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injury probably via the up-regulation of NPR-B
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Abstract To evaluate exercise preconditioning (EP)-in-
duced cardioprotective effects against exercise-induced
acute myocardial injury and investigate the alterations of
C-type natriuretic peptide (CNP) and its specific receptor,
natriuretic peptide receptor B (NPR-B), during EP-induced
cardioprotection. Rats were subjected to treadmill exercise
as an EP model (4 periods of 10 min each at 30 m/min with
intervening periods of rest lasting 10 min). High-intensity
exercise was performed 0.5 and 24 h after the EP. EP
attenuated high-intensity exercise-induced myocardial
injury in both the early and late phases. After EP and high-
intensity exercise, CNP and NPR-B levels increased
robustly, but no alterations in the plasma CNP were
observed. The enhanced NPR-B, plasma and tissue CNP,
and its mRNA levels after high-intensity exercise were
significantly elevated by EP. These results suggest that
cardiac CNP and NPR-B play an important role in EP-
mediated cardioprotection against high-intensity exercise-
induced myocardial injury in rats.
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Introduction

A single bout of internal exercise can enhance the tolerance
of an ischemic heart to a subsequent ischemic insult. This
effect is known as exercise preconditioning (EP) [1-3]. EP
is associated with reduced myocardial infarction during
subsequent ischemia reperfusion (I/R) injury, preventing
myocardial stunning [4], and attenuating isoproterenol-in-
duced myocardial injury [5]. EP consists of two chrono-
logically distinct phases: an early phase, which occurs
immediately after the exercise and is short-lived, and a late
phase, which peaks at 24 h post-exercise and can last
several days. We have already demonstrated that EP pro-
vides a cardioprotective effect against exhaustive exercise-
induced myocardial injury, and the translocation and acti-
vation of protein kinase C (PKC) may play an important
role in the cardioprotective mechanism afforded by EP.
However, the mechanism underlying this cardioprotection
has yet to be established.

C-type natriuretic peptide (CNP) is an endogenous
active peptide that is found mainly in the central nervous
system and endothelial cells, and it was recently detected in
the myocardium [6]. Because it is cleared rapidly from the
circulation and present at very low concentrations in
plasma, CNP is thought to act locally [7]. It is well
established that CNP causes vasodilation of the blood
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vessels and improves cardiac function [8]. It brings out
cardiovascular roles through paracrine and autocrine means
by the activation of NPR-B and natriuretic peptide receptor
C (NPR-C). NPR-B is a guanylate cyclase (GC) linked
receptor, which appears to be activated preferentially by
CNP [9], whereas NPR-C acts mainly as a clearance
receptor and also mediates CNP effects in several cell types
[10]. Evidence shows that the promotion of hormones in
the heart during the EP early and late phases provides a
cardioprotective effect [11]. However, research about the
alterations of CNP and NPR-B in cardioprotection during
EP is still lacking. In the present study, we hypothesized
that EP attenuates high-intensity exercise-induced
myocardial injury and causes an increase in CNP expres-
sion, which probably brings out its cardioprotective effects
through the up-regulation of NPR-B.

Materials and methods
Animals

One hundred and fifty adult (8-week-old) male Sprague—
Dawley rats (Sippr BK, Shanghai, China) were randomly
assigned to standard cages that were maintained at a con-
stant temperature and humidity. During the experimental
period, all of the animals were housed in a 12 h light: 12 h
dark cycle and were provided with rat chow and water
ad libitum. All of the animal care and experimental pro-
cedures were conducted in accordance with the Guide for
the Care and Use of Laboratory Animals and approved by
the Ethics Committee for Science Research of the Shanghai
University of Sport.

