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Background: Impaired heart function induced by myocardial infarction is a leading cause of chronic heart failure (HF). This
study aimed to investigate the effects and mechanism of noninvasive positive-pressure ventilation (NIPPV) in
a rat model of HF due to myocardial infarction.

Material/Methods: To explore the therapeutic effect and mechanism of NIPPV on acute myocardial infarction-induced HF, we es-
tablished a rat model of HF by ligating the anterior descending branch of the left coronary artery and confirmed
by ultrasonic cardiography and brain natriuretic peptide 45 detection.

Results: The levels of heat-shock protein (HSP)-70 increased and matrix metalloproteinase (MMP)-2, MMP-9, and tu-
mor necrosis factor (TNF)-o. decreased in the group that received NIPPV treatment compared with the control
group. In addition, the histopathologic results showed less severe inflammatory infiltration and a smaller area
of myocardial fibrosis in the NIPPV treatment group.

Conclusions: In a rat model of HF due to myocardial infarction, NIPPV resulted in increased levels of HSP70 and reduced ex-
pression of MMP2, MMP9, and TNF-a. and reduced myocardial neutrophil infiltration and fibrosis. Taken to-
gether, we showed that NIPPV is an effective treatment for HF induced by myocardial infarction by inhibiting
the release of inflammatory factors and preventing microvascular embolism.
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Background

Heart failure (HF) is the terminal stage of various heart diseas-
es that is caused by disorders of diastolic and systolic functions
of the heart and results in pulmonary edema, ventricular filling,
and dyspnea [1]. Coronary heart disease is a common cause
of HF, of which 50% are secondary myocardial infarctions in
China [2]. After acute myocardial infarction (AMI), myocardial
cell necrosis and apoptosis due to the lack of blood and oxygen
supply lead to a reduction of cardiac output, resulting in acute
HF and even cardiogenic shock [3]. In addition, the failure to
reperfuse in time after AMI may lead to further cardiac insuf-
ficiency and chronic HF [4]. The process of AMI to HF develops
rapidly and continuous hypoxia and heart overload will cause
irreversible damage to the important organs. Percutaneous
coronary intervention (PCl) and intravenous thrombolysis re-
perfusion, which are recommended treatment strategies for
patients who have acute ST-segment-elevation myocardial
infarction, can rescue ischemic myocardium and reduce the
myocardial infarct area [5,6]. Although early treatment of re-
canalization and revascularization greatly reduce myocardi-
al necrosis, cardiac function continues to decline in most AMI
patients after PCl treatment. Many patients may have myo-
cardial infarction, angina pectoris, and HF again due to stent
restenosis. Moreover, ischemia-reperfusion injury (IRI) inevita-
bly occurs in tissues and organs after blood flow resumption.
Myocardial stunning (MS), which is one of the manifestations
of myocardial IRI, prevents the aggravation of myocardial isch-
emia by weakening myocardial contraction and lasts for days
or even weeks [7,8]. Cardiac dysfunction often occurs in pa-
tients who have AMI mainly due to MS after reperfusion treat-
ment, which is a leading cause of HF and myocardial infarc-
tion [9]. Therefore, it is crucial to alleviate the symptoms of
HF so as to benefit most from PCI and reperfusion treatment.

Noninvasive positive-pressure ventilation (NIPPV), including
continuous positive airway pressure, adaptive servoventilation,
and bilevel positive airway pressure (BiPAP), is a method of
increasing alveolar ventilation without tracheal intubation. In
previous years, several studies have proved its effectiveness
and economy, with reduction of complications caused by me-
chanical ventilation and decrease of mortality [10-12]. BiPAP
ventilation has been successfully applied in the treatment of
patients who have had pulmonary respiratory failure for a long
time [10,11]. The clinical observation showed that hypoxemia
of patients who have AMI with pulmonary edema was signif-
icantly relieved by BiPAP and the success rate of rescue left
HF could be effectively improved [13].

To explore the mechanism of NIPPV in the treatment of HF
induced by AMI, we established a rat model of AMI-induced
HF. By detecting the serum levels of a series of inflammatory
factors and histopathological examination, we showed that
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noninvasive ventilation is an effective treatment for AMI-
induced HF. Therefore, this study aimed to investigate the ef-
fects of NIPPV in a rat model of HF due to myocardial infarction.

Material and Methods

Animals and Groups

Adult male Wistar rats with body weights of 220+20 g were
obtained from the Animal Experimental Center of Academy of
Military Medical Sciences. This study was approved by the lo-
cal Ethics Committee. Rats (120) were divided into 3 groups:
the NIPPV group (n=40), in which rats received NIPPV after li-
gation of the coronary artery; the control group (n=40) rats re-
ceived no treatment after the same operation; we performed
only thoracotomy on the sham group (n=40) rats but no liga-
tion of the coronary artery, followed by no treatment.

