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Local abnormal angiogenesis and cardiovascular system reorganization have been observed in embryos
exposed to a simulated microgravity (SM) environment. In this study, changes in key molecular signals
and pathways in cardiovascular development have been investigated under microgravity conditions. In
particular, the caudal vein plexus (CVP) network, formed by sprouting angiogenesis has been chosen.

Keywords: ) Zebrafish embryos were exposed to SM using a ground-based microgravity bioreactor for 24 and 36 h.
EVPZEEtwork formation The SM was observed to have no effect on the zebrafish length, tail width and incubation time whereas
0. it was observed to significantly reduce the heart rate frequency and to promote abnormal development of
PIBK . . . L
Simulated microgravity the CVP network in the embryos. Nitric oxide (NO) content demonstrated that the total proteins in zebra-
Zebrafish fish embryos were significantly higher in SM than in the control group grown under normal conditions. It

was then preliminarily determined how NO signals were involved in SM regulated zebrafish CVP network
formation. nos2b MO was injected and CVP network evolution was observed in 36 h post fertilization
(hpf) under SM condition. The results showed that the CVP network formation was considerably
decreased in the nos2b MO treated group. However, this inhibition of the CVP network development
was not observed in control MO group, indicating that nos2b is involved in the SM-regulated vascular
development process in zebrafish. Moreover, specific phosphoinositide 3-kinase (PI3K) inhibitors such
as LY294002 were also tested on zebrafish embryos under SM condition. This treatment significantly
inhibited the formation of zebrafish CVP network. Furthermore, overexpression of nos2b partly rescued
the LY294002-caused CVP network failure. Therefore, it can be concluded that SM affects zebrafish
CVP network remodeling by enhancing angiogenesis. Additionally, the PI3K-nos2b signaling pathway is
involved in this process.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Exposure to microgravity during space expeditions has been
shown to induce many changes to the physiological systems of
astronauts. These changes include loss of bone mineral density,
muscle atrophy, cardiovascular deconditioning, and impairment
of pulmonary function (Crawford-Young, 2006). Specifically, the
cardiovascular system is particularly affected during space flight,
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with changes manifesting themselves as cardiac dysrhythmias
and atrophy, orthostatic intolerance, and reduced aerobic capacity
(Convertino, 2009). Further investigations into understanding the
influence of the microgravity environment on the cardiovascular
systems need to be conducted, in particular, its influence on blood
vessel angiogenesis modifications needs to be better understood.

Angiogenesis is the process of new blood vessel formation from
pre-existing endothelial structures (Folkman, 1995). Different
behaviors have been observed in endothelial cells (ECs) cultured
in modeled microgravity. The expression of many angiogenic
molecules, such as nitric oxide (NO), vascular endothelial
cell growth factor (VEGF), and endothelin-1 is modified under
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microgravity conditions, and therefore imply that microgravity
influences the angiogenesis process (Griffoni et al., 2011;
Infanger et al., 2007; Mariotti and Maier, 2008).

NO is synthesized in the vascular system by endothelial nitric
oxide synthesis (eNOS) and is involved in maintaining blood ves-
sels and their normal physiological functions (Huang et al,
2006). eNOS has been reported to affect the regulation of vascular
tone, as well as vascular remodeling and angiogenesis (Huang
et al.,, 1995; Kubes et al., 1991; Moncada et al.,, 1991; Murohara
et al., 1998; Rudic et al., 1998). NO not only influences the early
development of the cardiovascular system but also plays an impor-
tant role in the angiogenesis process (Pelster et al., 2005). At pre-
sent, homologues of eNOS have not identified in zebrafish but
some studies have shown that the nos2b gene in zebrafish contains
eNOS-specific functional domains, in particular the N-terminal
myristoylation sequence (Lepiller et al., 2009). Based on these
studies it can be hypothesized that nos2b in zebrafish could have
the same function of eNOS in mammals. Therefore, it is necessary
to better understand whether nos2b participates in the regulating
of the zebrafish vascular development.

Increasing evidence has shown that NO is involved in simulated
microgravity-induced angiogenesis. It has been reported that
in vitro eNOS inhibitors block EC migration, proliferation, and tube
formation under simulated microgravity conditions (Siamwala
et al.,, 2010). Additionally, many growth factors and hormones have
been shown to induce phosphoinositide 3-kinase-Akt (PI3K-Akt)-
dependent phosphorylation of eNOS, which activates eNOS and
induces subsequent increases in NO production (Goetze et al.,
2002; Uruno et al., 2004). Also, it has been demonstrated that shear
stress activates eNOS phosphorylation through the PI3K-Akt path-
way (Dimmeler et al., 1999; Fisslthaler et al., 2000). However, little
is known whether PI3K-nos2b signaling is involved in SM-induced
zebrafish caudal vascular angiogenesis.