Experimental protocol

All of the animals received a habituation period of 3 con-
secutive days of treadmill exercise at 10-20 min/day. The
treadmill speed and grade were fixed at 15 m/min and 0 %
grade. After the treadmill habituation, the animals received
1 day of rest. To normalize for handling stress, the rats in
group C (control) were placed on nonmoving treadmills for
a length of time equal to the exercise treatments. The other
rats were randomized into the following treatment groups:
Group HE (high-intensity exercise) was run 3 h on the
treadmill at 35 m/min and 0 % grade; Group EEP (early
exercise preconditioning) was subjected to a single bout of
interval exercise for four periods of 10 min each at 30 m/
min with 10-min intervening periods of rest at 0 % grade.
To assess the cardiac effects of EP in late phase, Group
LEP (late exercise preconditioning) exercised as group
EEP, but rats were sacrificed at a different time; Group
EEP+HE (early exercise preconditioning plus high-
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intensity exercise) exercised as Group EEP, but followed
up with high-intensity exercise for 0.5 h after the EP;
Group LEP+HE (late exercise preconditioning plus high-
intensity exercise) exercised as group LEP, but followed up
with high-intensity exercise 24 h after the EP. All of the
exercise began with a 5-min warm-up and ended with a
5-min cool down period at 15 m/min and 0 % grade. All
rats were sacrificed 0.5 h after the exercise, except rats in
LEP which were sacrificed 24 h after the exercise.

The animals were anesthetized with trichloroacetalde-
hyde monohydrate (400 mg/kg, intraperitoneally), the
abdominal cavity was quickly opened, and the blood was
drawn from the inferior cava vein. The heart was exposed
for perfusion fixation for histology analysis or rapidly
excised for quantitative real-time polymerase chain reac-
tion and western blot analysis.

Cardiac troponin I (cTnl) and CNP assay in plasma

The blood samples were centrifuged immediately after
collection, and the plasma was separated. Plasma cTnl
levels were measured by using automated immunochemi-
luminescence on an access 2 immunoassay system (Beck-
man Coulter, USA). This assay is based on a single step
sandwich principle with paramagnetic particles coated as
the solid phase and two monoclonal c¢Tnl antibodies. The
sensitivity threshold for cTnl was 0.01 pg/l.

By using a double-antibody sandwich enzyme-linked
immunosorbent assay (ELISA), the plasma CNP levels
were measured with a rat CNP ELISA kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s
instructions.

Hematoxylin-basic fuchsin-picric acid (HBFP)
staining

After the perfusion fixation, the samples were fixed in a
4 % paraformaldehyde solution for at least 4 h, and then
were embedded in paraffin. Sections of 4 pum were
dewaxed and rehydrated before all of the histological
experiments.

For the hematoxylin-basic fuchsin-picric acid (HBFP)
staining, the sections were stained in alum hematoxylin,
differentiated in 1 % acid alcohol, stained in 0.1 % basic
fuchsin, rinsed in absolute acetone, differentiated in 0.1 %
picric acid in absolute acetone, and rinsed in absolute
acetone again. Finally, the sections were cleared in xylene
and covered with a coverslip. Five visual fields from each
section, with five sections per group, totaling 25 visual
fields were captured by the microscope (Olympus Tokyo
Japan). The images were randomly taken for morphometric
analysis by Image-Pro Plus 6.0 software (Media Cyber-
netics, Silver Spring, MD, USA) with positive events. The
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myocardial ischemia/hypoxia density was calculated to
display the degree of positive events.

In situ hybridization

In situ hybridization was performed using RNA probes for
the CNP gene with the CNP ISH assay kit (Boster Inc,
Wuhan, China). The 3 mRNA-probes were:

5'-AATCT CAAGG GAGAC CGATC GCGAC TGCTT
CGGGA-3’
5'-TGGGC TCGCC TTCTG CACGA GCACC CCAAC
GCGCG-3
5'-TGCTT TGGCC TCAAG CTGGA CCGGA TCGGC
TCCAT-3'.

After deparaffinization and rehydration, the sections
were immersed in 3 % hydrogen peroxide for 10 min and
then digested with citric acid diluted pepsin for 5-7 min.
Next, the sections were incubated with pre-hybridization
solution at 42 °C for 3 h followed by digoxin-labeled
oligonucleotide probe hybridization solution at 42 °C for
24 h. After the hybridization treatment, the sections were
washed in SSC at 37 °C. The bound probe was detected
using a streptavidin—biotin complex kit (Boster Inc,
Wuhan, China) with diaminobenzidine/peroxidase sub-
strate to produce a brown-colored signal. For the negative
controls, the probe hybridization solution was replaced
with PBS. The CNP in situ hybridization density was cal-
culated in the same way as for the HBFP staining.

