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Simulated microgravity hampers Notch signaling in the
fight against myocardial ischemia-reperfusion injury
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Abstract. The gravitational field is an important determinant
of cardiovascular function. Exposure to microgravity during
spaceflight may lead to a series of maladaptive alterations
in the cardiovascular system. The authors have previously
demonstrated that microgravity can increase the suscepti-
bility to myocardial ischemia-reperfusion (IR) injury under
simulated microgravity. Although Notchl signaling protects
against myocardial IR injury, whether Notchl protects against
myocardial IR injury under simulated weightlessness remains
unknown. The present study is designed to investigate the
role of the Notchl receptor in myocardial IR injury under
simulated weightlessness. The differences in Notch signaling
expression and myocardial infarct size following myocardial
IR were compared between normal rats and tail-suspended
rats that were kept in 30° head-down tilt and hindlimb
unloading position. The data revealed low expression levels of
Notchl receptor and its endogenous ligand Jaggedl in normal
adult rat hearts. However, significantly higher expression of
Notchl was observed in the border zone compared with the
infarcted area and the remote zone following myocardial
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IR. Notchl expression was notably reduced in the infarcted
hearts of tail-suspended rats compared with the control group.
Conversely, the myocardial infarct size was significantly
increased in tail-suspended rats compared with the control
rats. In conclusion, these data suggested that the proper func-
tion of Notch signaling may be hampered under simulated
microgravity.

Introduction

Cardiovascular disease is the leading non-communicable
disease in terms of mortality; in 2012 there were ~17.5
million moralities caused by cardiovascular diseases, among
which ~7.4 million were caused by coronary heart disease
(CHD) (1). The detrimental effects of acute myocardial
ischemia-reperfusion (IR) injury are usually responsible for
the outcome of CHD (2). During spaceflight, exposure to
microgravity may lead to a series of maladaptive alterations in
a number of organs, resulting from the redistribution of body
fluids towards the head, which is caused by the considerable
stress on the cardiovascular system (3). Data from our previous
study revealed that microgravity increases susceptibility to
myocardial IR injury in tail-suspended rats (4); however, the
underlying mechanisms have not been fully elucidated.

The Notch gene was originally cloned from
Drosophila melanogaster >30 years ago; it encodes a family
of highly conserved transmembrane surface receptors (5).
Mammals express 4 Notch receptors, Notchl-Notch4, and
5 Notch ligands, including Delta-like (DLL)1, DLL3, DLLA4,
Jagged (JAG)! and JAG2. The binding of a ligand to a
receptor triggers the proteolytic cleavage and release of the
Notch intracellular domain (NICD), which is the active form
of Notch (6). Following translocation into the nucleus, NICD
functions to regulate the transcription of its downstream
target genes, including HES family basic helix-loop-helix
transcription factor (HES) and HES-related with YRPW
motif (HEY), which in turn modulate cell proliferation,
apoptosis and the expression of transcription factors of the
nuclear transcription factor-kB (NF-xB) family (7). The Notch
signaling pathway has been revealed to participate in various
cellular behaviors and processes, including cell proliferation,
apoptosis, differentiation and adhesion by regulating
communication between adjacent cells (8), thus indicating its
important role in controlling the development of organs and
tissues.
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Notably, a previous study demonstrated that a deficiency in
Notch signaling aggravates hepatic IR injury, whereas induced
Notch activation decreases cell apoptosis following hepatic
IR (9), which suggested that Notch may serve a crucial role
in adult animals. Among the Notch receptors and ligands,
Notchl and JAGI are the predominant forms expressed in
adult heart (10). Numerous previous studies have reported
that the Notchl signal exhibits significant enhancement
following myocardial IR, suggesting that cardiac Notchl
signaling may be endogenously activated and may exert its
beneficial effects during myocardial IR (11-13). Nevertheless,
whether Notchl protects against myocardial IR injury under
simulated weightlessness remains unclear and requires further
investigation.

Therefore, the present study was designed to investigate
the role of the Notchl receptor in myocardial IR under
simulated weightlessness. The temporal and spatial character-
istics of Notchl expression in myocardial IR were determined
by detecting the extracellular domain of Notchl, where the
signaling pathway was initiated. Furthermore, it was demon-
strated that simulated weightlessness aggravated myocardial
IR injury by downregulating Notch. These data may add to
the understanding of the mechanisms of myocardial IR injury
in a weightless environment, which may aid in the design of
therapies for astronauts or other members who work on the
space station.

