. UFP inhibited Notch signaling. (A) Human aortic endothelial cells (HAEC) transfected
with Notch reporter plasmid pJH26 were treated with UFP at 25 pg/mL (UFP25) or 50 ug/mL
(UFP50) for 12 hours, resulting in a dose-dependent reduction in Luciferase activity (* P < 0.05
vs. control, n=3). (B) Dose response of UFP on the mRNA expression of Notch ligand DIl4 and
Notch target HES1 in HAEC. (C) Time course of UFP on the mRNA expression of DIl4 and HES1.
UFP inhibited the expression of DIl4 and HES1 in a dose-, and time course- dependent manner.
(D) Notch signaling-related mMRNA expression in zebrafish larvae, including Notch ligands, DLL4
(blue), JAG1 (red) and JAG2 (green), Notch receptor, Notch1b (black), and Notch target gene
Hey2 (purple), were significantly down-regulated in response to UFP (25 ug/mL) or ADAM10
inhibitor (GI1254023X at 5uM) at 3 days post amputation(* P < 0.05 vs. control, n=3). Reproduced

in this dissertation with permission from Baek et al.
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Figure 3. UFP impaired vascular repair via Notch signaling. (A) Control (WT) Tg(fli1:GFP)
zebrafish embryos developed vascular regeneration at 3 days post tail amputation (dpa). UFP or
ADAM 10 inhibitor treatment impaired vascular regeneration. Injection with Dominant negative
(DN) DN-Notch1b mRNA mitigated intersegmental vessel (ISV) network and impaired tail
regeneration, similar to the UFP mediated effect (* P < 0.05, n = 20). NICD mRNA injection
rescued UFP-impaired vascular regeneration by UFP, ADAM10 inhibitor, or injection of DN-
Notch1b mRNA. (B) Quantification of the area of regenerated vessels as described in methods.
(* P < 0.05 vs. control, n=5). (C) Proportion of fish with abnormal vascular regeneration.

Reproduced in this dissertation with permission from Baek et al.
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Figure 4: UFP inhibited Notch activity at the site of vascular injury. (A) Transgenic Tg(tp1:GFP;
flk1:mCherry) embryos revealed Notch activity in vasculature, indicated by the overlapped yellow
color, corroborating the role of endothelial notch activity in site of vascular repair. (B) Endothelial
Notch activity was accentuated by customized MATLAB algorithm. In the presence of UFP,
endothelial Notch activity was nearly absent, while NICD mRNA rescued Notch inhibition by UFP,
ADAM10 inhibitor, or DN-Notch1b mRNA in vasculature. Reproduced in this dissertation with

permission from Baek et al.
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Figure 5. UFP exposure attenuated FOXO1-mediated Notch activation complex. (A) Total, active
and nuclear NICD protein expression remained unchanged following UFP exposure at 25 pug/mL
for 6 hours in HAEC. (B) Protein expressions of the NICD co-activator Master-mind like 1(MAML1)
was unchanged, whereas FOXO1 was significantly reduced following UFP exposure (* P < 0.05
vs. control, n=3). (C) UFP down-regulated FOXO1 mRNA expression in a dose- and time-

dependent manner (P < 0.05 vs. control, n=3). (D) HAEC were cultured in the presence or
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absence of UFP with or without 10 uM of proteasome inhibitor MG-132 for 6 hours. FOXO1 and
NICD protein expression were elevated by 1.34-fold and 1.14-fold respectively when treated with
MG-132 alone. UFP induced a decrease in FOXO1 protein expression, while MG-132 restored
UFP attenuated-FOXO1 expression (* P < 0.05 vs. control, normalized to B-tubulin expression,
n=3). (E) Immunoprecipitation with different UFP exposure times (2, 3, 4, 5, and 6 hours) revealed
significant reduction of FOXO1 and NICD pull down against anti-FOXO1 antibody at 5 and 6 hours
post UFP exposure, while the initial reduction started between 4-5 hours of exposure (* P < 0.05
vs. control, n=3). (F) Immunofluorescence staining of NICD and FOXO1 in HAEC treated with or
without UFP. UFP significantly reduced FOXO1 levels, whereas NICD levels remained
unchanged. Co-localization with MATLAB code revealed that UFP reduced FOXO1-mediated
Notch activation complex formation. Reproduced in this dissertation with permission from Baek

et al.
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Figure 6. UFP impairs vascular regeneration via FOXO1. (A) Transgenic Tg (fli1:GFP) zebrafish
injected with P53 control MO developed complete vascular regeneration between the DA and
DLAV, but impaired vascular regeneration in response to UFP treatment or FOXO1 MO injection.
FOXO1 mRNA restored vascular regeneration in the presence of UFP. NICD mRNA failed to
restore regeneration following FOXO1 MO injection. (B) The area of regenerated vessels were
quantified as described in methods (* P < 0.05 vs control, n=5). (C) Proportion of fishes with
abnormal vascular regeneration was quantified (* P < 0.05 vs. control, n=5). Reproduced in this

dissertation with permission from Baek et al.
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Figure 7. FOXO1 modulated endothelial Notch activity at the site of vascular injury. (A) In the
transgenic Tg(tp1:GFP; flk1:mCherry) embryos, FOXO1 MO attenuated Notch activity and impair
vascular regeneration. Rescue with FOXO1 mRNA promoted endothelial Notch activity and
rescued UFP impaired vascular regeneration (* P < 0.05 vs. control, n=26). Co-injection of NICD
mRNA with FOXO1 MO partially restored Notch activity but failed to restore vascular regeneration.
(B) Endothelial Notch activity was accentuated by the customized MATLAB code. Endothelial
Notch activity were attenuated (white arrows) in response to UFP exposure or to FOXO1 MO,
while rescue with FOXO1 mRNA promoted endothelial Notch activity. Reproduced in this

dissertation with permission from Baek et al.
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Figure 8. A schematic diagram. A depiction of the disruption of FOXO1/Notch cooperation
highlights impaired vascular network formation. Reproduced in this dissertation with permission

from Baek et al.
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Figure S1. Chemical composition of UFP. Mass fraction of total organic carbon (TOC) as well as
major metals in UFP were measured as described in the online supplemental methods. Error bars

represent standard deviations. Reproduced in this dissertation with permission from Baek et al.
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Figure S2. UFP inhibits cell migration and tube formation. (A) HAEC were pre-treated with and
without UFP at 25 ug/mL and tube formation was assessed in Matrigel. UFP inhibited HAEC
migration at 8 hours. (B) Quantification of cell migration was measured by average residual
distances (black arrow) between inner borders of the scratched area not covered by cells. (C)
HAEC were pre-treated and incubated with or without UFP at 25 ug/mL and tube formation was
assessed. HAEC exposed to UFP at 25 ug/mL led to attenuated tube formation at 8 hours post
treatment (red arrows) compared to the tube formation of untreated HAEC. Reproduced in this

dissertation with permission from Baek et al.
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Figure S3. Construction of dominant-negative Notch1b (DN-Notch1b) zebrafish (A) Zebrafish
Notch1b cDNA with the intracellular domain truncated (DN-zNotch1b) and a HA-tag was amplified
from isolated zebrafish mRNA into the pCS2 plasmid. (B) HEK293 cells were transfected with
pCS2 empty plasmid (pEV), pCS2-DN-Notch1b (pDN5) or pCS2-DN-Notch1b-HA(pDNHA4).
Western blot with anti-HA tag antibody showed the expression of DN-zNotch1b with HA tag. (C)
HEK293 cells were transfected with a Notch signaling reporter (pJH26) plus pEV, pDN5, or
pDNHAA4. Luciferase activity demonstrated that the DN-zNotch1b with or without HA tag inhibited