Quantitative real-time polymerase chain reaction

Total RNA from the left ventricular myocardium was
extracted by Trizol and was treated with DNase. Then,
1.5 pg of the total RNA samples was reverse-transcribed
with oligo primers and SuperaScript’™ III Reverse Tran-
scriptase (Invitrogen, Carlsbad, CA, USA). A quantitative
analysis of cardiac CNP mRNA expression was done by
real-time polymerase chain reaction (RT-PCR), using a
CNP-specific ~ forward  primer  (5-CTCTAAAG-
GATGGTGGTGGGTA-3') and reverse primer (5'-
CACAGGGTGAGGGTAGGAACA-3) to amplify the
product. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used for normalization, using the forward
primer (5-GGAAAGCTGTGGCGTGAT-3') and the
reverse primer (5-AAGGTGGAAGAATGGGAGTT-3).
The thermal cycling conditions were as follows: an initial
denaturation at 95 °C for 10 min, followed by 40 cycles of
10 s of denaturing at 95 °C, 60 s of annealing at 60 °C, and
20 s of extension at 72 °C. Real-time PCR was performed
in a 384-well plate by the real-time PCR detection system
(ABI 7900, USA). To determine relative mRNA

expression, we used GAPDH as a control gene. Data were
collected after each cycle and are displayed graphically.

Immunohistochemistry and immunofluorescence

Immunohistochemistry and immunofluorescence were
performed to observe the CNP or NPR-B in rat myo-
cardium. For immunohistochemistry, the sections were
immersed in hydrogen peroxide for 10 min to block the
endogenous peroxidase activity, washed 3 times with PBS,
and then digested with pepsin for antigen retrieval. After
the non-specific binding was blocked with serum, the
sections were incubated overnight at 4 °C with primary
antibodies specific to CNP (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) that were diluted at 1:200. The
detection was performed using a streptavidin—biotin com-
plex kit (Boster Inc, Wuhan, China) with a diaminoben-
zidine/peroxidase substrate to produce a brown color, and
the sections were then counterstained with hematoxylin.
For immunofluorescence, the sections were digested with
pepsin for antigen retrieval and were then washed 3 times
with PBS. After the non-specific binding was blocked with
serum, the sections were incubated overnight at 4 °C with
primary antibodies specific to NPR-B (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) that were diluted at
1:200, followed by incubation with Cy3-labeled second
antibodies diluted at 1:500 for 30 min at room temperature.
The nuclei were stained for 5 min with DAPI (10 pg/ml).
Images were captured by the laser scanning confocal
microscopy (Zeiss LSM 700, Carl Zeiss Jena, Germany).
The positive CNP immunoreactive density and NPR-B
immunofluorescence density was calculated in the same
way as for the HBFP staining.

Western blotting

Left ventricular myocardium was homogenized in cold
RIPA buffer (Beyotime Inc, Jiangsu, China) by an ultra-
sonic vibrator and a mechanical homogenizer. The protein
content was determined according to the method of the
bicinchoninic acid assay. Thirty micrograms of protein
sample per lane was separated by SDS-PAGE and subse-
quently transferred to nitrocellulose membranes (Millipore
Corp, Bedford, MA). After blocking, the immunoblots
were incubated with primary antibody against CNP or
NPR-B (Santa Cruz Biotechnology, CA, USA) or GAPDH
at 4 °C overnight followed by incubation with a secondary
horseradish peroxidase-conjugated IgG (Santa Cruz
Biotechnology, CA, USA) for 1 h at room temperature.
The results were visualized with the enhanced chemilu-
minescence method and were evaluated by Image J soft-
ware (NIH, Bethesda, MD, USA).
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Statistical analysis

All of the data are expressed as the mean £+ SD and were
analyzed by one-way ANOVA (SPSS 19.0; SPSS, Chi-
cago, IL, USA). Correlation analysis was used to assess the
relationships between the variables. A value of p < 0.05
was considered statistically significant.