Materials and methods

Chemicals and reagents. The extracellular domain of Notch
receptors consists of 29-36 multiple epidermal growth
factor-like motifs that are responsible for ligand interac-
tion and 3 LIN-12/Notch motifs that are responsible for
precluding receptor activation without receptor-ligand engage-
ment (14,15). The NICD is the activated form of Notchl that
directly regulates the transcription of downstream genes (7).
Therefore, antibodies used against the extracellular domain
of Notchl may indicate how and where Notchl is distributed.
Primary antibodies against Notchl extracellular domain
(cat. no. sc-23299) and JAGI (cat. no. sc-8303) and connexin
43 (Cx43; cat. no. sc-13558) were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA), and anti-B-actin
(cat. no. A5441) was purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). The membrane marker
Texas Red®-X-conjugated wheat germ agglutinin (WGA;
cat. no. W21405) was purchased from Molecular Probes
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cx43
and WGA were used to distinguish between the different zones
of infarcted myocardium under microscopy. Unless otherwise
indicated, all chemicals were purchased from Sigma-Aldrich
(Merck KGaA).

Animals and samples. All Sprague-Dawley (SD) rats
(n=44) were obtained from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China). All the
animals were fed and provided with water ad libitum in an
environment with temperature of 22+1°C, relative humidity
of 50+1% and a 12-h light/dark cycle. All animal studies,
including the rat euthanasia by carbon dioxide asphyxia-
tion (90% CO,, 5 min), were performed in compliance with

5151

the regulations and guidelines, and approved by the Ethics
Committee of The Fourth Military Medical University
institutional animal care and were conducted according to
the AAALAC (https://www.aaalac.org/) and the IACUC
(https://www.iacuc.org/) guidelines.

The antibody against Notchl in the present study has rarely
been used before to detect myocardial Notchl. Therefore,
the feasibility of using this antibody to detect myocardial
Notchl expression had to be validated. As the liver is one
of the organs where Notch is abundantly expressed in the
adult stage, hepatic Notchl expression was used as the posi-
tive control for the validation of the experimental method, as
well as for further comparisons of Notch expression between
other groups. Accordingly, hearts and livers were sourced
from male SD rats that were 14 days embryonic (embryonic),
3 days old (neonatal) and 8 weeks old (adult) (n=4 rats/age
group) to reveal the expression patterns of the Notch signal.
Additionally, 32 adult rats were used to elucidate the effect of
simulated microgravity on the expression of Notch signal after
myocardial IR.

Tail-suspension model and IR model in vivo. Adult rats
(weight, 200-250 g) were randomly divided into the following
6 groups prior to tail-suspension and surgery: i) Control 3-h
IR without suspension (CON-IR-3h, n=4); ii) Control 7-day IR
without suspension (CON-IR-7d, n=8); iii) 3-h IR following
4-week suspension (SUS-IR-3h, n=4); iv) 7-day IR following
4-week suspension (SUS-IR-7d, n=8); v) sham without suspen-
sion (CON-Sham, n=4); vi) and sham following 4-week
suspension (SUS-Sham, n=4) (16). Tail-suspended rats were
maintained in a 30° head-down tilt and hindlimb unloading
position for 4 weeks (17). Rats were anesthetized with sodium
pentobarbital (40 mg/kg, intraperitoneal; Sigma-Aldrich;
Merck KGaA) prior to IR surgery. Myocardial ischemia was
induced by ligation of the left anterior descending coronary
artery (LAD) with a slipknot, which was subsequently removed
30 min later (18). Sham-operated control rats underwent the
same surgical procedures except that the suture placed under
the LAD was not tied. SUS-IR-7d rats were returned to the
tail-suspension state post-surgery.