Notch signaling. Reproduced in this dissertation with permission from Baek et al.
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Figure S4. Quantification of the regenerated vessel. The area highlighted as pink indicates

regenerated vessel, which was quantified using Amira 3D software. Reproduced in this

dissertation with permission from Baek et al.
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Figure S5. UFP Exposure retarded embryogenesis and promoted embryonic lethality. Tg(Fli1-
GFP) zebrafish embryos at 1-2 cell stage were treated with or without UFP at 25 ug/ml for 3 days.
(A) At 1 dpf, ~97% of embryos remained intact in both control and UFP treated groups. (B) At 2
dpf, 20% in the control group, and 34% UFP treated-embryos developed embryonic lethality,
along with retarded development (red arrows). (C) Following 3 days of UFP exposure, 94% of
viable embryos in the control group underwent complete embryogenesis. Only 51% remained
viable following UFP exposure (n=47 for the control group, n=45 for UFP treated group), and
these UFP-exposed embryos developed immature tectum and yolk sac formation. Reproduced in

this dissertation with permission from Baek et al.
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Figure S6. NICD protein level in HAEC remained unchanged in response to UFP exposure. Time
course of NICD protein expression after UFP exposure for different time. NICD protein expression
in HAEC remained unchanged in response to UFP exposure (relative levels were normalized to
b-tubulin expression, n = 3). NICD, notch intracellular cytoplasmic domain. Reproduced in this

dissertation with permission from Baek et al.
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Figure S7. FOXO1 knockdown inhibited Notch signaling. (A) Micro-injection of FOXO1 MO
suppressed FOXO1 expression in viable wild type ABWT zebrafish (white arrows) at 3 dpf as
visualized by wholemount immunofluorescence staining. (B) Notch activity in central nervous
system (CNS) was visualized in transgenic Tg(tp1:GFP; flk1:mCherry) zebrafish. Micro-injection
of FOXO1 MO mitigated, whereas FOXO1 mRNA promoted, Notch activity in the neuronal
network at 6 dpf. (C) Silencing FOXO1 expression with siRNA attenuated the expression of Notch

signaling related genes DIl4 and Hes1 in HAEC. Reproduced in this dissertation with permission

from Baek et al.
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Reproduced in this dissertation with permission from Baek et al.
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Figure S9. Inhibition of JNK signaling rescues UFP-inhibited FOXO1 expression. JNK inhibitor,
SP600125, restored UFP-attenuated FOXO1 protein expression (*p < 0.05 vs. control, n = 3).

Reproduced in this dissertation with permission from Baek et al.

[Supplemental Videos Available Online]

Video S1. UFP impairs vascular regeneration. (A) Control zebrafish exhibited functional vascular
recovery at 3 dpa, allowing erythrocytes to flow through the vasculature (yellow arrow, n = 5). (B)
UFP exposure impaired vascular regeneration accompanied by abnormal circulation at the DLAV,
and between the DA and PCV (red arrows, n = 5). DA, dorsal aorta; DLAV, dorsal longitudinal
anastomotic vessel; dpa, days post-amputation; UFP, ultrafine particles; PCV, posterior cardinal

vein.

120



Table 1. Sequencing Information of qRT-PCR primers and Morpholino

Human Hey1 Forward GTTCGGCTCTAGGTTCCATGT
Backward | CGTCGGCGCTTCTCAATTATTC
Human DIl4 Forward CGACAGGTGCAGGTGTAGC
Backward | TACTTGTGATGAGGGCTGGG
Human FOXO1 Forward GCGACCTGTCCTACGCCGACCTCA
Backward | CCTTGAAGTAGGGCACGCTCTTGACC
Zebrafish Jag1 Forward CCGCGTATGTTTGAAGGAGTATCAGTCG
Backward | CAGCACGATCCGGGTTTTGTCG
Zebrafish Jag2 Forward AGCCCTAGCAAAACGAGCGACG
Backward | GCGTGAATGTGCCGTTCGATCAA
Zebrafish Dll4 Forward CAAAGTGGGAAGCAGACAGAGCTAAGG
Backward | CGGTCATCCCTGGGTGTGCATT
Zebrafish Notch1b | Forward CAGAGAGTGGAGGCACAGTGCAATCC
Backward | GCCGTCCCATTCACACTCTGCATT
Zebrafish Hey?2 Forward AAGATGTGGCTCACCTACAAC
Backward | TGGCACCAGACGACGCAACTC
Zebrafish FOXO1 Forward TTGTTCTTTTTGCAGGATCCACCATGGCCG
AGGCGCCCCAGGTG
Backward | TCACTATAGTTCTAGATTAGCCTGACACCC
AGCTGTGTGTTGTAG
Zebrafish NICD Forward GCAGGATCCACCATGGGTTGTGGGGTGCT
GCTGTCCCGCAAG
Backward | CTTGAATTCTTACTTAAATGCCTCTGGAAT
GTGGGTG
Zebrafish DN- Forward GATCCCATCGATTCGAATTCACCATGCATC
Notch1b TTTTCTTCGTGAAACTAATTGTTG
Backward | CTATAGTTCTAGAGGCTCGAGCTAAGCGTA

ATCTGGAACATCGTATGGGTATTCTCCGAC
CGGCTCTCTCCTC

Zebrafish P53 MO

GCGCCATTGCTTTGCAAGAATTG

Zebrafish FOXO1
MO

CTTTGAGGGCCATTACCTTCCAGCC
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Introduction

Hemodynamic forces modulate mammalian cell metabolism . Unidirectional pulsatile and
bi-directional oscillatory flow largely determine the focal but eccentric distribution of
vascular oxidative stress 2#, post-translational protein modifications, and metabolic
pathways ' 3 5. Metabolomic analyses have led to the discovery of new metabolic
biomarkers and therapeutic targets, including polyamines such as spermine for acute
stroke, cinnamoylglycine, nicotinamide, and cysteine-glutathione disulfide for renal
cancer, and 3-hydroxykynurenine and oxidized glutathione for Parkinson disease 8.
Thus, elucidating flow-mediated metabolomic changes provides an entry point to uncover
metabolites participating in endothelial homeostasis ° ', migration ', vascular
development "2, and physical activity '3.

Pulsatile (PSS) and oscillatory shear stress (OSS) differentially activate canonical Wnt-f3-
catenin signaling to modulate vascular development and repair '* 5. PSS and OSS
promote the differentiation of embryonic stem cells to vascular progenitors in
angiogenesis '® 7. Laminar flow-dependent VEGF and eNOS phosphorylation induce
nitric oxide (-NO)-mediated Protein Kinase C isoform epsilon (PKCg) signaling to confer
mitochondrial homeostasis '8 1. While VEGF-mediated angiogenesis promotes tumor
initiation and progression 2% 2!, the mechanisms underlying flow-mediated VEGF-PKCe
signaling to modulate endothelial metabolites for vascular repair remain unexplored.
Endothelial glycolysis is mechano-responsive ?2. Glucose uptake in endothelial cells (EC)
is metabolized to pyruvate via the glycolytic pathway 23. Rather than relying on oxidative
metabolism for mitochondrial respiration, ECs generate over 80% of their ATP from the
glycolytic pathway 23. ECs increase their glycolytic flux when switching from quiescence

to proliferation and migration states 2*. A recent study reports that laminar shear stress
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activates Kruppel-like factor 2 (KLF2) to suppress 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 (PFKFB3)-mediated glycolysis in ECs, mitigating angiogenesis and
vessel sprouting 2°, whereas flow-sensitive VEGFR signaling up-regulates PFKFB3-
driven glycolysis '>24. Shear-mediated nitric oxide production induces PKCe 2527, which,
in turn, attenuates mitochondrial reactive oxygen species following ischemia/reperfusion
injury 2% 2°_ Flow-responsive VEGF-eNOS-signaling activates PKCe to modulate EC
proliferation, lumen formation, and homeostasis 3% 3'. Nevertheless, the
mechanotransduction mechanism underlying PKCe-mediated metabolomic pathways to
mediate vascular repair remains elusive.

In this context, we sought to elucidate the flow-sensitive VEGFR-PKCe signaling to
mediate glycolytic metabolites for vascular repair. Both PSS and OSS promoted VEGFR-
dependent PKCe and PFKFB3 expression to promote glycolytic flux. Further, we
demonstrated that shear stress-mediated PKCe signaling rescued vascular regeneration
in Tg(flk-1:EGFP) zebrafish tail amputation model, and the glycolytic metabolite,
dihydroxyacetone (DHA), restored tube formation and vascular repair in response to
silencing PKCe. Thus, our study indicates that flow-sensitive VEGFR-PKCe-signaling
promotes glycolytic metabolites for vascular repair.

Materials & Methods

Ethics statement

All animal experiments were performed in compliance with UCLA Institutional Animal
Care and Use Committee (IACUC) protocols, under a project license also approved by
the UCLA IACUC. Humane care and use of animals were observed to minimize

distress and discomfort.
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Vascular Endothelial Cell Culture

Human aortic endothelial cells (HAEC) were purchased from Cell Applications and
cultured in endothelial growth medium (Cell Applications) supplemented with 5% Fetal
Bovine Serum (FBS) (Gibco). HAEC were propagated for experiments between

passages 5 and 10.

siRNA Transfection

siRNA transfection was performed with Lipofectamine RNAiMax (Invitrogen). HAEC were
plated in 6 well plates or standard glass slides on the day prior to transfection. The cells
were transfected with 50 nM PKCe or KDR siRNA (Qiagen). Transfection media were
changed to normal growth media after 4 hours of transfection. Cells were used for

confirmation of gene knockdown or assay at 48 hours after transfection.