Results

Early and late cardioprotective effect of EP against
high-intensity exercise-induced myocardial injury

The HBFP-stained images and the image analysis showed
that the hypoxic and ischemic cardiomyocytes stained a
vivid crimson red color in contrast to the light brown color
of the non-hypoxic and non-ischemic tissue (Fig. la).
Large areas of ischemic tissue stained by a vivid crimson
red color were seen in Group HE, while cardiomyocytes in
Group C displayed a light brown color. In Group EEP and
Group LEP, a red spot stain was only seen in a small
fraction of cardiomyocytes, while in Group EEP+HE and
Group LEP+HE, a red patchy stain was scattered across
the cardiomyocytes. The image analysis revealed that
compared with Group C, the myocardial ischemia/hypoxia
density values in Group HE developed significantly
(p < 0.05), but no differences in Group EEP and Group
LEP (p = NS) were observed (Fig. 1b). The myocardial
ischemia/hypoxia density values in Group EEP4+-HE and
Group LEP+HE were significantly lower than those in
Group HE (p < 0.05), and no significant differences were
found between Group EEP+HE and Group LEP+HE
(p = NS).

Plasma cTnl levels, as measured by immunochemilu-
minescence, showed that compared with Group C, plasma
cTnl levels in Group HE developed significantly
(p < 0.05), while no differences in Group EEP and Group
LEP (p = NS) were observed (Fig. 1c). Compared with
Group HE, the plasma cTnl levels in Group EEP+-HE and
Group LEP+HE decreased significantly (p < 0.05). No
significant differences were found between Group
EEP+HE and Group LEP4+HE (p = NS).

mRNA expression of CNP in the cardioprotective
effect of EP

The CNP mRNA in situ hybridization signal demonstrated
a brown granular pattern of distribution in the myocardial
tissue (Fig. 2a). The CNP mRNA in situ hybridization
density values were measured to determine the differences
of CNP mRNA expression in each group (Fig. 2b). Com-
pared with Group HE, the CNP mRNA in situ
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hybridization density values were significantly higher in
Group EEP+-HE and Group LEP+-HE (p < 0.05), while no
significant differences in in situ hybridization density val-
ues were found between Group EEP+HE and Group
LEP+HE (p = NS). Moreover, the CNP quantitative PCR
results showed the same trend of the CNP mRNA levels in
Group EEP+HE and Group LEP+HE, which increased
significantly compared to Group HE (Fig. 2c¢).

Expression of CNP in the cardioprotective effect
of EP

The CNP immunohistochemistry results revealed that in
Group C, CNP was localized and showed a cytosolic dif-
fuse pattern (Fig. 3a). Compared with Group C, the pattern
of CNP changed in the other groups. An immunoreaction
image analysis of CNP revealed that in comparison with
Group C, the CNP immunoreactive density values
increased in Group HE, Group EEP and Group LEP
(» < 0.05, Fig. 3b). Compared with Group HE, the CNP
immunoreactive density values significantly increased in
Group EEP+HE and Group LEP+HE (p < 0.05). No
significant differences were found between Group
EEP+HE and Group LEP+HE (p = NS). The same result
was found by western blot, which showed that compared
with Group C, CNP levels increased in Group HE, Group
EEP and Group LEP (p < 0.05); compared with Group HE,
the CNP levels increased significantly in Group EEP+HE
and Group LEP+-HE (p < 0.05, Fig. 3c). Additionally, no
significant differences were found between Group
EEP+HE and Group LEP+HE (p = NS). Plasma CNP
levels measured by ELISA showed that compared with
Group HE, the plasma CNP levels in Group EEP+HE and
Group LEP+HE increased significantly (p < 0.05,
Fig. 3d). No significant differences were found between
Group EEP+-HE and Group LEP4+-HE (p = NS).