Immunofluorescent histochemistry and confocal analysis.
Myocardial and hepatic samples sourced from rats were
cut into 1 mm?® pieces and frozen with optimum cutting
temperature compound and isopentane in liquid nitrogen
(Sigma-Aldrich; Merck kGaA). Tissue sections (10 pm)
were obtained in a freezing cryostat at -20°C. Sections were
air dried at room temperature, fixed in ice-cold acetone for
30 min, permeabilized in the phosphate buffered saline
[PBS; 135 mM NaCl, 10 mM sodium phosphate, (pH 7.0)]
including 0.1% Triton X-100 at room temperature for 30 min,
and subsequently blocked in 1% bovine serum albumin (BSA;
cat. no. 9048-46-8; Ameresco, Inc., Framingham, MA, USA)
in PBS at room temperature for 60 min. Sections were incu-
bated with anti-Notchl (1:50), anti-JAGI1 (1:50) or anti-Cx43
(1:50) primary antibodies at 4°C overnight. Slides were rinsed
twice in PBS and incubated with rabbit anti-goat Alexa Fluor
488-conjugated immunoglobulin IgG (1:800; cat. no. A27012;
Invitrogen; Thermo Fisher Scientific, Inc.), goat anti-rabbit
Alexa Fluor 488-conjugated immunoglobulin IgG (1:800;
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cat. no. A27034; Invitrogen; Thermo Fisher Scientific,
Inc.), and goat anti-mouse Cy3-conjugated IgG (1:1,000;
cat. no. A0521; Beyotime Institute of Biotechnology) at 37°C
for 60 min. Tissue sections were counterstained with Hoechst
33258 (1 ug/ml) and WGA (5 pg/ml) at 37°C for 8 min.
Stained sections were observed using an Olympus FV1000
laser-scanning confocal microscope (Olympus Corporation,
Tokyo, Japan) equipped with the FV10-ASW 3.1. Images were
captured using a x60 magnification water objective. Optical
densitometric analysis of target protein expression was
performed using the FV10-ASW 3.1 (Olympus Corporation,
Tokyo, Japan). For each section, mean fluorescence was
calculated from three separate fields per heart.

Protein extraction and western blot analysis. The heart
samples (n=4 rats) were collected from the CON-IR-7d group
7 days following myocardial IR surgery to confirm and
limit assessment to the spatial features of the border zone.
The infarcted hearts were then sectioned horizontally into 6
pieces from apex to base, among which the second section
was usually the most typical for the border zone division
(Fig. 1A). According to previous studies (19,20), the isch-
emic, but still viable, ‘border zone’ was ~2 mm away from
the border of the macroscopic (pink or white colored) infarct
zone (Fig. 1B). Thus, the myocardial protein extracts from
border, remote, and infarct zone of the second section were
resolved by SDS-PAGE using 12% Laemmli gels, as described
previously (21). Following electrophoresis, proteins were elec-
trically transferred to polyvinylidene fluoride membrane using
a Bio-Rad semi-dry transfer apparatus (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The membranes were blocked with
1% BSA in Tris-buffered saline [TBS; 150 mM NaCl, 50 mM
Tris-HCI, (pH 7.5)] and were incubated with a goat poly-
clonal antibody against the extracellular domain of Notchl
(1:1,000) and mouse monoclonal anti-f3-actin (1:4,000) in
TBS containing 0.1% BSA at 4°C overnight. The membranes
were incubated with IRDye 800CW-conjugated donkey-anti
goat (1:10,000; cat. no. 926-32214; LI-COR, Inc.) or IRDye
800CW-conjugated goat-anti mouse secondary antibodies
(1:10,000; cat. no. 926-32210; LI-COR, Inc.) for 90 min at room
temperature, and were visualized using an Odyssey scanner
(LI-COR Biosciences, Lincoln, NE, USA). Quantification
analysis of blots was performed with the ImageJ software
v1.43u (National Institutes of Health, Bethesda, MD, USA).
Notchl expression was normalized to [3-actin.

Myocardial infarct size. Hearts were arrested in diastole
by perfusing with cardioplegic solution (25 mmol/l KClI,
5% dextrose in PBS) at the end of reperfusion. To distinguish
between viable and infarcted tissue, hearts were perfused and
incubated in 1% triphenyltetrazolium chloride Sigma-Aldrich
(Merck KGaA; TTC, in PBS, (pH 7.4)] for 10 min at 37°C (22).
The base and the right ventricular free wall were dissected,
and the left ventricle was frozen at -20°C for 2 h and the heart
was subsequently sectioned from the top to the bottom into
coronal sections. The sections were fixed at 4°C overnight in
4% paraformaldehyde; the sections were weighed to calculate
the total mass of the left ventricle and the sides that touched the
bottom of the container were imaged the next day. Following
incubation with TTC, viable tissue was stained red, whereas