Chemical Reagents
Human recombinant Vascular Endothelial Growth Factor (VEGF) was purchased from
Fisher Scientific and dissolved in PBS. Cediranib was purchased from SelleckChem and

dissolved in DMSO.

PKCe activity assay

PKCe activity assay with the ADP-Glo Kinase assay kit (Promega, WI) was performed to
assess activity change of PKCe in response to PSS and OSS. A confluent monolayer of
HAEC on glass slides were subjected to 3 flow conditions 1) static, 2) PSS, and 3) OSS
as previously described 2. Following flow exposure, HAEC underwent the kinase reaction

by adding a mixture of kinase reaction buffer. After a short incubation, ADP-Glo™ reagent
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(Promega, WI) was added to terminate the kinase reaction and to deplete residual ATPs
in the lysates. Next, a mixture of kinase detection reagents was added to introduce
luciferase and luciferin from newly synthesized ATP, converted from ADP. The specificity
was achieved by using PKCe specific peptide as substrate. Luciferase activities were

measured using the Glo-Max Luminometer (Promega, WI) as a readout of PKCe activity.

Quantitative Real-Time PCR Analysis

Protein Kinase C isoform epsilon (PKCg¢) and PFKFB3 mRNA expression was measured
by quantitative RT-PCR. Total RNA was isolated using Aurum Total RNA Mini Kit (Bio-
Rad). RNA was reverse-transcribed using iScript cDNA synthesis kit (Bio-Rad), followed
by PCR amplification with iScript RT-PCR Kit with SYBR Green (Bio-Rad). The
expression levels were normalized to actin.

The forward primer sequence for PKCe was 5- GAG CCG CCA CTT CGA GGA CTG -3’
and the reverse primer was 5- TTG TGG CCG TTG ACC TGA TGG -3’. The forward
primer sequence for Actin was 5’- ACC CAC ACT GTG CCC ATC TAC -3’ and the reverse
primer was 5’- TCG GTG AGG ATC TTC ATG AGG -3’. The forward primer sequence
for PFKFB3 was 5 — GGA GGC TGT GAA GCA GTA CA - 3’ and the reverse primer was
5 — CAG CTA AGG CAC ATT GCT TC - 3. The differences in Ct values for various
intervals versus control were used to determine the relative difference in the levels of

PKCe mRNA expression.

SeaHorse Mitochondrial Function Analysis
HAEC were infected with either CA-PKCe recombinant adenovirus (Adv-CA-PKCg) or

DN-PKCe recombinant adenovirus (Adv-DN-PKCg), followed by treatment with or without
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50 uyM H20: in DMEM + 1% FBS. Mitochondrial function was analyzed using the
Seahorse XF analyzer system as described with a 24-well assay plate format 33. 20,000
cells were loaded to individual well of the 24 well SeaHorse analysis plate. Glycolysis
levels were determined through measurements of the extracellular acidification rate 4.
Basal glycolysis was measured without treatment and maximum glycolysis was
determined by treatment of the cells with 4uM carbonyl cyanide p-trifluoromethoxy-

phenylhydrazone (FCCP), the mitochondrial uncoupler, after basal measurement.

Dynamic Flow System to Assess Vascular Endothelial Metabolites

A dynamic flow system was used to simulate well-defined PSS and OSS as previously
described %2. The flow system was designed to generate physiologic shear stress
occurring at human arterial branching points with well-defined slew rates, time-averaged
shear stress, frequency, and amplitude. Confluent monolayer of HAEC grown on glass
slides were subjected to three flow conditions at 1 Hz for 4 hours: 1) static control at no
flow state, 2) pulsatile flow with time-averaged shear stress of 23 dyne-cm™ accompanied
by a stress slew rate (91/0t = 71 dyne - cm? - s1), and 3) O\oscillating flow (0.1 = 4
dyne-cm?). Endothelial cells were maintained in DMEM culture media supplemented with

1% FBS at a temperature of 37°C and pH of 7.4 during flow exposure.

Endothelial Metabolomic Analysis
Metabolite samples were collected from HAEC treated with PSS (zve = 50 dyne-cm
accompanied by d1/0t = 71 dyne-cm™2-s™" at 1 Hz), OSS (03 dyne-cm™? with 7ae=0

dyne-cm at 1 Hz), or static conditions for 4 hours (Fig. S7). For oscillating flow, minimal
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forward flow at a mean shear stress of 0.2 dyne-cm™ was provided every hour to deliver
nutrients and to remove waste products. Cells were trypsinized, fixed in 4% PFA, and
immediately stored at -80°C prior to shipment in dry ice to the West Coast Metabolomics
Center at UC Davis. Gas chromatography time-of-flight mass spectrometry (GC-TOF)
analysis was performed to identify 156 known metabolites and 290 unknown compounds
35 Metabolites were reported with retention index, quantification mass and full mass
spectra. Quantification was by peak height without internal standards for absolute

concentration.

Principal Component Analysis (PCA) to assess significant metabolite change

Principal Component Analyses (PCAs) were carried out using the programming language
R, version 2.14.0. Built-in ‘ade4’ package was utilized to plot factorial maps with
representation of point classes which are denoted as Static, PSS, and OSS. In prior to
perform PCAs, the concentrations of subjected metabolites were normalized by using
Pareto scaling method to put the measurements of different metabolites on the close
scale. The x-axis in the figures was depicted as the first principal component (PC1)
representing the space with the largest variance in data, whereas the y-axis was depicted
as the second principal component (PC2) representing the space with the second largest

variance. The ovals are 95% inertia ellipses.

Immunohistochemistry
Vascular rings corresponding to the aortic arch and thoracic aorta were cut from rabbit
aorta segments, and immersed in 4% paraformaldehyde. They were embedded in

paraffin and cut into serial 5-uym sections. Immunostaining was performed with standard
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techniques in paraffin embedded vascular tissue. Hematoxylin and eosin staining was
used to observe gross vascular morphology, and PKCe and PFKFB3 staining was
performed using mouse monoclonal (PKCe, ABCAM) and goat polyclonal (PFKFB3,
SCBT) antibodies. Tissue sections were viewed with a microscope and images were
captured with a CCD digital camera. Quantification of staining intensity was performed

using Imaged software.

Tube Formation Assay

HAEC cells were grown in a 96-well plate at 20,000 cells/well on a 100 yL Matrigel
Growth-factor-reduced matrix (BD Biosciences) that was allowed to solidify before
seeding cells in DMEM + 5% FBS + 25 ng/mL VEGF. Tube growth was allowed for six
hours, and wells were imaged to visualize tube formation with a microscope (Olympus).
Images were analyzed using S.CORE image analysis, with tube formation index (TFI)

representing a quantification of the images.

Transgenic Tg(flk-1:EGFP) Zebrafish Model to Study Vascular Injury and Repair

Tg(flk-1:EGFP) transgenic zebrafish embryos were generously provided by Prof. Ellen C.
Lien (Children's Hospital Los Angeles, Los Angeles, CA) for assessing vascular injury
and repair in response to tail amputation. Flk-1, VEGF receptor 1, is tissue-specific for
vascular endothelial cells. Fish embryos were injected with either a PKCe morpholino
(MO) or a control nonsense MO. Injection was validated by gqRT-PCR analysis of PKCe
gene expression. The following MO sequences were used. Standard Control negative
MO: 5- CCT CTT ACC TCA GTT ACA ATT TAT A-3’; Zebrafish p53 apoptosis

suppression MO (p53MO): 5’- GCG CCA TTG CTT TGC AAG AAT TG -3’; PKCe splice
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MO: 5- CTC CAT TAA AAA CCA CCA TGA TGA C -3; GATA-1a MO: 5-
CTGCAAGTGTAGTATTGAAGATGTC-3'; TNNT-2a MO: (5-
CGCGTGGACAGATTCAAGAGCCCTC-3'. MOs were dissolved in water to make 0.3mM
stock solution with addition of 0.1mM p53 MO. Immediately after collection at 0 hpf,
approximately 30-40 embryos were randomly chosen for micro-injections. All of the
embryos were maintained in E3 medium at 28°C.

Injected fish larvae were grown to 72 hpf in standard E3 medium, followed by amputation
of the posterior tail segment ~100 pym from the tip of the tail. The larvae were anesthetized
in 0.02% tricaine solution to allow for precise placement. Amputation was performed with
a surgical scalpel under a stereo microscope (MEIJI Techno EMZ series, MEIJI, Japan)
for both control and treatment groups. After amputation, fish were separated to allow for
same-fish control. Fish tail sections were imaged (Olympus 1X71, Olympus, Japan) to
visualize the blood vessels immediately after amputation and every 24 hours thereafter
over the next 3 days. Regeneration of blood vessels was compared between the different

treatment groups at 0 dpa, 1 dpa, and 3 dpa.