This study aimed to explore the effects of microgravity on zeb-
rafish angiogenesis and related mechanisms. To investigate this
process, we focused on the caudal vein plexus (CVP) network that
is formed by sprouting angiogenesis. In particular, we attempted to
clarify how simulated microgravity could affect vascular network
angiogenesis during CVP development. The simulated
microgravity-sensitive PI3K-nos2b signaling pathway has been
hypothesized to be involved in controlling network formation of
CVP. This study has been designed to analyze the mechano-
transduction link between microgravity and angiogenesis, and to
explain how microgravity regulates CVP network angiogenesis. In
the near future, this study could provide new targets for rapid
angiogenic therapy for microgravity-induced cardiovascular dis-
eases and injuries.

2. Methods
2.1. Zebrafish (Danio rerio)

The animal housing and surgical procedures were carried out in
accordance with the Guide for the Chinese Animal Care and Use
Committee Standards, which conforms to the Guide for the Care
and Use of Laboratory Animals published by the U.S. National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1996). All ani-
mal handling procedures were also performed in accordance with
protocols approved by the Animal Ethics Committee of Chongqing
University (CHN). NIH guidelines for the care and use of laboratory
animals (NIH Publication #85-23 Rev. 1985) were also observed.

This study used zebrafish Tg (Flk1:GFP) that express the green
fluorescent protein in their endothelial cells. The zebrafishes were
obtained from Tsinghua University (CHN) developmental biology

lab and then bred and maintained in the laboratory at Chongging
University.

2.2. Zebrafish embryos exposition to SM

An MG-IIA type ground-based rotating bioreactor was provided
by the Institute of Mechanics at Chinese Academy of Sciences
(CHN) has been utilized to SM. Zebrafish embryos from the same
mother were divided into two equivalent groups: the SM group
and the control group. Zebrafish embryos for the SM experiments
were first placed in embryo culture containers and then succes-
sively tested in the rotating bioreactor (Fig. 1A), while the control
group embryos were placed in the same type of embryo culture
containers but tested in a stationary state. The culture container
radius was 2.5 cm, and 60 fertilized embryos were placed in each
container for each experimental group. Air bubbles were removed,
and the container was sealed and mounted on the bioreactor base.
All embryos were placed on the same table and received the same
vibration and illumination time. We monitored zebrafish length
and tail width, zebrafish incubation, heart rate, and development
of CVP at 24 h post fertilization (hpf) and 36 hpf. In previous exper-
iments the horizontal rotary cultivation was found to (the treat-
ment time was from 24 hpf-36 hpf) promote apoptosis of
zebrafish cells and had no significant effect on proliferation, and
therefore resulted in a delayed development of embryo tail’s vas-
cular plexus during angiogenesis at 36 hpf (Sun et al., 2013). In this
study, we wanted to explore the effect of microgravity on the early
vascular development process in zebrafish. The somite stage for a
zebrafish begins at 10-12 hpf, which is also the period in which
embryonic cell morphogenesis and somite formation begins
(Kimmel et al., 1995). Therefore, all tests were performed from
12 hpf in this study.

The MG-IIA ground-based bioreactor is made up of four parts
including a rotating stent, tissue culture containers, a base stand,
as well as a motor and transmission system (Fig. 1). There is no
changing medium in this bioreactor. The bioreactor has a gas
exchange membrane on both sides that provides oxygen for the
bioreactor. In the rotating bioreactor, zebrafish embryos experi-
ence gravity, buoyancy, and centripetal forces, and are also subject
to shear stresses. The trajectories of embryos are dependent on
their dimensions, relative density, rotating speed, as well as other
factors (Liu et al., 2004). If the solution has the same density as the
embryos, there is no relative displacement when the acting forces
on the embryos offset each other. This is similar to what happens
in space microgravity and the MG-IIA type of ground-based biore-
actor simulates it. The radius of the container can range from
Ocm <r<25cm, while the rotation speed can be set at
5rpm < n < 50 rpm, then if g 981 cm/s? is taken as gravity accel-
eration the angular velocity is:

_nx27W
- 60 7

and the characteristic parameter for describing microgravity envi-
ronment (K), can be then evaluated for our zebrafish embryos as
seen below
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According to zebrafish embryos dimensions and experimentally
available testing conditions, critical values of K kept at the order of
1072 (from 0.07 x 10~2 at 5 rpm to 6.98 x 102 at 50 rpm) suggests
that the zebrafish embryos in the containers could be considered to
undergo microgravity in all the testing conditions allowed by the
bioreactor. However, embryos have to be kept in a state of suspen-
sion that avoids larger shear forces and bubble generation. Three-
dimensional culture systems should create a moderate mechanical

K
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Fig. 1. The MG-IIA type of ground-based simulated microgravity (SM) bioreactor.
The SM bioreactor was provided by the National Microgravity Laboratory, Institute
of Mechanics, Chinese Academy of Sciences. (A) Tissue culture container. The inside
diameter “d” is 5 cm, the outside diameter “D” is 8.5 cm, the high “H” is 3 cm. (B)
Rotating stent. (C) Motor and Transmission system. (D) Base stand.

environment for the incubation of embryos. Some studies have
shown that rotating speeds that are limited between 8.5 rpm and
26.5rpm lead to preferable microgravity conditions (Lindsey
et al., 2011). However, among these preferable limits, the com-
monly adopted rotating speeds for microgravity simulation exper-
iments range from 15 rpm to 20 rpm (Moorman et al., 2002). In
this study, due to diameter of the tested zebrafish embryos diam-
eter being approximately 1 mm, which is larger than conventional
embryos, a rotating speed near to the upper limit of 25 rpm was
chosen to satisfy both the mechanical and dissolved oxygen con-
centration requirements (Kwon et al., 2008).

2.3. Treatment of zebrafish with a P13K signaling inhibitor

In order to clarify if the effect of SM on zebrafish CVP network for-
mation is mediated by PI3K signaling, flk1: GFP embryos were trea-
ted with PI3K specific inhibitor LY294002 (Sigma-Aldrich, USA),
25 uM, dimethyl sulfoxide [DMSO] carrier content was 0.1%,
n = 60) and control (DMSO)(0.1% DMSO, n = 60) under SM condition.

2.4. Morpholinos and micro-injections

Anti-sense morpholino oligonucleotides (MOs, Gene Tools LLC,
USA) targeted to interfere with nos2b (MO;
5'GACCTGGTTGCCCATGTGTTTCTGA 3’), was designed over intron-
exon junctions 1, 11 and 12, respectively. A mismatch (scramble)
MO (scr; 5" ACTCTGTCAACGGACACAAGACACT 3’) with no sequence
homology to the zebrafish genome was used as a control. MOs
were dissolved in sterile water to a final concentration of
500 uM. Fertilized eggs were then injected with approximately
3-4 ng of either MO at the 1-2 cell stage. For the “rescue” study,
nos2b mRNA (100 ng/ul) was co-injected with the LY204002.
Injected embryos and non-injected embryos were placed in a
28 °C incubator until 36 hpf for further use.

2.5. Reverse transcription (RT)-quantitative PCR (q-PCR)

Total RNA was extracted from zebrafish derived from both the
treatment group and control group using a TianGen Kit according
to the manufacturer’s instructions. The total RNA concentration
was determined by optical density using a spectrophotometer.
After removing residual DNA with DNase I, equal amounts of

RNA (1 mg) were added to a reverse transcriptase reaction mixture
with oligo-dT primers (Invitrogen, USA). The power SYBR Green
RT-PCR Kit (Applied Biosystems, Foster City, CA) was used to per-
form quantitative RT-PCR on a Bio-Rad CFX96 Real-Time system
(Bio-Rad Laboratories, Inc., Hercules, CA). The expression level
was analyzed and normalized to B-actin in the cDNA samples.
The primers used were:

flk1 (reverse primers: 5'-CCCTCCAGCAGAACTGACTCCTTAC-3';
forward primers: 5'-GAGAACGGAACCAACAAGATCCACGAG-3'),

p-action (reverse primers: 5'-CTCCATATCATCCCAGTTGGTGACA-
3’; forward primers: 5-CTGTCTTCCCATCCATCGTGGGTC-3").