Expression of NPR-B in the cardioprotective effect
of EP

The NPR-B immunofluorescence results revealed that
NPR-B appeared as a red granular pattern and was located
at the cell periphery of the myocardium (Fig. 4a). An
immunofluorescence image analysis of NPR-B revealed
that in comparison with Group C, the NPR-B immunofiu-
orescence density values increased in Group HE, Group
EEP and Group LEP (p < 0.05, Fig. 4b). Compared with
Group HE, the NPR-B immunofluorescence density values
significantly increased in Group EEP+HE and Group
LEP+HE (p < 0.05). No significant differences were
found between Group EEP+HE and Group LEP+HE
(p = NS). The NPR-B western blot results are presented in
(Fig. 4c). Compared with Group C, the NPR-B levels
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Fig. 1 Cardioprotection of EP against high intensive exercise-
induced myocardial injury. a Myocardial ischemia/hypoxia detected
by HBFP staining. Hypoxic and ischemic cardiomyocytes stained a
vivid crimson red color, while the light brown color showed the non-
hypoxic and non-ischemic tissue (original magnification x400).
b Quantitative analysis of HBFP staining. The myocardial ischemia/
hypoxia density values in Group HE were significantly higher than
those in Group C (p < 0.05), while compared with Group HE, the

increased in Group HE, Group EEP and Group LEP
(p < 0.05). Compared with Group HE, NPR-B levels
increased significantly in Group EEP+4+HE and Group

myocardial ischemia/hypoxia density values in Group EEP+HE and
Group LEP+HE decreased significantly (p < 0.05). ¢ Alterations of
plasma cTnl levels in cardioprotection of EP. The cTnl levels in
Group HE were significantly higher than those in Group C (p < 0.05),
while compared with Group HE, the cTnl levels in Group EEP4+-HE
and Group LEP+HE decreased significantly (p < 0.05). The data are
expressed as the mean + SD. *p < 0.05 vs Group C, *p < 0.05 vs
Group HE

LEP+HE (p < 0.05). Additionally, no significant differ-

ences were found between Group EEP+HE and Group
LEP-+HE (p = NS).

@ Springer



480

J Physiol Sci (2017) 67:475-487

Fig. 2 Expression of CNP a
mRNA in myocardial tissue. 4
a The myocardial CNP mRNA w3
was detected by in situ
hybridization staining. The CNP ™ A
mRNA in situ hybridization L /4
signal demonstrated a
canary yellow granular pattern //

of distribution in Group C, /.
Group HE and Group EEP,

while a brown lump pattern of

distribution was observed in Ao v
Group EEP+HE and Group
LEP+HE (original >
magnification x400). 7
b Quantitative analysis of CNP 2
mRNA in situ hybridization

staining. The in situ 5
hybridization density values in -
Group EEP+HE and Group e
LEP-+HE were significantly
higher than those in Group HE
(p < 0.05). ¢ CNP mRNA levels Yy £
determined by quantitative real-
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Correlation analysis between HBFP and CNP
or NPR-B in myocardium

The results of the correlation analysis showed that, in
Group HE, myocardial ischemia/hypoxia density was
positively correlated with CNP immunoreactive density
(R =0.762) and NPR-B immunofluorescence density
(R = 0.789, Fig. 5a). The same trend was seen in Group
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EEP LEP EEP+HE LEP+HE

EEP+HE that myocardial ischemia/hypoxia density was
positively correlated with CNP immunoreactive density
(R =0.780) and NPR-B immunofluorescence density
(R = 0.827, Fig. 5b). Meanwhile, in Group LEP + HE,
myocardial ischemia/hypoxia density had a linear corre-
lation with CNP immunoreactive density (R = 0.764)
and NPR-B immunofluorescence density (R = 0.890,
Fig. 5).
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Fig. 3 Expression of CNP in
myocardial tissue.

a Immunohistochemistry
staining of CNP in
cardiomyocytes. All of the
groups with CNP
immunostaining demonstrated a
brown granular pattern of
distribution (original
magnification x400).

b Quantitative analysis of CNP
immunostaining. The CNP
immunoreactive density values
in Group HE, Group EEP and
Group LEP were significantly
higher than those in Group C
(p < 0.05); compared with
Group HE, the CNP
immunoreactive density values
in Group EEP4+-HE and Group
LEP-+HE increased
significantly (p < 0.05).