Cloning of PKCe mRNA for Rescue

Mouse PKCe cDNA was amplified from a donor plasmid (Addgene) and cloned into the
plasmid pCS2+ at the BamH | and EcoR | sites. Clones with the PKCe cDNA insert were
selected by PCR screening. The pCS2+PKCe plasmid was verified by transfecting the
plasmids into HEK-293 cells, followed by detecting PKCe protein expression by Western
blot with anti-PKCe antibody. mRNA was synthesized from the cloned plasmid using the
mMessage SP6 kit (Invitrogen, CA). Transcribed PKCe mRNA was purified with the total

RNA isolation kit (Bio-Rad) for in vivo rescue experiments.
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Blood Shear Stress Modulation
Shear stress (1) is characterized as dynamic viscosity (u) of fluid multiplied by shear rate

(v), defined as a gradient of velocity between two adjacent fluid layers 6.
. AUy
Ty =pt (1)
where % is the tangential velocity gradient between two adjacent fluid layers. Since

shear stress is a function of viscosity (n), injection of GATA-7a MO to inhibit erythrocytosis
reduced viscosity, whereas injection of EPO mRNA resulted in the opposite effects to the

endothelium. (Supplemental Videos 1-3)

Western Blot Analysis

Cells were harvested, washed with phosphate-buffered saline and lysed with RIPA buffer.
The lysate was centrifuged at 12,000g for 10 minutes, and the resulting supernatants
were used as the entire cell lysate. Proteins were separated by 4-20% polyacrylamide
gel with SDS and electroblotted onto the polyvinylidene difluoride membranes (GE
Healthcare) and were blocked overnight at 4°C in Tris buffered saline-Tween20 (TBS-T)
containing 5% non-fat dry milk (BioRad Laboratory). PKCe protein expression was
detected with anti-PKCe (Santa Cruz Biotech), and equal loading was verified by blotting
with anti-B-tubulin (Millipore Inc). After treatment with peroxidase-conjugated anti-goat
(Santa Cruz) or anti-mouse IgG antibody (Jackson ImmunoResearch) for 1 hour at room
temperature, chemilluminescence signal was developed with Supersignal Western Pico
(Pierce) and recorded with FluorChem FC2 (Alpha Inotech Inc). Antibodies against

autophagy-associated genes were purchased from Boster Biological Technologies for

141



p62. Parallel blots were performed with anti-B-tubulin (Millipore) for loading normalization.

Densitometry was performed to quantify blot bands as previously described (34).

Mitochondrial Superoxide Assay

Mitochondrial superoxide (mtO2) was analyzed both quantitatively by flow cytometry and
qualitatively by fluorescent imaging as previously described (74). Briefly, in a 6-well
format for FACS analysis, cells were incubated with 10 yM mitoSOX dye (Invitrogen) for
15 minutes, then lysed and rinsed three times with PBS buffer to remove residual dye.
Samples were then analyzed using FACS analysis, with gating to remove debris or
clusters.

For qualitative imaging of mtO>~ levels during tube formation, tube formation assay was
performed as described above, with media that was absent of phenol red. At 6 hr, cells
were incubated with 10 yM mitoSOX dye for 30 minutes, rinsed three times with DPBS,

and then fixed with PFA. Cells were imaged using fluorescent microscopy.

Statistical analysis

Data were expressed as mean + SEM unless otherwise stated. Multiple comparisons
were performed by one-way analysis of variance (ANOVA), and statistical significance for
comparison between two groups was determined by student t-test, two sample
proportional z-test, or Wilcoxon rank-sum test (non-parametric analysis) when data was

not normally distributed. A p-value < 0.05 was considered statistically significant.
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Results

Flow-Responsive PKCe Mediated Endothelial Glycolysis

PSS and OSS differentially increased PKCe mRNA expression by 65% and 134%,
respectively, whereas the VEGFR-inhibitor, cediranib at 10 yM or VEGFR2 knockdown
with siRNA inhibited shear stress-induced PKCe mRNA and protein expression (Fig. 1A
and Fig. S1A). PSS and OSS further increased PKCe activity by 60% and 65%,
respectively (Fig. 1B). PSS and OSS also increased PFKFB3 mRNA and protein
expression, which was attenuated by siPKCe (Fig. 1C and Fig. S1C). As a corollary,
constitutively active PKCe (CA-PKCeg) via recombinant adenovirus (Adv-CA-PKCe)
infection increased, whereas dominant negative PKCe (DN-PKCeg) decreased PFKFB3
mMRNA and protein expression (p < 0.05 vs. Adv-LacZ control, n=3) (Fig. 1D and Fig.
S1B). PKCe and PFKFB3 immuno-staining was present in PSS- and OSS-exposed
endothelial lining in the aortic arch and thoracic aorta from the New Zealand White (NZW)
rabbits (Fig. S2). In addition, PKCe-mediated metabolic activity was quantified by using
a SeaHorse Flux Analyzer. CA-PKCe increased basal (3.11-fold, p < 0.01, n=4) and
maximum extracellular acidification rates (ECAR) (2.52-fold, p < 0.01 vs. DN-PKCg, n=4)
for proton production as an indicator of glycolytic flux 3. This elevated glycolytic flux was
further validated with H2O2 (50 uM)-induced oxidative stress (2.13-fold basal ECAR, 2.45-

fold maximum ECAR, p < 0.01, n=4) (Figs. 1E, F).

Shear Stress Modulated PKCe-Dependent Glycolytic Metabolites
Our metabolomic analysis of 156 HAEC metabolites with known identity (Supplemental
Table 1) revealed that four metabolites were significantly up-regulated in response to

PSS and OSS, including putrescine (CsH12N2) and dihydroxyacetone (C3HsO3), whereas
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aspartic acid (C4H7NO4) was decreased (Fig. S3). To validate flow-mediated glycolytic
metabolites, we performed metabolomic analysis in HAEC transfected with scrambled
siRNA (Scr) or siPKCe in response to 1) Static, 2) PSS, and 3) OSS conditions. Principal
component analysis (PCA) demonstrated significant separation among 16 metabolites in
the Scrambled (Scr) group and among 13 in the siPKCe group (p < 0.05, n=6) (Figs. 2A-
2D). Both PSS and OSS up-regulated putrescine, glucose (CsH120s), fructose (CsH120s),
and dihydroxyacetone (DHA). In the presence of siPKCe transfection, OSS attenuated
glucose, fructose, and DHA to a greater degree than did PSS. siPKCe transfection also
increased glucose and fructose, implicating a reduction in glycolysis and/or fructolysis.
Furthermore, siPKCe attenuated both PSS- and OSS-mediated increases in DHA (Fig.
2E). Thus, both PSS and OSS modulated PKCe-dependent glucose, fructose and DHA

as well as PKCe-independent putrescine.

PKCe Mediated Tube Formation and Vascular Repair

In an in vitro Matrigel model, siPKCe decreased endothelial tube formation by 40% as
quantified by tube lengths (p < 0.05 vs. Scr siRNA, n=3) (Figs. 3A, B). Consitutively-
active PKCe (CA-PKCe) increased tube formation by 2.1-fold (p < 0.05 vs. LacZ, n=3)
(Figs. 3C, D). VEGFR-inhibitor, cediranib, disrupted tube formation in Adv-LacZ-infected
HAEC (Figs. 3C, D), and this disruption was restored with Adv-CA-PKCe (Figs. 3C, D).
Glycolysis-relevant metabolites (glucose, fructose, and DHA) promoted HAEC tube
formation, whereas a gluconeogenesis-relevant metabolite (aspartic acid) had no effects
(Figs. S4). In a transgenic Tg(flk-1:EGFP) zebrafish model of tail regeneration, control
p53 MO injection supported vascular regeneration as visualized by a closed loop between

the dorsal longitudinal anastomotic vessels (DLAV) and dorsal aortas (DA) at 3 days post
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amputation (dpa) (Fig. 3E). PKCe MO injection impaired, whereas PKCe mRNA restored
vascular regeneration at 3 dpa (Fig. 3E). Taken together, PKCe-mediated glycolytic

metabolites promoted tube formation and vascular repair.