Rat model of HF and Treatment

Rats were anesthetized with 3-4% isoflurane (KeyuanPharma
Co., Ltd., Shandong, China) and then placed on the operating
table in a supine position with tracheal intubation and attached
to a ventilator (ALC-V8, Alcott Biotech Co., Ltd., Shanghai, China),
anesthesia machines (VS4153, VisualSonics, Toronto, Canada),
and an electrocardiogram (ECG) monitor (ECG-9130P, Nihon
Kohden Corporation, Tokyo, Japan) for small animals. The con-
centration of oxygen used during the operation was 100%. To
reduce mortality and improve repeatability, we used a mod-
ified coronary artery ligation method to establish a HF mod-
el. Specifically, tissue scissors were used to penetrate into the
thorax between the left costal margin and the xiphoid process.
After the heart was exposed by the nasoscope that entered
the chest cavity along the direction of the tissue scissors, the
anterior descending artery under the left auricle and the ex-
ternal myocardium were clamped with noninvasive forceps. A
large area of pale myocardial surface was observed and the
ventricular wall motion was obviously weakened, which was
considered to reach the required level of myocardial ischemia.
After the myocardial ischemia and ECG meeting the experi-
ment requirements, the left ventricular branch of rats in the
NIPPV group and the control group was ligated, whereas the
rats in the sham group received no ligation. Finally, the naso-
scope was removed and the chest was closed.

From 24 h after the operation, the rats in the NIPPV group
were given continuous NIPPV with a small animal ventilator
(SAR830-P CWE, Incorporated, Ardmore, PA, USA) for 1 h ev-
ery day. The tidal volume was 2 mL/100 g (body weight) and
the respiratory rate was 60/min. The airway pressure was set
at 8-10 cm of H,0 with 40% oxygen. Rats in the sham group
and the control group received no treatments. Each group of
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rats was sacrificed on days 3, 5, 7, and 14 after the opera-
tion, 10 each time.

Ultrasonic Cardiography (UCG)

Rats in the 3 groups were anesthetized with isoflurane for
UCG (Vevo02100, VisualSonics, Toronto, Canada) on the 14th
day after the operation. Left atrial diameter (LA), left ventric-
ular end-diastolic diameter (LV), and interventricular septum
thickness (IVS) were measured at the left parasternal long
axis section. Results were corrected with body surface area
(BSA). BSA (m?)=0.09[body weight (kg)]?>. LA index=LA/BSA;
LV index=LV/BSA; IVS index=IVS/BSA. The left ventricular ejec-
tion fraction (LVEF) was measured using M-mode echocardiog-
raphy. All data were measured 3 times and the average val-
ue was taken.

Enzyme-linked Immunosorbent Assay (ELISA)

Venous blood was collected on days 3, 5, 7, and 14 after the
operation and serum was separated by centrifugation at 3000
revolutions per minute for 10 min. According to the instruc-
tions of the ELISA kit, 96-well plates were precoated with rat
brain natriuretic peptide (BNP)45 antibody (Abcam, Shanghai,
China), mouse HSP70 antibody (Abcam), mouse matrix metal-
loproteinase (MMP)-2 antibody (R&D Systems, Minneapolis,
MN, USA), rat MMP-9 antibody (R&D Systems), and rat tumor
necrosis factor (TNF)-a antibody (Abcam). The antibodies were
diluted with 1x diluent to prepare 1x antibody for use in the
assay procedure. Serum samples were added to the wells and
subsequently horseradish peroxidase (HRP)-conjugated anti-
bodies were added, followed by washing. Tetramethylbenzidine
substrate was added and incubated at room temperature for
10 min. The absorbance was determined at 450 nm by a mi-
croplate absorbance reader (iMark, Bio-Rad Laboratories,
Hercules, CA, USA).

Histopathology Study

Rats in each group were sacrificed on days 3, 5, 7, and 14. The
left and right ventricles were opened along the longitudinal
axis of the heart and fixed in 10% formalin solution (Leagene
Biotechnology, Beijing, China) for 24 h. Four sections perpen-
dicular to the longitudinal axis of the heart were fixed with
4% paraformaldehyde (pH7.3, Leagene Biotechnology). The
heart tissue sections then were embedded with paraffin and
stained with hematoxylin and eosin (Leagene Biotechnology).