The quantitative PCR program was as follows: initial denatura-
tion for 4 min at 94 °C, followed by 24 cycles of 94 °C for 1 min,
60 °C for 1 min and 72 °C for 1 min, and a final extension at 72 °C
for 10 min. All the experiments were repeated 3 times in triplicate.
The data was analyzed using the ““Ct method. Independent exper-
iments were performed three times, with three duplications in
each independent experiment. The fold change to the gene expres-
sion was calculated using the statistical analysis method.

2.6. In situ hybridization

2.6.1. Zebrafish embryo storage

Zebrafish embryos were fixed overnight at 4°C in 4%
paraformaldehyde then progressively dehydrated with methanol
and stored in 100% methanol at —20 °C.

2.6.2. The production of the probe

Specific primer sequences of flk1 (910 bp) for in situ hybridiza-
tion were designed. The PCR-fragments of zebrafish flk1 ¢cDNA
were sub-cloned into a PMD-20T vector (TaKaRa, Japan). PCR with
flk1 (reverse primers: 5'-GATGCTATCCGACTGAACC-3'; forward pri-
mers: 5-TGCCCAGATTATGGTGATG-3') was performed on the
recombinant plasmids. These PCR products were used as the tem-
plate to synthesize digoxigenin (DIG)-labeled rib-probes using SP6
RNA polymerases (Roche, CH). The probes were purified after syn-
thesis using mini Quick Spin RNA columns (Roche, CH). Sequence
identification was performed by Invitrogen.

2.6.3. Whole-mount in situ hybridizations

In our experiments, zebrafish was separately treated from
12 hpf to either 24 hpf or 36 hpf. The shell of the zebrafish embryo
was stripped, and embryos were collected with EP tubes. Whole-
mount in situ hybridization (WISH) experiments were performed
as described (see: http://zfin.org/zf_info/zfbook/chapt9/9.8.html)
on embryos fixed at 24 hpf and 36 hpf. Embryos were cleared in
graduated concentrations of glycerol up to 80% before observa-
tions. At least 30 embryos were examined and demonstrated sim-
ilar expression patterns. A minimum of three independent
experiments was conducted per analysis. Lateral and dorsal views
were imaged by a dissecting microscope (SZX9 Olympus).

2.7. Protein extraction and NO detection

In order to extract proteins, embryos were first washed three
times with ice-cold phosphate-buffered saline and then disinte-
grated by grinding with cell-lysis solution containing 1% phenyl
methane sulfonyl fluoride and protease inhibitors. The mixture
was collected in micro-centrifuge tubes pre-chilled to 4 °C and
centrifuged at 10000 rpm for 5-10 min and the supernatant was
collected. The presence and concentration of NO was determined
using a NO kit (JC bio, Nanjing, China) according to the manufac-
turer’s instructions. NO content was obtained by fitting the data
to the following function:

N = (Adet — Ablk)/(Astd — Ablk) x B =+ C
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(n =60) was normal in SM group at 36 hpf. (mean + SD, t test). (E) Heart rate of embryos (n = 60) as manual statistic counted at 24 hpf and 36 hpf. (mean + SD, t-test, *P < 0.05,

**p < 0.01).

where N is NO content (umol/gprot), Adet is determined, Ablk is
blank, Astd is the standard OD value, B is the standard sample con-
centration (20 umol/L), and C is the sample protein concentration
under test.

2.8. Fluorescent microscopy

The vascular development was observed at 24 hpf and 36 hpf by
fluorescent microscopy after that zebrafish embryos were anes-

thetized, by a short exposure to 0.02% tricaine, and fixed with
1.5% low melting agarose (Sigma-Aldrich, LLC., St. Louis, USA). After
the observation, the embryos were awakened using fresh water
and released into the fish tank.

2.9. Statistical analysis

The data obtained in this study were reported as means +
standard deviation. All experiments were representative of 3



X. Xie et al. /Journal of Biomechanics 87 (2019) 83-92 87

control

24hpf >

o 36hpf

F flk1

control

s gy

SM

e
TR oy

control

O
. O

Intercapillary number
° o 3 3 ®
*
3
Intercapillary area (%)
o 8 & &8 &

control SM control SM

m

Width of CVP (um)