Genetic Manipulations of Shear Stress-Mediated Vascular Repair

Following GATA-1a MO injection to reduce viscosity-dependent shear stress
(Supplemental Video 1, 3), zebrafish embryos failed to develop vascular regeneration
at 3 dpa until 5 dpa (p < 0.05 vs. control, n=30) (Fig. 4C). Following TNNT-2 MO injection
to inhibit myocardial contraction and blood flow, zebrafish embryos also failed to develop
tail regeneration at 3 dpa (p < 0.05 vs. control, n=5) (Fig. 4E), and they failed to thrive at
5 dpa. Following erythropoietin mRNA injection to augment erythrocytosis as a means of
restoring viscosity-dependent shear stress (Supplemental Video 2), zebrafish embryos
developed tail regeneration at 3 and 5 dpa (p < 0.05 vs. control, n=30) (Fig. 4E). As a
corollary, rescue of GATA-71a MO injected embryos with PKCe mRNA restored vascular
regeneration at 3 and 5 dpa (p < 0.05 vs. GATA-1a MO-alone injected group, n=30) (Fig.
4F). Vascular repair was quantitatively compared in response to the genetic
manipulations (Fig. 4G), supporting the important roles of shear stress and PKCe to

promote vascular repair.

PKCe-Dependent Dihydroxyacetone Rescued Vascular Repair

In an in vitro Matrigel model, siPKCe attenuated tube formation, which was partially
rescued by the PKCe-dependent glycolytic metabolite, DHA (p < 0.05 vs. Scr siRNA, n=4)
(Figs. 5A, B). In the zebrafish tail amputation model, DHA restored vascular repair from

67% to 100% in the control MO-injected fish at 6 dpa (p < 0.05 vs. control, n=4). Further,
145



DHA rescued vascular repair from 30% to 80% in PKCe MO-injected fish (p < 0.05 vs.
control, n=30) (Figs. 5C, D). These findings strengthen the notion that PKCe-dependent

DHA promoted endothelial tube formation and vascular repair.

Discussion

The novelty of this study resides in establishing flow-mediated VEGFR-PKCe-PFKFB3
signaling to promote glycolytic metabolite, dihydroxyacetone (DHA), for vascular repair.
Metabolomic analysis revealed that pulsatile (PSS) and oscillatory shear stress (OSS)
modulated PKCe-dependent endothelial PFKFB3 expression to mediate glycolytic
metabolites. In the NZW rabbit aortic arch and descending aorta, PKCe and PFKFB3
immunostaining was present in the PSS- and OSS-exposed regions. In the zebrafish
model of tail amputation, shear stress plays an important epigenetic role with PKCe to
mediate vascular regeneration. Thus, we provide a new mechano-metabolomic pathway

to increase the glycolytic metabolite, DHA, for vascular regeneration (Fig. 6).

Our data support that the characteristics of flow, namely PSS (zave = 50 dyne-cm?
accompanied by a slew rate at ot/ot =71 dyne-cm™2-s™" at 1 Hz) and OSS (0+3 dyne-cm’
2 with zave= 0 dyne-cm at 1 Hz), modulate VEGF receptor-PKCe-PFKFB3 signaling to
increase glycolytic metabolites (Fig. 1E). Doddaballapur and Boon et al. reported that
laminar shear stress (LSS; tave = 20 dyne-cm at steady state, ot/ot = 0) reduced KLF2-
dependent PFKFB3 promoter activity to reduce glycolysis 2°, leading to attenuation in
angiogenic sprouting 24 38, However, the differential effects of LSS vs. OSS to modulate

AMPK and Akt activities are well-recognized to promote glycolysis 3°. Furthermore, Jalal
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et al. demonstrated the role of p60scr and RAS in shear stress-activated endothelial
MAPK signaling 4°, while induction of PFKFB3 expression in response to MAPK activation
has been previously reported in cancer cells 4'. Taken together, these observations

highlight the differential characteristics of shear stress to mediate PFKFB3 expression *

32

Hemodynamic shear forces modulate vascular metabolism to maintain cellular
homeostasis % '°. Our metabolomic analyses via gas chromatography time-of-flight mass
spectrometry (GC-TOF) revealed that PSS and OSS increased DHA, fructose, glucose,
and putrescine (Fig. 2). DHA is an intermediate metabolite of fructose metabolism,
participating in glycolysis in its phosphate form 42. As a corollary, the glycolysis-related
metabolites (namely alanine, glucose, and lactate) were also elevated in response to
ischemia/reperfusion (I/R) in the constitutively-active PKCe (CA-PKC) mouse ?°. Thus,
these glycolytic metabolites provide a basis for cellular homeostasis % '° and migration ',

vascular development '2, and physical activity 3.

PFKFB3 is a key regulator of glycolysis to promote angiogenic sprouting '. In response
to the transition from quiescence to proliferation and migration, vascular endothelial cells
developed an increased glycolytic flux 24. During migration, glycolytic enzymes are
translocated to lamellipodia for ATP production ?4. Inhibition of PFKFB3 decreases stalk
cell proliferation and tip cell migration '? to reduce vessel sprouting 38. We further
demonstrated PKCe-dependent PFKFB3 expression (Figs. 1C, D) and prominent PKCe

and PFKFB3 immunostaining in the shear-exposed NZW aorta (Fig. S2), supporting the
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notion that flow-mediated VEGFR-PKCe-PFKFB3 signaling promotes vascular

regeneration.

PKC isoforms are distributed in numerous tissues and cell types. Three phorbol
ester/diacylglycerol-dependent PKC isoforms, a-, &- and ¢-, are highly expressed in
myocardium 43. PKC® and PKCe are two Ca?*-independent isoforms implicated in
regulation of growth, differentiation and apoptosis of ventricular cells 4. PKCe over-
expression in the CA-PKCe mouse increased glycolytic metabolites in association with
cardioprotection following ischemia/reperfusion injury 2°. CA-PKCe over-expression
further attenuated H-O2 -mediated endothelial mitochondrial super oxide (O2-") production
(Fig. S5). In addition to increasing glycolytic flux (Fig. S2E), CA-PKCe reduced p62
protein level to promote autophagic flux (Fig. S6B). In this context, we present evidence
of flow-mediated PKCe signaling to modulate endothelial homeostasis for tube formation

and vascular repair.

Zebrafish (Danio rerio) comprise a well-established genetic system for studying
cardiovascular development and disease 447, Use of zebrafish allows for genetic
manipulations of viscosity to change shear stress (Fig. 4) (Equation 1). Injection of
GATA-1a MO significantly inhibits erythropoiesis up to 6 dpf 48, resulting in a reduction in
viscosity to decrease shear stress, whereas injection of EPO mRNA promotes
erythrocytosis 49, resulting in a rise in viscosity to increase shear stress. Thus, use of the
zebrafish system enabled us to recapitulate shear stress-mediated vascular repair via

PKCe and glycolytic metabolite, DHA.
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The New Zealand White (NZW) rabbits are a well-established atherosclerotic model for
interrogation of the metabolically active lesions % 51, Similar to humans, NZW rabbits
developed oxidized LDL-rich lesions in response to high-fat induced
hypercholesterolemia %2-5*; thereby, providing an ex vivo model to validate endothelial
PKCe and PFKFB3 expression (Fig. S2). In this context, both in vivo zebrafish and ex
vivo NZW rabbit models are complementary and synergistic to strengthen the vascular

endothelial phenotypes °.

Despite differential PKCe mRNA and protein expression in response to PSS and OSS
(Fig. 1A), we observed similar levels of PKCe activity. PKCe is activated by
phosphorylation (Fig. 1B), and this non-linear relation may stem from post-translational
modifications of PKCe protein to influence the level of PKCe phosphorylation (Figure 1B),
and subsequent PFKFB3 mRNA expression. In addition, the PSS- and OSS-responsive
NADPH oxidase system generates reactive oxygen species (ROS) 3 32, Despite an
increase in PKCe protein expression (Fig. 1A), the concomitant production in ROS may

be implicated in ubiquitination and protein degradation of PFKFB3 protein expression 6.