Apoptosis Assay
The tissue sections were dewaxed with xylene and subsequent-

ly 40 pg/mL of protease K was added to increase cell permea-
bility. The sections were incubated at 37°C for 25 min, followed
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by washing with phosphate-buffered saline (PBS). Terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick-end labeling reaction solution was added according
to the manufacturer’s description (in situ cell death detection
kit, Roche Life Science, Basel, Switzerland.). The enzyme solu-
tion and the label solution in the kit were prepared at a ratio
of 1: 9 and added to the samples and then incubated at 37°C
for 1 h. After washing with PBS, 30 pL of HRP-labeled convert-
er-peroxidase solution was added onto each sample and then
incubated at 37°C for 25 min. Then, diaminobenzidine (DAB)
was added as substrate for a color reaction. The DAB solution
and the diluent were prepared at a ratio of 1: 10 and added
to each sample. After washing with water, the samples were
stained with hematoxylin, followed by continuously washing
with water for 2 min. The samples were soaked in 95% etha-
nol for 1 min and then in absolute ethanol for 1 min. Neutral
gum was used for sealing. Photos of the fields under the op-
tical microscope were taken. A total of 112 high-power fields
of 22 sample slices was selected to count. The percentage of
positive cells was calculated by manual labeling and counting.

Statistics
Statistical analysis was performed on the experimental data
using SPSS 23.0 software. Measurement data were expressed

as meanzstandard deviation (y+s) and statistically analyzed
with a t test. P<0.05 was considered significantly different.

Results

NIPPV Improved the Survival of Rats with HF

Three rats in the control group died 3 days after the oper-
ation and 1 died 5 days after the operation. One rat in the
NIPPV group died on the third day and 1 died on the fifth day.
Compared with the control group, the survival of the NIPPV
group was significantly improved (16.67% vs 28.57%, P<0.05).
No rats died in the sham group within 14 days.

After the operation, rats in the NIPPV group and the con-
trol group both appeared to have symptoms of HF after AMI,
such as quick respiration, loss of energy and appetite, and cy-
anosis of lips and toes. The rats in the sham operation group
showed no obvious signs described above. Compared with the
NIPPV group, rats in the control group exhibited more severe
HF signs and the highest mortality occurred on the third day
(8.33% vs 21.42%, P>0.05), suggesting that noninvasive ven-
tilation treatment can improve the survival and the quality of
life of rats with AMI-induced HF.
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Table 1. Ultrasonic cardiography indices in the 3 groups at 2 postoperative weeks.

Groups (n=10) LA (mm/m?) LV (mm/m?) IVS (mm/m?) LVEF (%)

Sham 73.54+8.21 139.77+£12.75 36.13+6.60 70.68+2.05
"""" Comtrol 693541538 15592:1474' 31413423 4585:1278%
"""" NPV 6973:1347  14935:1129% 31594692  5959£269%

LA — left atrial diameter; LV — left ventricular diameter; IVS — interventricular septum thickness; LVEF — left ventricular ejection fraction;

NIPPV — noninvasive positive-pressure ventilation. # Compared with the sham group, P<0.05; * Compared with the control group,

P<0.05.
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Figure 1. Rat model of heart failure induced by acute myocardial infarction was confirmed by ultrasonic cardiography (UCG) and brain
natriuretic peptide (BNP)45 detection. (A) UCG of 3 rats in each group. (B) Levels of BNP45 detected in the sham group,
control group, and noninvasive positive-pressure ventilation group. ** P<0.01.

NIPPV Improved Cardiac Structure and Function of Rats
with HF

As shown in Table 1 and Figure 1A, compared with the sham
group, LV of rats in the control group and the NIPPV group
were significantly higher and IVS and LVEF of rats were signif-
icantly lower (P<0.05), which suggested that the rat model of
HF was successful. LA was not significantly different among
these 3 groups (P>0.05). Compared with the control group,
LV of rats in the NIPPV group was significantly reduced and
LVEF was significantly increased (P<0.05). LA and IVS were
not significantly different between these 2 groups (P>0.05).
BNP, which is mainly produced by ventricles, is known as a
biomarker of heart injury, and its increasing concentration in

plasma reflects the severity of heart failure [14]. As shown in
Figure 1B, the serum BNP45 levels of rats in the control group
and NIPPV group were significantly higher than that of rats
in the sham group (P<0.01). BNP45 level in the NIPPV group
was significantly lower than that in the control group (P<0.05),
and decreased continuously on days 3, 5, 7, and 14 (P<0.01)
after the operation. Combined with the results of UCG, non-
invasive ventilation treatment reduced the BNP level and im-
proved the structure and function of the heart.