flk1 g-PCR

®

I control
Emsm

o *%

g 8

1

8 8 8 8

Relative expression

control SM 24hpf 36hpf

Fig. 3. SM regulated zebrafish CVP network formation. (A) Transgenic flk1: GFP embryos were treated with SM from 12 hpf and imaged by in vivo fluorescence microscopy at
24 hpf and 36 hpf. Representative examples from after SM treatment were shown. Lateral view, anterior to the left, dorsal is up. The CVP was indicated by blue arrows. Scale
bar, 100 um. (B) Higher magnification of the CVP region form (A). The intercapillary was indicated by red arrows. Scale bar, 50 pm. (C) The intercapillary number was counted.
Total of thirty embryos were used for the counting in each case. (mean + SD, t-test, ***P <0.001). (D) The percentage of intercapillary area was quantified. Total of thirty
embryos were used for the quantification in each case. (mean # SD, t-test, ***P < 0.001). (E) The width of CVP was measured. Total of thirty embryos were used for the
measurement in each case. (mean + SD, t-test, **P < 0.01). (F) The flk1 expression in developing CVP was increased by treating with SM. Scale bar, 100 um. (G) qPCR results of
zebrafish flk1 relative expression at 24 hpf and 36 hpf. (mean * SD, t-test, **P < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

independent experiments. Data obtained from different treatment
groups were statistically compared using SPSS v17.0. Statistical dif-
ferences between experimental groups were evaluated using one-
way ANOVA or Student’s t-test. A single asterisk * in the legend
denotes a significance level set at P < 0.05, a double asterisk **
refers to a P < 0.01, and a triple asterisk *** refers to a P < 0.001.

3. Results
3.1. SM regulates zebrafish CVP network formation

Venous tip cells in the caudal vein of zebrafish embryos sprout
out at 24 hpf, and then they form a clear network with spaces
between capillaries and fused Vasa Vasorum (VV) at 36 hpf.
Embryos were treated in SM in order to determine whether it
has an effect on the zebrafish CVP network formation. Zebrafish
were treated with SM and it was observed that there was no effect
on the zebrafish length, tail width and incubation (n = 60) (Fig. 2A-
D), SM reduced the embryos heart rate (Fig. 2E). Previous studies
have shown that reduced heart rate significantly affects angiogen-
esis (Branum et al., 2013; Brown et al., 2005). These results suggest
that SM could have a significant effect on the cardiovascular sys-
tem of zebrafish.

To verify this hypothesis, we analyzed the zebrafish CVP network
development using a stereo microscope. As showninFig. 3A, embryo
caudal vessels developed normally in the control and SM-treated
groups at 24 hpf, suggesting that the caudal vascular development
was normal before circulation. At 36 hpf, the CVP in the control
group displayed a clear network, with spaces between capillaries

and fused VV (Fig. 3A, B). However, the width of the CVP, the inter-
capillary number of CVP, and the inter-capillary area of the CVP were
significantly increased in the SM-treated group (Fig. 3A-E). Addi-
tionally, the expression of the vascular endothelial cell marker,
flk1, in the CVP region by WISH and qPCR was investigated. At
24 h, flk1 expression was normal in SM-treated embryos (Fig. 3F,
G). However, flk1 expression within the CVP and surrounding region
was markedly increased in the SM-treated group at 36 hpf (Fig. 3F,
G). These findings suggested that SM is a crucial moderator during
CVP network formation in zebrafish.

3.2. nos2b is involved in SM-mediated CVP network formation

NO can regulate early cardiovascular development of zebrafish
embryos and it plays an important role in supporting the vascular
system during individual development. In order to know whether
SM involved NO signaling in the development of zebrafish vascular
processes, the NO concentration in zebrafish was verified. At
36 hpf, the NO concentration of the SM-treated group was higher
than the that of the control group (Fig. 4B). This suggests that NO
signaling may participate in the SM-regulated vascular develop-
ment process in zebrafish.

The nos2b gene in zebrafish may play a role in the process of
angiogenesis similar to eNOS in mammalian cells. In order to eval-
uate whether nos2b participates in CVP network development
induced by SM, we injected nos2b MO into zebrafish embryos at
the 1-4 cell period and then treated them with SM until 36 hpf.
It was found that the width of the CVP, the inter-capillary number
of CVP and the inter-capillary area of the CVP were significantly
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decreased in the nos2b MO + SM-treated group compared with the
control MO + SM group (Fig. 4A, C-E). It was also found that the
size of the flk1 expression domain in the CVP region was reduced
in nos2b MO-injected embryos (Fig. 4F, G). These findings suggest
that nos2b is a possible downstream factor of SM in zebrafish
CVP network formation.