The advent of high-throughput “omics” approaches, including epigenomics,
transcriptomics, miRnomics, proteomics, and metabolomics °" has provided new
mechanotrasduction strategy to discover biomarkers with therapeutic targets. Jo et al.
investigated the disturbed flow-mediated metabolites using the blood plasma samples
from ApoE-"- mice, and they demonstrated that 128 metabolites were significantly altered,

including sphogomyelin, a common mammalian cell membrane sphingolipid in
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association with atherosclerosis 8. Our findings further support that flow-mediated VEGF
receptor-PKCe-PFKFB3 signaling increases endothelial glycolytic metabolites for
vascular regeneration. In addition, PKCe over-expression promotes glycolytic metabolites
for myocardio-protection. Taken together, we elucidated a mechano-metabolomic

pathway to promote DHA as a potential biomarker for vascular therapeutics.
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Figure 1. Shear Stress-Responsive VEGFR-PKCe-PFKFB3 signaling. (A) HAEC were
transfected with scrambled siRNA (Scr) or VEGFR2 siRNA (siVEGFR2), or treated with or without
VEGFR inhibitor. PSS and OSS differentially up-regulated VEGFR2-dependent PKCe mRNA
expressions (* p < 0.05, n = 3). (B) PSS and OSS also up-regulated PKCe activity (* p < 0.05, n
= 3). (C) PSS and OSS further up-regulated PFKFB3 mRNA expression, which was abrogated in
the presence of siPKCe (* p < 0.05, n=4). (D) CA-PKCe promoted, whereas DN-PKCe¢ reduced
the PFKFB3 mRNA expression (* p < 0.05 vs. LacZ control, n = 3). (E-F) Seahorse assay revealed
that CA-PKCe increased both (E) basal and (F) max extracellular acidification rate (ECAR) as

compared to DN-PKCe under baseline conditions and in the presence of H.O» at 50 uM (* p <

0.01, n=4)
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Figure 2. Shear Stress-mediated PKCe-dependent metabolites. HAEC were transfected with
scramble siRNA (Scr) or PKCe siRNA (siPKC), followed by 3 conditions: 1) Static, 2) PSS, or 3)
OSS for 4 hours. (A, C) Of the 136 known metabolites, PCA revealed significant overlapping of
metabolites following the Static, OSS and PSS conditions in both Scr and siPKCe transfected
HAEC. (B, D) 16 metabolites in Scr and 13 siPKCe groups underwent significant change in
concentration following the 3 conditions (* p < 0.05, n=6). PCA further demonstrated a separation
of metabolites that were statistically different. (E) PSS and OSS significantly modulated the
selected metabolites, demonstrating PKCe-dependent Glucose, Frucose, Dihydroxyacetone, and

PKCe-independent Putrescine (* p < 0.05, n=6).
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Figure 3. PKCe-mediated tube formation and vascular repair. (A) HAEC were transfected with
scrambled siRNA (Scr) or PKCe siRNA (siPKCg), and (B) Silencing PKCe with siRNA attenuated
tube formation. Tube formation was quantified by the measurement of relative tube length. (C-D)
HAEC were infected with recombinant control LacZ or CA-PKCe adenoviruses. Treatment with
Cediranib at 10 pM inhibited tube formation (* p < 0.05, n = 5), whereas CA-PKCe restored
Cediranib-attenuated tube formation (* p < 0.05, n = 5). (E) Tg(flk-1:EGFP) embryos underwent
tail amputation as a mode of vascular regeneration. The control group and p53 MO-injected
embryos exhibited vascular repair (yellow arrows) connecting DLAV with DA. PKCe MO injection
impaired vascular repair (red arrow), whereas co-injecting PKCe mRNA restored impaired
vascular repair (yellow arrow). SIV: subintestinal vessel; ISV: intersegmental vessel; PCV:

posterior cardinal vein; DLAV: dorsal longitudinal anastomotic vessel); DA: Dorsal Aorta.
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Figure 5. Glycolytic metabolite Dihydroxyacetone promoted vascular repair. (A) DHA promoted
tube formation in HAEC transfected with scramble siRNA (Scr). siPKCg attenuated tube formation,
which was rescued with dihydroxyacetone (DHA) at 1 mg/mL (* p < 0.05, n=4). (C) Transgenic
Tg (flk- 1:EGFP) embryos injected with p53 MO or PKCe MO underwent tail amputation, and were
treated with or without DHA (1mg/mL) for 3 days. DHA treatment rescued impaired vascular repair
following PKCe MO injection. (D) Vascular repair was quantified by the percentage of embryos

that developed vascular regeneration (n=20)
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Figure S1. Shear stress induced VEGFR-dependent PKCe expression. HAEC were transfected

with scrambled siRNA (Scr) or VEGFR2 siRNA (siVEGFR). The density quantification of Western

blots was normalized to B-Tubulin. (A) PSS and OSS differentially increased VEGFR2-dependent

PKCe protein expression (* p < 0.05, n=4). (B) HAEC were infected with recombinant

Adenoviruses LacZ, CA-PKCe or DN-PKCe. CA-PKCe promoted, whereas DN-PKCe reduced

PFKFB3 protein expression (* p < 0.05 vs. control, n = 4). (C) HAEC were transfected with

scrambled siRNA (Scr) or siPKCe to assess PKCe-dependent PFKFB3 expression. siPKCe

mitigated shear stress-induced PFKFB3 protein expression (* p < 0.05, n = 3).

157



(A) H&E (B) PKCe (€ _PFKFB3

AD 7 R Grea.te'..r“‘(i:rva ure \ ‘ i f D &
; V 4w § €
ECs SRy 4 o - ! | b
Lumen : —;\_
= R

087 \
:ﬁ Thoracic o "
I 2;’?, Aorta Lumen |
i e O =y
= =G
D E ]
(D) . (E) Thoracic Aorta
Aortic Arch
- ;' 100
%‘ 200 *P<0.05 g
c — 3
% 100 £ 50
» £
£ 0 5 0
g PKCe PFKFB3 b PKCe PFKFB3

® Greater Curvature M Lesser Curvature WAreal mArea2

Figure S2. PKCe and PFKFB3 immunostaining. (A) Endothelial cells (EC) were stained with H&E
in the cross-sections of NZW rabbit aortic arch and thoracic aorta. (B) PKCe and (C) PFKFB3
immunohistochemistry staining was prominent in EC lining. (D) In the aortic arch, PFKFB3 were
differentially stained at lesser and greater curvatures (red vs. blue) (* p < 0.01, n = 3). (E) In the

thoracic aorta, PKCe and PFKFB3 were equally stained.
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Figure S3. Endothelial metabolomic responses to shear stress. Metabolite samples were
collected from human aortic endothelial cells (HAEC) exposed to either static condition (C), OSS,
or PSS (n = 6 per flow condition). (A) Principal component analysis (PCA) was performed on a
host of measured metabolites, identifying metabolites which were significantly different among
the three conditions. Of the 156 metabolites with known identity, PCA revealed a significant
overlap among the three conditions. The individual samples are numerically indicated. (B) After
identification of 6 statistically different metabolites in response to the three conditions, PCA
revealed a distinct separation. (C) Selected metabolites were significantly modulated following
PSS and OSS conditions (p < 0.01 vs. control, n = 6), including an increase in glycolysis-related

metabolite, dihydroxyacetone (DHA), but a decrease in gluconeogenic metabolite, aspartic acid.
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Figure S4. Glycolytic metabolites promoted tube formation. (A-B) Tube formation of HAEC
treated with 1 mg/mL Dihydroxyacetone, 2 mg/mL Xylitol or 250 yg/mL aspartic acid in the
presence of 25 yM H2O,. Dihydroxyacetone and Xylitol partially rescued H>O-, —attenuated tube
formation whereas aspartic acid further inhibited tube formation (* p < 0.05 vs. control, n=4). (C-
D) Under normoxic conditions, a combination of glycolytic metabolites, including glucose,
fructose-6-phosphate, fructose-1-phosphate, dihydroxyacetone, and xylitol rescued tube
formation in HAEC transfected with PKCe siRNA, whereas aspartic acid had no effect (* p < 0.05,

n=4).
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Figure S5. PKCe attenuation of mitochondrial super oxide (O2") production. (A-B) CA-PKCe
significantly attenuated H20.-mediated endothelial mitoSOX intensity in response to H.O2 at 200
MM for 4 hours. (C) H2O, at 200 uM significantly attenuated tube length, whereas over-expression
of PKCe reversed the H.O>-mediated oxidative stress (H202+ e > *OH + HO-). Treatment with

Adv PKCe significantly attenuated the mitoSOX intensity during tube formation (*p < 0.01, n = 5).
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Figure S6. PKCe activation of autophagic flux to promote tube formation. (A) siATG5 and
Bafilomycin inhibited HAEC tube formation, whereas autophagy activators, Perifosine and SAHA,
rescued tube formation in the presence of H.O,. (B) DN-PKCe increased, whereas CA-PKCe

decreased P62 protein levels to complete the autophagic flux.
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Figure S7. The dynamic flow system to simulate defined shear stress. The flow system was
designed to simulate physiologic shear stress occurring at the arterial branching points with well-
defined slew rates (0t/0t), time-averaged shear stress (zve), frequency (Hz), and amplitude. The
endothelial cells were subjected to PSS or OSS in DMEM culture medium supplemented with 1%
FBS at 37°C and pH = 7.4. Confluent monolayers of HAEC grown on glass slides were subjected

to three flow conditions at 1 Hz for 4 hours: 1) control at static state, 2) PSS at zye = 50 dyne-cm™
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accompanied by 9t/0t=71 dyne-cm™2:s™" at 1 Hz, and 3) OSS at 0+3 dyne.-cm? with zye=0
dyne-cm™ at 1 Hz. For OSS condition, minimal forward flow at a mean shear stress of 0.2 dyne-cm’
2 was provided every hour to deliver nutrients and to remove waste products. The newly up-
graded dynamic flow system optimizes our capability to simulate various arterial wave forms
under a physiologic condition. The flow channel can be housed in the incubator to maintain at a
constant pH and temperature. The Lab-View can be programmed to drive the peristaltic pump,
capable of generating distinct flow wave forms at precise temporal gradients, pulse pressure, and
frequency (cycle length). (a) A schematic diagram of the dynamic flow system highlights the flow
loop system. (b) Computational fluid dynamics simulated the steady flow profile. (¢) A photo of
the parallel flow channel with the symmetric diffuser and contraction to ensure well-developed
flow profiles. (d) The channel was placed in the incubator for maintain temperature (37.5°), pH

(7), and 5% CO- control.