¢ Myocardial CNP was
determined by western blot
analysis. The CNP levels in
Group HE, Group EEP and
Group LEP were significantly
higher than those in Group C
(p < 0.05); compared with
Group HE, the CNP levels in
Group EEP+HE and Group
LEP+HE increased
significantly (p < 0.05).

d Plasma CNP levels were
measured by an immunosorbent
assay. The plasma CNP levels in
Group EEP+HE and Group
LEP+HE were significantly
higher than those in Group C
(p < 0.05). The data are
presented as the mean £ SD.
*p < 0.05 vs Group C,

#p < 0.05 vs Group HE
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Fig. 3 continued

Discussion

Early and late cardioprotective effect of EP against
high-intensity exercise-induced myocardial injury

“Exercise is medicine”, and research has shown that reg-
ular exercise, in addition to reducing cardiovascular risk
factors, could protect hearts through modulating cardiac
mast cell activation [12]. Even one bout of acute exercise
has beneficial cardiac effects against isoproterenol-induced
injury [13]. EP, a single bout of interval exercise, could
enhance the tolerance of an ischemic heart to a subsequent
ischemic insult [14]. EP contains an early and late car-
dioprotective phase, which may share cardioprotective
effects via different mechanisms. Evidence showed that the
cardioprotective effects induced by EP during the early
phase are superior to that of the late phase [15]. This was
well demonstrated in an animal model of myocardial
infarction [1, 14, 16], in which the myocardial infarction
size was reduced by 76 % in early exercise preconditioning
and by 52 % in late exercise preconditioning. The same
phenomenon was found in our previous studies by using an
exercise-induced myocardial injury model [2, 3, 17], but a
more severe myocardial ischemia/hypoxia was seen in the
late phase of EP-induced cardioprotection. We hypothe-
sized that exercise capacity improved during the late phase
of EP, leading to an enhanced tolerance of the heart to
ischemic insults. In addition, the severity of myocardial
hypoxia and ischemia does not always match the severity
of myocardial injury [2]. Accordingly, in the present
experiment, we used 3 h of high-intensity exercise fol-
lowed by EP to evaluate whether EP offers cardioprotec-
tive effects during the late phase. Since c¢Tnl is an
important part of myofibrils in the myocardium and may
leak out of injured cells into the circulating blood, plasma
cTnl serves as a myocardial infarction biomarker in a
clinical setting, and is also used to evaluate exercise-
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induced myocardial injury [18, 19]. HBFP staining was
implemented to analyze myocardial ischemia/hypoxia. In
this study we used plasma cTnl and HBFP staining to
comprehensively assess myocardial injury. The evaluations
of cTnl and HBFP staining shared the same results and
decreased significantly in Group EEP + HE and Group
LEP + HE, confirming that EP reduces high-intensity
exercise-induced myocardial injury during both the early
and late phases.