MOLECULAR MEDICINE REPORTS 17: 5150-5158, 2018

=

A'i_--:' yﬁ. -g & ﬁ @

1ecm

Infarct zone

Remote zone

Border zone

Figure 1. Remote, border and infarct zones in left ventricular slices from
a SUS-IR-3h group triphenyltetrazolium chloride stained heart. (A) The
infarcted hearts were sectioned horizontally into 6 pieces from apex to base.
(B) The remote zone is pink and the infarcted zone is white. The border zone
sample was excised from ~2 mm near the infarct zone in the second coronal
section of the left ventricle.

necrotic (infarcted) tissue turned white. The total mass of
the left ventricle was measured by adding the masses of the
individual slices. The infarct size was then expressed as the
percentage of the mass of the left ventricle. The areas of infarct
were analyzed using Image J software v1.43u.

Statistical analysis. Data were statistically analyzed with
the SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). Data
are presented as the mean =+ standard error of the mean from
at least three independent experiments. Student's t-test was
used for paired observations. Comparisons were performed
using two-way ANOVA for experiments with more than two
subgroups. P<0.05 was considered to indicate a statistically
significant difference.

Results

Hepatic Notch expression gradually decreases during
development. Notchl protein was abundantly expressed in
embryonic liver, but it was notably decreased in neonatal and
adult liver tissues (Fig. 2). In the adult liver, Notchl expression
was observed in a ring-shaped manner around each hepato-
cyte, which indicated that the protein was localized to the cell
membrane. This concurs with the use of the Notch antibody in
the present study against the extracellular domain, which may
better indicate how and where Notchl signal gets distributed
and explains why Notchl signal in the present study always
lies near the cell membrane. Similarly, JAG1 expression
was also intensely expressed in the embryonic liver (Fig. 3),
whereas the levels of hepatic JAGI expression were decreased
in neonatal livers and became even lower at the adult stage. In
the adult liver, JAGI expression was distributed in a similar
ring-shaped pattern to Notchl expression (Fig. 2). In conclu-
sion, these results revealed that Notch expression in rat liver
gradually decreased during development.

Notch is expressed at lower levels in heart compared with
liver. It must be noted that myocardial Notchl expression
has rarely been studied using the Notchl antibody against
the extracellular domain. In addition, the expression levels
of Notch signal in the adult and neonatal hearts are too low
to be visually defined. Therefore, the expression of the Notch
signal in both the liver and heart at the three different devel-
opmental periods (Figs. 2-5) has been compared to validate



JIANG et al: Notchl EXPRESSION IN ISCHEMIA-REPERFUSION MYOCARDIUM UNDER MICROGRAVITY

Notchi

Embryonic

Neonatal

Adult

5153

Merge

S0pum

Figure 2. Expression of hepatic Notchl at different stages of rat development. Frozen sections (magnification, x60) of liver from embryonic, neonatal and
adult rats were stained for the extracellular domain of Notchl (green), membrane (WGA, red) and nucleus (Hoechst, blue). The size of hepatocytes increased
over developmental time, and the intensity of Notchl expression decreased from the embryonic to the adult stage. The enlarged area (magnification, x200)
demonstrates the ring-shaped distribution of Notch! around hepatocytes, which was particularly enhanced in the embryonic and neonatal stages. WGA, wheat

germ agglutinin.

the feasibility of using these antibodies to detect myocardial
Notch signal, with the expression level in the adult liver being
used as a baseline. Lower expression of Notchl was observed
in the hearts of the neonatal and adult rats compared with
expression in the liver at these respective stages (Fig. 4A).
Even at the embryonic stage of the rat heart, Notchl expres-
sion level was significantly lower compared with the adult
liver. Following statistical comparison, it was demonstrated
that the expression levels of Notchl in liver were >10 times
higher compared with the heart at the same developmental
stage. Notably, Notchl expression levels of both neonatal and
adult hearts were significantly less than that of embryonic
hearts (P<0.01; Fig. 4B). Similarly, the levels of JAGI protein
expression were low in the embryonic heart but significantly
higher than in neonatal or adult hearts, in both of which JAG1
was almost undetectable (P<0.01; Fig. 5A). Furthermore, at the
same stage, cardiac JAGI expression levels were significantly
lower compared with the hepatic JAG1 expression levels
(P<0.01; Fig. 5B).