[Supplemental Videos Available Online]

Videos S1. Blood flow in zebrafish embryos injected with control p53 MO. Micro-injection

with the control p53 MO displayed a normal blood circulation in the DA, PCV, and SIV in
Tg(GATA-1a:dsRed) transgenic embryos at 3 dpa. DA, dorsal aorta; dpa, days post-amputation;
MO, morpholino oligonucleotide; PCV, posterior cardinal vein; SIV, subintestinal vein.

Videos S2. Blood flow in zebrafish embryos injected with EPO mRNA. Micro-injection with EPO
mRNA significantly augmented erythrocytosis and blood viscosity in Tg (GATA-1a:dsRed)
embryos at 3 dpa. EPO, erythropoietin; mMRNA, messenger RNA.

Videos S3. Blood flow in zebrafish embryos injected with GATA-1a MO. Micro-injection with

GATA-1a MO inhibited hematopoiesis in Tg(GATA-1a:dsRed) embryos at 3 dpa.

164



Table 4.1: HAEC metabolites with Known Identity

BinBase Name CAvg C S.D. |OSS Avg|OSS S.D.|PSS Avg | PSS S.D.
xylose 195.14 36.04 187.43 [167.72 |305.82 |219.30
xylitol 396.14 100.48 [641.93 [338.10 [933.59 [321.52
valine 349776.57 102046.36(326389.62[143718.80|297057.54(73409.29
uridine-5'-monophosphate 5330.14 1275.90 [5665.70 [3147.41 [6438.20 ([1567.50
uridine 224 .86 81.79 316.83 |136.72 [253.39 [|112.43
urea 5660.43 2239.72 [6073.53 [2242.12 [7360.02 [2865.12
uracil 274.14 40.68 284.24 117.78 |256.54 |128.92
UDP-N-acetylglucosamine 2157.14 277.14 2033.88 [857.37 1873.05 [692.59
UDP-glucuronic acid 1388.00 500.58 1006.94 |357.17 2426.17 (1636.34
tyrosine 416579.57 16773.98 [335602.57|142167.74|390769.82|113907.33
tryptophan 89414.14 4102.61 [76565.80 |32374.88 |85346.41 [23731.14
threonine 347861.86 24602.15 [293298.45|123973.93|310772.85[86478.50
threonic acid 205.00 31.27 240.90 [127.02 [|269.15 |157.79
taurine 6828.00 3022.15 |5477.31 [2986.27 [5277.75 [2541.01
tartaric acid 232.00 102.53 [278.79 15340 [262.20 [|120.32
sucrose 11271.14 1902.00 [10717.14 4078.89 [13248.84 [5471.02
succinic acid 1366.71 255.60 [1175.37 |479.39 [1425.34 [498.45
stearic acid 335072.86 85012.89 |344570.70]|142888.66360493.09|107482.75
spermine 706.29 163.93 [723.28 |298.20 [677.03 [327.55
spermidine 2473.29 1192.65 [2409.95 |1372.11 |[3247.73 |1647.77
sorbitol 22323.00 4548.03 [19317.72 |8513.58 |18297.51 16093.80
shikimic acid 622.43 116.12 [1012.59 [|1052.19 [1472.17 [1819.50
serine 277966.86 30100.99 [220366.71/91555.56 [224051.22|61585.12
sebacic acid, di(2-octyl) ester 1802.14 158.11 1987.02 [894.77 2061.97 [629.77
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saccharic acid 625.71 278.68 [748.67 |221.88 [917.84 [412.10
ribulose-5-phosphate 652.43 115.76 814.25 454.38 692.20 285.74
ribose-5-phosphate 818.14 246.75  [1042.11 44194 |1147.13 [560.02
ribitol 2922.00 602.37  |2652.91 |1048.47 [2227.21 [730.43
raffinose 1807.86 338.91 1747.27 1635.60 [2233.09 [979.78
quinic acid 183.86 35.38 432.20 [539.02  |641.72 |918.45
pyruvic acid 1463.57 389.44 |1612.21 [602.81 1583.83 [473.40
pyrophosphate 232980.00 51158.25 [206532.75|93659.15 [240529.16/82791.66
putrescine 6412.57 1607.79 [9675.40 [4721.94 [14986.99 [7925.49
propane-1,3-diol NIST 2506.29 340.91 2773.99 [1363.74 [3028.39 |753.48
proline 52963.57 32087.01 |54872.86 144021.84 |44120.41 [17633.47
pinitol 1881.29 308.06 |1788.87 [669.95 [1962.14 [758.25
phosphogluconic acid 1304.57 292.36 1475.62 |655.76 1482.11 [452.35
phosphoethanolamine 7566.57 2771.65 [5471.38 [3269.84 [9578.83 [7266.90
phosphoenolpyruvate 1941.43 948.03 2427.00 [860.19 3197.31 [1623.72
phosphate 86453.43 13041.84 [72021.55 |29910.34 |89760.76 |32618.22
phenylalanine 176729.14 11387.20 [147453.03|61008.55 |169209.94/48289.44
pelargonic acid 15821.00 1540.21 [16265.46 |7328.81 [17183.54 |6091.66
pantothenic acid 5288.43 531.77  14898.82 [2040.17 [5101.60 [1426.61
palmitic acid 42201.00 8246.69 |41954.38 |16817.68 [43654.95 |12676.91
oxoproline 1069816.86 67975.65 [897070.24|378695.94|947540.56[259352.95
oxalic acid 259.57 139.14  [645.16 |424.29 [|647.18 [394.41
ornithine 6535.00 1054.32 [5598.76 [3088.11 |7467.59 [3076.01
oleic acid 719.29 17496 [831.99 [333.23 [|1029.18 [524.71
oleamide NIST 408.00 121.21 450.89 [214.76  }423.11 212.41
octanol NIST 1724.00 27497 [1887.57 [891.09 [|2118.30 [577.99
octadecanol 243.86 60.89 702.56 [586.83 688.83 [213.05
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nicotinamide 4696.43 658.29  4829.61 [2112.11 [5284.44 (1617.03
N-acetylmannosamine 337.00 115.42 [365.49 |157.46 [|394.78 |138.27
N-acetylglutamate 721.00 341.17  [749.31 391.40 [705.91 174.01
N-acetylaspartic acid 1858.14 231.59 1768.23 |747.13 1780.30 (602.50
myristic acid 14882.43 2302.09 [16358.58 [6909.56 |15688.94 14109.25
myo-inositol 36604.57 12604.67 (31388.38 |12188.10 |51012.44 |20908.16
monomyristin 14532.71 1402.20 [15644.89 16901.16 [16280.31 [4224.87
methionine sulfoxide 8813.43 1545.49 [22289.21 |10385.22 |12237.17 [2112.82
methionine 42760.57 14335.06 [31283.29 |14335.40 [26470.34 |5545.71
methanolphosphate 3081.29 782.27  |2854.75 [1924.43 ([3731.63 [1025.95
mannose 712.43 557.94 971.28  [647.62 1280.09 [669.95
maltose 635.14 120.04 [507.86 |232.12 |427.45 |208.43
malonic acid 228.00 107.00 [277.14 137.86 [247.12 [91.65
malic acid 2099.86 300.08 |2080.58 [869.00 |1459.14 [796.06
maleimide 1664.43 151.44  [1934.49 [945.91 2033.84 (924.56
lyxitol 1242.00 479.92  [3840.13 [2508.07 [1739.44 |543.48
lysine 278726.43 56743.55 |201610.0871881.80 [268909.97|115700.76
linoleic acid 269.43 54.82 329.40 |139.26 [340.75 |142.44
levoglucosan 1044.29 300.44 |1024.92 143450 |1081.21 [512.74
leucine 311474.14 139806.07[294745.87|170006.88|236228.27/40171.56
lauric acid 14287.71 2772.07 [19281.30 |10941.62 |17948.23 |6662.38
lactic acid 54847.71 13704.94 [51370.28 |18581.77 |59919.97 |26476.69