Up-regulation of CNP induced by EP

The mechanisms behind the early and late cardioprotective
effects of EP involve the secretion of myocardial endoge-
nous substances such as adenosine and opioid peptide
[20, 21]. CNP is an important endogenous peptide in our
body that regulates cardiovascular homeostasis and has
been recently found in the myocardium. Because it brings
out a localized regulation through paracrine and autocrine
means, alterations in tissues, such as mechanical stress
[22], anoxia or ischemia [23], and hormone changes
[24, 25] are important factors causing the tissue secretion
of CNP. Sun et al. [23] found that the expression of CNP in
lung tissue significantly increased after 14 days of hypoxia.
Another study showed that pacing-induced heart failure
causes a significant improvement of CNP levels in the
myocardium of adult minipigs [26]. In the present study,
the CNP levels in the myocardium improved significantly
after EP and high-intensity exercise. It is reasonable to
attribute the alterations of mechanical stress and ischemia
induced by EP and high-intensity exercise, to an
improvement of CNP levels in the myocardium. Since the
expression of myocardial CNP showed a good correlation
with the degree of myocardial ischemia/hypoxia in Group
HE, Group EEP+HE and Group LEP+HE, our results
support the hypothesis that ischemia/hypoxia might be a
stimulus for the secretion of myocardial CNP in vivo.
Furthermore, we discovered that the CNP mRNA levels in
Group EEP+HE and Group LEP+HE presented a signifi-
cant increase, but this was not observed in Group HE,
Group EEP or Group LEP, suggesting that the transcription
of CNP mRNA in the myocardium after high-intensity
exercise was significantly elevated by EP. Other research
found that CNP mRNA levels in the vascular tissue and
cultured endothelial cells were up-regulated after under-
going long-term stimulation [22, 27], which indicated that
the transcription of CNP mRNA in the cytoplasm would
not change immediately after the alterations of mechanical
tension in the tissues. In addition, the improvement of CNP
mRNA in Group EEP + HE and Group LEP + HE might
be a factor that promotes CNP synthesis in the
myocardium.
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Fig. 4 Expression of NPR-B in
myocardial tissue.

a Immunohistochemistry
staining of NPR-B in
cardiomyocytes. All of the
groups of myocardial NPR-B
demonstrated a red granular
pattern and were located at the
cell periphery of the
myocardium (original
magnification x400).

b Quantitative analysis of NPR-
B immunofluorescence. The
NPR-B immunofluorescence
density values in Group HE,
Group EEP, and Group LEP
were significantly higher than
those in Group C (p < 0.05);
compared with Group HE, the
NPR-B immunofluorescence
density values in Group
EEP+HE and Group LEP+HE
increased significantly

(p < 0.05). ¢ Myocardial NPR-
B was measured by western blot
analysis. The NPR-B levels in
Group HE, Group EEP and
Group LEP were significantly
higher than those in Group C
(p < 0.05); compared with
Group HE, the NPR-B levels in
Group EEP+-HE and Group
LEP-+HE increased
significantly (p < 0.05). The
data are presented as the
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Fig. 5 Correlation analysis between CNP or NPR-B in the myocar-
dium. a Correlation in Group HE. Myocardial ischemia/hypoxia
density was positively correlated with CNP immunoreactive density
(R =0.762, p <0.05) and NPR-B immunofluorescence density
(R=0.789, p<0.05 in Group HE. b Correlation in Group
EEP+HE. Myocardial ischemia/hypoxia density was positively
correlated with CNP immunoreactive density (R = 0.780, p < 0.05)
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and NPR-B immunofluorescence density (R = 0.827, p < 0.05) in
Group EEP+HE. ¢ Correlation in Group LEP+HE. Myocardial
ischemia/hypoxia density was positively correlated with CNP

immunoreactive density (R = 0.764, p <0.05) and NPR-B
immunofluorescence density (R =0.890 p <0.05) in Group
LEP+HE
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EP-induced early and late phase cardioprotection is
associated with CNP expression