Notchl expression is enhanced in the border zone following
myocardial IR. Previous studies have demonstrated that Notch
expression is elevated in hearts subjected to myocardial IR
injury (10,11). To further determine the area in the infarcted
heart in which Notchl expression is the highest, the levels of
Notchl protein within the infarct, remote and border zones
were measured 7 days following IR (CON-IR-7d). Significantly
higher expression of Notchl was observed in border zone

compared with the infarct or remote zone (Fig. 6), which
suggested that Notchl may exhibit protective effects in the
border zone of infarcted heart, during myocardial IR.

Notchl expression levels are reduced in the border zone of
tail-suspended rat hearts following myocardial IR injury.
Notchl protein expression levels were higher in the border
zone compared with expression levels in CON-Sham rats,
SUS-Sham rats, and in the infarcted area and the remote
zone, of the same age in both CON-IR-7d and SUS-IR-7d
rats (Fig. 7). However, Notchl expression was significantly
lower in SUS-IR-7d rats compared with expression levels in
CON-IR-7d rats (Fig. 7B).

Infarcted zone size is reduced following myocardial IR. The
myocardial infarct size was significantly smaller in rats that
underwent 7 days of reperfusion compared to those who
underwent 3 h of reperfusion in both CON and SUS groups
(Fig. 8). In addition, the myocardial infarct size was signifi-
cantly larger in both SUS groups compared with both of the
corresponding CON groups post-IR.

Discussion

The gravitational field is crucial for regulating cardiovascular
function. It has been reported that astronauts exhibit decreased
cardiac preload, circulating blood volume and red cell mass
following long-term exposure to microgravity, which in turn may
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Figure 3. Expression of hepatic JAGI in different stages of rat development. Frozen sections (magnification, x60) of liver from embryonic, neonatal and adult
rats were stained for JAGI (green), membrane stain (WGA, red) and nucleus (Hoechst, blue). The intensity of JAGI1 expression decreased, similar to Notchl
expression. The enlarged area (magnification, x200) indicates the ring-shaped distribution of JAG1 around hepatocytes. JAGI, Jaggedl.
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Figure 4. Notchl expression in rat heart and liver at different stages.
(A) Frozen sections of heart and liver from embryonic, neonatal and adult
rats were stained for the extracellular domain of Notchl (green) and nucleus
(Hoechst, blue). As the tissues developed naturally from the embryonic stage
towards the adult stage, the constituent cells of adult groups grew larger than
the other groups. Therefore, the tissues of adult rats achieved a lower density
than those of embryonic and neonatal rats did. All displayed sections were
captured under the same magnification (x60). (B) Quantification of the rela-
tive fluorescence intensity of Notchl expression. The values are shown as
fold change vs. the expression levels of Notchl in adult liver group. Data are
presented as the mean =+ standard error of the mean of three experiments.
“P<0.01 vs. the adult liver group; P<0.01 vs. the embryonic liver group;
“&P<0.01 vs. the embryonic heart group.
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Figure 5. Jaggedl expression in rat heart and liver. (A) Frozen sections of
heart and liver from embryonic, neonatal, and adult rats were stained for
Jagged] (green) and nucleus (Hoechst, blue). All displayed sections were
captured under the same magnification (x60). (B) Quantification of the rela-
tive fluorescence intensity of Jaggedl expression. The values are shown as
fold change vs. the expression levels of Jaggedl in adult liver group. Data
are presented as the mean + standard error of the mean of three experiments.
“P<0.01 vs. the adult liver group; “P<0.01 vs. the embryonic liver group;
&&Pp<(0.01 vs. the embryonic heart group.