isothreonic acid 589.29 14419 |680.46 [272.08 [679.87 [291.81
isoleucine 531613.57 35778.49 1468455.07|193197.82[535087.69|153665.44
isocitric acid 459.29 35.45 429.35 |222.68 |417.67 |155.30
inosine-5'-monophosphate 630.71 389.79 1263.54 [1311.90 [616.84 394.72
inosine 592.86 240.84 [1065.69 [682.55 |1148.22 [856.67
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hypoxanthine 1520.29 508.98 |1543.71 [748.92 |1248.70 [888.47
hydroxylamine 34416.00 9613.31 [|31136.33 |16401.23 [37144.46 [16691.65
hydroxycarbamate NIST 8053.57 3254.11 [6369.44 [3044.60 [7237.80 [3943.33
histidine 90230.57 3677.25 [63495.04 [28281.37 [77347.91 [22777.38
hexose NIST 084283.71 160264.47(690577.07465138.07|557152.87|300956.11
hexitol 1841.71 038.06 |1609.58 [1044.02 [1679.57 [566.79
hexadecylglycerol NIST 484.00 111.96  [638.99  |233.02 393.57 |87.23
heptadecanoic acid 3689.14 735.55  [3876.08 [1546.93 [3954.56 |1137.63
guanosine 245.29 72.81 287.54 |191.86 [276.69 [69.72
guanine 255.14 40.19 325.88 |173.76  [338.68  [134.57
glycolic acid 2052.71 828.81 2322.97 |1274.66 [3225.81 [1329.84
glycine 178203.57 48321.11 [172535.73|68577.76 [161239.97[53663.30
glycerol-alpha-phosphate 69722.29 12795.43 [52967.92 |19251.50 |54742.93 |21056.87
glycerol-3-galactoside 1031.00 388.37 1905.77 |1474.33 |2635.62 |2832.62
glycerol 31933.29 6105.71 [38100.96 [22330.15 [52444.74 [28812.61
glyceric acid 474.57 63.68 466.81 364.57 |728.80 |763.50
glutamine 1165560.86 02804.23 [869889.60[423071.39|989545.48[257709.52
glutamic acid 510605.00 136130.26(389296.18|136342.47|363218.21[164608.73
glucose-6-phosphate 587.14 388.06  [904.01 343.22 |996.89  1465.80
glucose-1-phosphate 3006.57 599.56  [3833.37 [|1976.70 [4135.53 |1720.62
glucose 642227.43 97475.58 1628368.37[266201.40[757936.06[243237.74
gluconic acid 299.57 105.62 [560.52  |262.81 1171.12 [1346.16
galactose-6-phosphate 131.29 57.90 175.99 85.96 210.28 70.45
galactinol 461.00 75.88 488.27  |330.02  |584.57  |252.43
fumaric acid 1809.57 446.17  [1688.31 [645.15 |1461.45 |768.08
fructose-6-phosphate 369.57 113.98 [498.00 [280.42 |568.35 |150.49
fructose-1-phosphate 369.57 63.08 602.87 370.50 791.50 267.72
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fructose-1,6-bisphosphate 711.86 392.63 2297.95 [1345.92 ([2743.85 [1972.25
fructose 10546.29 3148.16 [11573.02 16922.33 |15797.90 [9805.66
ethanolamine 3702.14 1099.68 [4717.38 [3010.44 [5123.06 [3222.00
erythrose 284.29 29.44 423.49  |204.64  |293.52 |57.33
erythritol 1490.71 312.72  [1403.39 [501.17 |1455.60 [593.81
dihydroxyacetone 1038.14 449.40  [2649.49 |1536.32 [2373.05 [536.03
diglycerol 47563.71 27192.02 [43965.00 [22042.58 [59390.23 [20828.61
cytidine-5-monophosphate 829.14 473.64 834.52 305.10 945.30 407.50
cystine 8230.57 4835.66 [8343.81 [4219.16 [|12172.45 |6036.03
cysteine-glycine 915.71 257.52  1626.36  [259.71 718.10  |270.66
cysteine 34834.00 10896.49 [33427.50 [22913.64 |26349.66 [3933.75
creatinine 4671.00 3468.29 |4251.47 [1618.16 [7136.88 [5408.56
conduritol-beta-epoxide 717.86 74.04 700.72 [292.83 [853.83 [298.35
citrulline 1719.43 422.78  [1326.97 42440 |1497.63 [552.73
citric acid 19679.29 2084.24 [18653.46 [9624.64 [21401.81 [8164.34
cholesterol 317029.71 72050.67 |363881.10|142955.42]326404.20]123625.92
cholestan-3-ol 516.86 89.57 391.94 21240 [502.06 [161.93
cellobiose 298894.86 36881.31 |349225.33|156847.17|313043.02|96839.08
caprylic acid 2879.14 326.30 [2735.90 [1213.29 [3430.18 |1089.62
capric acid 869.57 101.34 [966.62 [504.74 |1128.11 }464.01
bisphosphoglycerol NIST 480.86 68.76 453.54 22477 486.40 158.49
beta-sitosterol 568.57 95.60 513.94  [201.61 528.23  |212.49
beta-glycerolphosphate 606.14 68.48 547.93  [258.31 433.33 209.52
beta-alanine 1147.43 393.58 |1632.37 [1205.73 [1493.68 [549.32
benzoic acid 7910.71 42540  [8043.77 |3763.78 [8420.25 [2124.10
behenic acid 2344.43 617.10 [2931.16 [1102.19 [2915.31 (1386.87
azelaic acid 243.71 76.23 380.89 [260.19  }493.88  [131.07
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aspartic acid 83390.14 16388.72 [48884.53 |18569.96 [23706.85 [8795.95
asparagine 2714.71 1110.00 [3494.29 [1732.27 [2610.61 [|1744.78
arachidonic acid 846.86 373.99  [989.00 [349.23 |1238.89 [449.74
arachidic acid 4393.57 1050.46 |4788.64 [2029.63 [4975.95 [1456.47
arabitol 1178.00 233.18 [1141.31 [579.56 |1131.79 }436.89
aminomalonate 8994.71 1876.73 [5667.82 [3198.18 [5594.60 [1679.00
alpha-ketoglutarate 304.71 62.95 406.99 |191.33  |355.05 |116.00
alanine 28897.14 14177.64 |32256.38 [17027.90 [20829.13 |11100.73
adipic acid 497.00 142.23 [709.03 [363.20 |784.46 |288.15
adenosine-5-monophosphate 31055.14 5676.30 |30984.90 |12525.09 [34975.73 [15696.92
adenosine 1537.86 298.35 [1456.62 [666.35 [2046.34 [|1175.71
adenine 1533.14 318.13 |1567.30 [827.86 |1865.98 [685.39
aconitic acid 230.14 41.17 25545 |116.72  |328.82 149.62
5'-deoxy-5"-methylthioadenosine [652.86 116.55 711.36 316.59 646.08 219.12
5-aminovaleric acid 4120.57 1006.29 (4164.90 |2362.80 [2808.83 [585.97
3-phosphoglycerate 1912.86 655.35 |3541.05 [1658.28 ([3058.75 (1676.93
2-monostearin NIST 122800.43 25421.51 [166637.64|124174.70/175599.6753124.87
2-monopalmitin 65249.71 0939.73 |84795.25 [47987.51 [85630.22 [21934.05
2-hydroxyglutaric acid 188.00 104.87 [206.98  |79.07 245.72 161.36
2,3-dihydroxypyridine 213.00 33.68 163.24 105.60 [210.66 [98.06
1-monopalmitin 171927.86 47506.48 |234451.93|121254.23|248447.75/68646.52
1-monoolein 939.71 417.48 [1294.64 [567.91 1198.27 (440.78
1-monoheptadecanoyl glyceride [14431.43 1283.12 [15396.02 [6878.65 [15641.66 [3897.57
NIST

2,5-dihydroxypyrazine NIST 15037.43 2714.31 [12167.47 }4950.58 [12389.23 [4927.23
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