CNP exerts direct cardiac effects where it acts as an ino-
tropic and chronotropic agent, causing relaxation of the
coronary artery and preventing cardiac hypertrophy. Evi-
dence shows that exogenous CNP administered post-my-
ocardial infarction attenuates cardiac fibrosis and left
ventricular hypertrophy and increases survival [28].
Meanwhile, one single perfusion with CNP significantly
relaxed the coronary artery through the hyperpolarization
of smooth muscle [29], and caused an inotropic and
chronotropic response in failing hearts [30-32]. Further-
more, endogenous CNP in the myocardium exerts cardiac
effects as well. CNP overexpression is observed in heart
failure cardiomyocytes and plays an important role in
regulating cardiac hypertrophy and remodeling [33]. In our
experiment, with the enhanced CNP level in the myo-
cardium that is observed in Group EEP4+-HE and Group
LEP+HE, the high-intensity exercise-induced myocardial
injury is attenuated by the early and late phase of EP,
suggesting that CNP improves myocardial ischemia
through the relaxation of the coronary artery and causes
negative inotropic and positive lusitropic responses in
cardiomyocytes. This phenomenon was similar to other
reports; Hobbs et al. discovered that administration with
exogenous CNP reduced infarct size following I/R injury
by regulating coronary blood flow and improving cardiac
function in vitro [34], another study showed continuous
perfusion with CNP improved left ventricle dysfunction
and attenuated the development of cardiac remodeling after
myocardial infarction [28]. Interestingly, exogenous CNP
could even improve left ventricle performance during
restoring exercise in heart failure dogs, which might be
attributed to CNP-induced coronary vasodilatation [35].
The improvement of left ventricle function might be due to
CNP-induced positive inotropic effects, which activate the
NPR-B/cGMP pathway to inhibit phosphodiesterase 3
(PDE3) [30], but dominate negative inotropic and positive
lusitropic responses will be followed by phosphorylation
of phospholamban (PLB) and troponin I in cardiomyocytes
mediated by NPR-B signaling [31, 36]. Meanwhile, we
discovered that alterations of CNP in the plasma were
consistent with that in the myocardium, which indicated
that the overexpression of CNP in the myocardium led to a
significant improvement in the plasma. The same phe-
nomenon was observed in heart failure patients [37, 38],
such that improvement of CNP in the coronary artery might
elicit elevated plasma CNP levels. Therefore, CNP may
exert its cardiovascular effect as an endogenous agent, but
its mechanism and target organs still need further
investigation.

Up-regulation of NPR-B in the EP-induced early
and late phases of cardioprotection

The NPR-B receptor is a single transmembrane receptor,
which is linked with GC on the cytoplasmic side. With the
activation of guanylate cyclase, the level of intracellular
cyclic guanosine monophosphate (cGMP) improves sig-
nificantly. cGMP is an intracellular second messenger that
causes vasodilation and regulates cardiac inotropic effects
via the activation of downstream protein kinases and ion
channels [9]. NPR-B is the specific receptor for CNP and is
highly expressed in vascular tissue and hearts. Conse-
quently, perfusion with CNP is often accompanied by
increased intracellular cGMP levels, causing vasodilation
and inotropic and lusitropic responses of cardiomyocytes
[29-31]. In a heart failure model, impairment of myocar-
dial function corresponds with the down-regulation NPR-B
in the right ventricle myocardium [26]. These data indicate
that NPR-B plays a very important role in regulating car-
diac functions. In the present study, alterations of NPR-B
in the myocardium match those of CNP, and are also
positively correlated with the degree of myocardial ische-
mia/hypoxia in Group HE, Group EEP+HE, and Group
LEP+HE. These results imply that CNP probably induces
its cardiac effects by paracrine and autocrine ways through
the activation of NPR-B. Moreover, we found that NPR-B
levels in the myocardium are up-regulated greatly in Group
EEP+HE and Group LEP+HE, while ischemic -car-
diomyocytes decreased significantly. Enhanced NPR-B
might cause an improvement in intracellular cGMP in both
vascular smooth muscle cells and cardiomyocytes, which
activate the protein kinase G (PKG) pathway. The accu-
mulation of cGMP in coronary smooth muscle cells might
cause the opening of potassium channels and induce the
relaxation of the coronary artery [29, 39], while in car-
diomyocytes, enhanced cGMP might evoke phosphoryla-
tion of phospholamban and troponin I, leading to negative
inotropic and positive lusitropic responses [31]. Conse-
quently, the present study suggests that myocardial NPR-B
plays an important role in the CNP-induced cardiac effects
that occur during the EP-induced early and late phases of
cardioprotection.

Conclusions

This work suggests that EP attenuates high-intensity
exercise-induced myocardial injury in the early and late
phases of cardioprotection. EP promotes the secretion of
CNP and the up-regulation of NPR-B in the myocardium.
EP elevates the levels of CNP in the myocardium during
high-intensity exercise, which might cause an increase of
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CNP in plasma and evoke early and late cardioprotective
effects against high-intensity exercise-induced myocardial
injury, probably via the up-regulation of NPR-B.
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