jeopardize the ability of the body to fight against cardiovascular
injury (23). Our previous data have demonstrated that the
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Figure 6. Notchl protein expression is increased in the border zone 7 days following ischemia-reperfusion injury. (A) Representative western blot images from
CON-IR-7d rats indicating the expression levels of Notchl in the three zones of the heart; f-actin was used as a loading control. (B) Quantification of Notchl
expression levels from Part (A) normalized to -actin expression. Data are presented as the mean + standard error of the mean of three experiments. “P<0.01
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Figure 7. Notchl expression is increased in the border zone in rat hearts following IR injury. (A) Frozen sections of adult rat hearts subjected to IR, with
or without suspension, or sham operation were stained for the extracellular domain of Notchl (green) and nucleus (Hoechst, blue). All sections were also
counterstained with Cx43 (data not shown) to distinguish the different zones of the infarcted hearts. (B) Quantification of the relative fluorescence intensity of
Notchl expression. The values are shown as fold changes vs. the expression levels of Notchl in adult liver group indicated in Fig. 4. Data are presented as the
mean + standard error of the mean of three experiments. “P<0.01 vs. CON-Sham rats; #P<0.01 vs. SUS-Sham rats; “P<0.01 vs. the border zone of CON rats.
CON, control; Cx43, connexin 43; IR, ischemia reperfusion; SUS, tail-suspended.

myocardium is more sensitive to IR injury under microgravity =~ model was used to simulate microgravity and to further investi-
exposure (4). In the present study, a 4-week tail suspension rat  gate the detailed mechanisms behind this change.
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Figure 8. Infarct size of left ventricular myocardium following IR.
(A) Representative sections at 3 h (IR-3h) or 7 days (IR-7d) post-IR. (B) The
infarct area was quantified and expressed as percentage of the mass of the
left ventricle. Viable tissue is stained red, and infarcted area is white. Data
are presented as the mean + standard error of the mean of three experiments.
“P<0.01 vs. the IR-3h group of CON rats; “P<0.01 vs. the IR-3h group of SUS
rats; “4P<0.01 vs. the IR-7d group of CON rats. CON, control; IR, ischemia
reperfusion; SUS, tail-suspended; AAR, area at risk.

Notch signaling pathway is a conserved cell-cell interac-
tion system that controls tissue formation and homeostasis
during embryonic and adult life (6). Previous studies have
demonstrated that Notch serves multifaceted roles in cardiac
development, including ventricular chamber development (24)
and embryonic vasculature remodeling (25). Additionally,
Notch signaling participates in the maintenance of adult
heart tissue integrity (10,26). Notchl is also involved in heart
diseases, including myocardial infarction (27) and hyper-
trophic cardiomyopathy (10). In particular, Notch activation
mediates cardioprotection provided by ischemic precondi-
tioning and ischemic postconditioning (28). Previous studies
have reported that Notchl signaling also contributes to the
suppression of IR-injury-induced cardiac oxidative/nitrative
stress (12,13). Therefore, Notchl upregulation may represent
a potential pharmacologic target for the cardioprotection
of ischemic heart disease. However, it remains unknown
whether Notchl functions properly in myocardial IR under
microgravity exposure. In the present study, the expression
and distribution of Notchl expression was investigated.
Subsequently, the differences in Notch signaling expression
following myocardial IR were compared between control and
tail-suspended rats following IR injury.

Previous studies have demonstrated the expression of
Notchl and JAGI in fetal and postnatal rat and human liver
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tissues (29,30). Since most studies that examined the myocar-
dial Notchl expression by the NICD levels (12), the present
study is the first to the best of the authors' knowledge to
confirm that the Notchl antibody against the extracellular
domain can detect myocardial Notchl levels. Data from the
present study also indicated that the hepatic expression of
Notchl and JAGI declined remarkably from embryo to the
adult stage. Importantly, the expression of Notchl and JAGI in
normal heart is far lower compared with the expression in liver
at any developmental stage.

Notchl has been previously reported to exert cardiopro-
tective effects in myocardial IR injury (13). Owing to the
negligible regenerative capacity of the heart, myocardial
infarction ultimately leads to the replacement of necrotic
cardiomyocytes with a collagen-based scar. A previous
study divided the cellular and molecular events involved in
the reparative response into three overlapping phases (16).
During the inflammatory phase, the activation of cytokines
and chemokines induces a protease-rich environment,
which in turn leads to extensive degradation of the cardiac
matrix (31-33). The transition to the proliferative phase
undergoes the inhibition of pro-inflammatory signals and the
promotion of fibrous tissue deposition and angiogenesis (34).
During the proliferative phase, the restricted expressions of
fibronectin and matricellular proteins regulate the phenotype,
survival and gene expression of cardiac cells (35). Finally,
the formation of a mature cross-linked matrix may ‘shield’
fibroblasts and further lead to their deactivation during the
maturation phase (36,37). Of the three phases, myocardial
reparative response mainly occurs during the maturation
phase, which in rodents is between 5 and 25 days, and in
large mammals is between 14 days and 2 months. Therefore,
the present study focused on Notchl expression during the
maturation phase of myocardial IR injury. Notable increases
of Notchl expression were observed in the border zone at
7 days post-IR injury, which was consistent with the study by
Gude et al (27).