3.3. SM-induced PI3K signaling is necessary for zebrafish CVP network
formation

Many studies have shown that PI3K signaling is the central
pathway induced by SM (Dai et al., 2014; Kang et al., 2011; Shi

et al., 2012). In order to evaluate possible mechanisms of enhanced
CVP network development induced by SM, a PI3K signaling inhibi-
tor was used as a co-treatment with SM and then the effect was
analyzed using fluorescence imaging, qPCR and in situ hybridiza-
tion. As seen in Fig. 5A co-treatment with SM and LY294002 par-
tially recovered the SM-induced CVP capillary network increase.
Additionally, the width of the CVP, the intercapillary number of
CVP, and the intercapillary area of the CVP were significantly
decreased in LY294002 + SM group (Fig. 5B-D). Meanwhile, the
expression of flk1 in the CVP area in the LY294002 + SM treated
group was significantly decreased when compared with the SM
group at 36 hpf (Fig. 5E, F). These results demonstrate that the



X. Xie et al./Journal of Biomechanics 87 (2019) 83-92 89

LY294002+SM

O
o

454
@40- =
L5 S
@ % =
o dedkede
= 304 o
5 5

254
Z‘ b3
S 2] <}
= <
] 3
(8]
— 104 g
[9]
€ s

o

SM LY294002+
SM

E F
flk1 g-PCR

%]

Relative expression

LY294002+
SM

SM LY294002+
SM

8 8

& 8 8 3

8 8

3

o

*kk

10

Intercapillary number

LY294002+
SM

SM LY294002+
SM

flk1

{ &

¢ ¢ (¢
s SR s VN e,
= M NPT ot R

Fig. 5. SM regulated CVP network formation via PI3K signaling. (A) LY294002 contribution to CVP network formation was assessed by fluorescence microscopy at 36 hpf.
Lateral view, anterior to the left, dorsal is up. The CVP was indicated by white arrows. Scale bar, 100 um. Under panel showed higher magnification of the CVP region form
above picture. The intercapillary was indicated by red arrows. Scale bar, 50 um. (B) The intercapillary number was sharply reduced in LY294002 + SM group. (n =30)
(mean # SD, t-test, ***P < 0.001). (C) The percentage of intercapillary area was quantified. (n = 30) (mean # SD, t-test, ***P < 0.001). (D) The width of CVP was measured. Total
of thirty embryos were used for the measurement in each case. (mean * SD, t-test, *P < 0.05). (E) qPCR results of zebrafish flk1 relative expression at 36 hpf. (mean * SD, t-test,
*P < 0.05). (F) Whole In situ hybridization for flk1 in caudal area at 36 hpf. Scale bar, 100 um. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

SM-induced CVP network development is achieved via PI3K
signaling.

3.4. The PI3K-nos2b signaling cascade plays a role in SM regulated
zebrafish CVP network formation

Activation of the survival signal PI3K/Akt and the endothelial
specific eNOS/NO pathway is closely associated with vascular
angiogenesis and remodeling (Dayanir et al.,, 2001; Lee et al,,
2006). In this study it was that the NO concentration significantly
decreased with the addition of LY294002 (Fig. GA). Therefore, it
was assumed that PI3K signaling could regulate nos2b activity to
mediate CVP network formation. To confirm this, zebrafish
embryos were first injected with nos2b mRNA at the 1-4 cell per-
iod and then treated with LY294002 from 12 hpf to 36 hpf. As
shown in Fig. 6D, the CVP was inhibited, in the LY294002-treated
group, failing to make proper connections with neighboring

sprouts. However, CVP in the LY294002 + nos2b mRNA group did
not exhibit these apparent vascular abnormalities. The width of
the CVP, the CVP inter-capillary number, and the area were partly
recovered by nos2b mRNA treatment (Fig. 6B, C, E). In addition, the
expression of flk1 remained low in the LY294002 group, while the
level of flk1 recovered in the LY294002 + nos2b mRNA group was
similar to the control group (Fig. 6F). The data shown here indi-
cates that nos2b mRNA treatment partly rescues the LY294002-
induced CVP network formation failure. Whole-mount in situ
hybridization also showed the same result (Fig. 6G). These results
suggest that SM acts via PI3K-nos2b signaling to regulate CVP net-
work formation.