The border zone surrounding a healed myocardial infarc-
tion is a region where the normal organization of cardiac cells
gets disrupted (20). Tremendous effort has been devoted to
the research on limiting infarct size. Thereinto, the size of the
ischemic but still viable border zone has received increasing
attention in experimental animals (38,39). The present data
indicated a significant increase in Notchl expression levels at
the border zone compared with the remote and the infarcted
zones, 7 days post-myocardial IR injury (CON-IR-7d) and may
indicate a positive role of Notch signaling in the repair phase
of myocardial IR process.

Tail-suspended rat models have been widely used to
simulate microgravity to study the influence of weight-
lessness on the cardiovascular system (17). In the present
study, increased Notchl expression was observed following
myocardial IR injury in the border zone compared with the
remote zone and infarct zone of tail-suspended rats. However,
Notchl expression levels were reduced in the tail-suspension
group compared with the control group. It may be hypoth-
esized that the normal function of Notchl in protection
against myocardial IR injury may be interrupted when
exposed to simulated microgravity; however, further in vivo
studies are required.
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A link between the function of the infarcted heart and the
decreased expression of Notchl under simulated microgravity
was also examined. According to Dobaczewski et al (16), the
rat models that underwent 3 h of reperfusion (IR-3h) were
used to represent the situation without repair responses to
myocardial IR injury. The IR-3h groups served as the control
for comparing the extent of myocardial reparation at 7 d after
reperfusion. The results indicated that the infarcted area
was significantly decreased in rats that underwent 7 days of
reperfusion compared with those who underwent only 3 h of
reperfusion. Additionally, the infarction area at time points
between 3 h and 7 days, including 6, 12 h, 1 and 4 days, and
even 1 h and 14 days (unpublished data) was evaluated. Among
them, the damage of the rat heart (infarcted area) peaked at
3 h following IR injury, when the heart was still in the inflam-
matory phase. Later, the infarction area gradually decreased
and it finally stabilized at 7 d after reperfusion (Jiang et al,
unpublished data). In agreement with the immunohistochem-
ical results, which demonstrated that Notchl expression was
decreased in tail-suspended rats (CON-IR-7d), the myocardial
infarct size was significantly increased in tail-suspended rats
(SUS-IR-7d) compared with the control rats (CON-IR-7d),
which provided further evidence for the presumption that the
proper function of Notch signaling pathway was hampered
under simulated microgravity.

However, this study has few limitations. First, myocardial
Notch signaling pathway mainly involves JAG1, Notchl and
several downstream target genes, including HES1, HEY1 and
cyclin D (40,41). In the present study, the main focus was on
the distribution of Notchl expression, and therefore proteins
involved in the intracellular action of signaling were not
evaluated. Furthermore, the presented data mainly provide
morphological evidence that validates the antibody choice and
depicts the distribution of Notch. Additional experiments by
knockdown or overexpression of Notchl should be conducted
to confirm whether Notchl signaling is dependent upon simu-
lated microgravity and to what extent simulated microgravity
hampers the protective effects of Notch signaling against
myocardial IR.

In conclusion, by establishing and validating a tail-
suspended rat model with myocardial IR, novel features
of Notchl expression in the repair phase of border zone
were observed. The present data confirmed that Notchl
and its endogenous ligand JAGI are poorly expressed in
normal adult heart. In addition, it was demonstrated that
there is significantly higher Notchl expression in border
zone compared to infarct zone and remote zone following
myocardial IR. Notably, it was observed for the first time that
simulated microgravity may jeopardize the normal function
of Notchl in the fight against myocardial IR. These data may
improve our knowledge of the underlying mechanisms of
ischemic heart disease in weightless environment, but further
studies evaluating the role of Notchl in myocardial IR injury
and the reduction of cardiac ischemic risk in astronauts
are needed.
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