4. Discussion

During manned space flights, the human body is exposed to
microgravity, and several cardiovascular dysfunction phenomena
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have been observed (Antonutto and di Prampero, 2003). Particu-
larly, the mechanism of microgravity-regulated endothelial differ-
entiation and vascular development is not yet clear. In this study,
SM was found to affect the zebrafish CVP network formation. Addi-
tionally, the CVP network formation was found to be regulated in
SM via the activation of the PI3K-nos2b signaling pathway. In this

study a previously unrecognized role of SM in zebrafish angiogen-
esis was revealed and the underlying mechanisms as well as novel
complementary explanations for microgravity-induced vascular
remodeling were identified.

Angiogenesis, a process by which new blood vessels are formed,
plays an important role in physiological and pathological processes
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in humans. In the vascular development process of zebrafish, the
main arterial and venous blood vessels, cardiac primordia, and
the original embryonic capillary network are formed from 12 hpf
to 36 hpf (Yancopoulos et al., 2000). A zebrafish heart starts to beat
and blood starts to circulate in the body at 24 hpf. At the beginning
of the establishment of blood circulation, primitive vascular plexus
shows a great deal of plasticity during the process of vascular
development. Large blood vessels became wide, some small blood
vessels promptly disappear, and some fragments of the blood ves-
sels begin to form new blood vessels (Buschmann et al., 2010; le
Noble et al., 2004). However, effects of microgravity on zebrafish
vascular angiogenesis are largely unknown. In this study, it was
found that SM had no effect on the zebrafish vascular development
at 24 hpf but promoted the CVP network formation from 24 to
36 hpf. Our previous studies indicated that blood flow plays an
important role in CVP network formation(Xie et al., 2018). The
results suggest that blood flow might contribute to CVP network
formation during SM.

NO, which is locally produced in the endothelium, is an impor-
tant mediator of blood flow, vascular permeability, and angiogen-
esis (Namkoong et al., 2008; Sessa, 2009). The eNOS-derived NO
is a crucial contributor to the maintenance of cardiovascular home-
ostasis. The eNOS/NO pathway has been shown to exert a permis-
sive role in angiogenesis in adult organisms (Dulak and J6zkowicz,
2002; Namkoong et al., 2005). In addition, inhibition of endoge-
nously produced NO or disruption of the eNOS gene has been found
to reduce new blood vessel formation in animal models (Murohara
et al., 1998; Ziche et al.,, 1997). Furthermore, both in vivo and
in vitro studies have found that suppression of eNOS activation
can inhibit angiogenesis (Chung et al., 2008). Microgravity is a
mechanical factor and nos2b can be regarded as the eNOS homolog
in zebrafish, and therefore based on the results of this study we
suggest that nos2b may play an important role in SM-regulated
CVP network formation. These results contribute greatly to
advancing research on the effects of SM on vascular development.

It has been reported that eNOS is phosphorylated by the Akt
protein kinase in ECs, and results in an increase of eNOS activity.
eNOS activity plays a crucial role in the regulation of vascular tone,
vascular remodeling, angiogenesis and NO production (Kureishi
et al., 2000). Earlier studies have suggested that PI3K inhibitors
attenuate the VEGF-induced increases to NO release in ECs and
that VEGF stimulates Akt-mediated eNOS phosphorylation (Fulton
et al,, 1999). Moreover, NO has been shown to protect ECs from
serum-deprivation-induced apoptosis and promote the formation
of capillary-like structures on Matrigel in an Akt-dependent man-
ner (Kureishi et al., 2000). Furthermore, it has been described that
NO production in cultured ECs in response to shear stress is con-
trolled by the Akt-dependent phosphorylation of eNOS (Dimmeler
et al., 1999). Considering all these findings, it can be inferred that
PI3K activates Akt, which in turn is responsible for regulating the
phosphorylation and activation of eNOS (Igarashi et al., 2001). In
this study we found that the PI3K-nos2b signaling cascade partici-
pated in SM-regulated CVP network formation in zebrafish. These
results provide the first evidence that activation of PI3K-nos2b is
a crucial event in SM-mediated signal transduction, favouring zeb-
rafish angiogenesis.

5. Conclusions

This study suggests that SM plays a significant role in CVP net-
work formation in zebrafish. SM influences CVP formation in zeb-
rafish embryos by regulating nos2b expression via activated PI3K
signaling. Notably, the signaling cascade that contains PI3K and
nos2b may be a potential target for suppressing pathological angio-
genesis. This offers important implications for cardiovascular

disease therapy in the absence of gravity, such as what could occur
during space flights.
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