Effects of NIPPV on Serum Cytokines

To investigate the potential mechanism of noninvasive ventila-
tion in the treatment of HF, we detected the concentrations of
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Figure 2. Serum levels of inflammatory factors detected in 10 rats of each group. (A) Heat-shock protein 70, (B) matrix
metalloproteinase (MMP)2, (C) MMP9, (D) tumor necrosis factor a.. ** P<0.01.

biomarkers in serum. Compared with the sham group, HSP70
levels in the serum of rats in the control and NIPPV groups were
significantly higher (P<0.01) after the operation. HSP70 level
in the NIPPV group was higher (P<0.05) than that in the con-
trol group, and increased continuously on days 3, 5, 7, and 14
(P<0.01) after the operation (Figure 2A). Meanwhile, the levels of
MMP-2 (Figure 2B), MMP-9 (Figure 2C), and TNF-o. (Figure 2D)
in serum of rats in the control group and in the NIPPV group
were significantly higher than those in the sham group (P<0.01).
The levels of MMP-2 (Figure 2B), MMP-9 (Figure 2C), and TNF-o.
(Figure 2D) in the NIPPV group were significantly lower than
those in the control group (P<0.05), and decreased continuous-
ly on days 3, 5, 7, and 14 (P<0.01) after the operation.

Effects of NIPPV on Cardiomyocytes

The histopathology results (Figure 3) showed regular arrange-
ment of myocardium and obvious nucleus in the sham group.
There was a small number of lymphocytes and no neutro-
phils. The cardiomyocytes in the sham group showed no sig-
nificant change on days 3, 5, 7, and 14 after the operation. In
the control group, neutrophil aggregation, muscle cross-stria-
tion loss, and nuclear enlargement occurred on day 3. On day
5, the myocardium was necrotic and replaced by fibroblasts.
Meanwhile, a large number of lymphocytes aggregated and the
nucleus disappeared. On day 7, lymphocyte infiltration dominat-
ed in the epicardium and the inflammatory granulation tissue

replaced necrotic myocardium. On day 14, myocardial fibrosis
and inflammatory cell infiltration were found, dominated by
lymphocytes. In the NIPPV group, the muscle cross-striations
were arranged disorderly with neutrophils scattered on day 3.
On day 5, the muscle cross-striations disappeared and fibro-
blasts appeared. On day 7, the myocardium was replaced by
focal hyperplasia of connective tissue and inflammatory cells
were mainly lymphocytes. On day 14, there was no obvious
myocardial degeneration and a small amount of inflammato-
ry cell infiltration scattered between the fibrosis was mainly
lymphocytes. Figure 4A shows the apoptosis of cardiomyo-
cytes on days 3, 5, 7, and 14 after the operation. The apopto-
sis rate of myocardial cells in the NIPPV group was significant-
ly lower (P<0.05) compared with the control group (Figure 4B).

Discussion

HF is one of the most severe complications in patients with
AMI. The pulmonary venous hypertension and left ventricular
end-diastolic pressure increase rapidly in HF, leading to pulmo-
nary interstitial and alveolar edema. The insufficiency of oxy-
gen supply in myocardium further aggravates myocardial in-
farction [15]. NIPPV was proposed to apply to HF patients with
respiratory distress in the 2018 China guidelines for diagnosis
and treatment of HF [16]. By increasing the intrathoracic pres-
sure and reducing venous return, a BiPAP ventilator improves
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Control

Figure 3. Hematoxylin and eosin (H&E) staining of cardiomyocytes at each time point in 3 rats of each group. No significant change
in the cardiomyocytes of the sham group on days 3, 5, 7, and 14. Neutrophil aggregation and myocardial fibrosis were
found in the control group. In the noninvasive positive-pressure ventilation group, the neutrophils scattered and myocardial
degeneration was not obvious. H&E, x100. Neutrophils, blue arrow; lymphocytes, black arrows.

the dyspnea and relieves the cardiac preload and pulmonary
congestion so as to lower the oxygen consumption of cardiac
muscle [17]. However, the improved effects of NIPPV on the
structure and function of the heart and the mechanism in the
treatment of HF at the molecular level still remain unclear.

The present study established a rat HF model by ligating the
left ventricular branch. By selecting the incision between the
left costal margin and the xiphoid process, the right thorac-
ic cavity remained intact and the step of squeezing the heart
out of the thoracic cavity could be skipped, which shortened
the operation time and reduced blood loss. The LVEF of the
rats in the control group and the NIPPV group was less than
45% 3 days after the operation, suggesting that the modeling
was successful [18]. In addition, BNP, which is mainly secreted
by the ventricle and reaches a high plasma concentration in
congestive HF, is considered to be a highly sensitive and spe-
cific marker of heart injury [19]. The serum levels of BNP45
in the NIPPV group and the control group after the operation
were significantly higher than that in the sham group, which
also suggested that the model was successfully established.
Our findings also demonstrated that BNP45 level in the NIPPV
group was significantly lower than that in the control group,
suggesting the therapeutic effect of NIPPV on AMI-induced HF.

Ventricular remodeling is promoted by the increased expres-
sion of inflammatory factors after myocardial infarction [20].
We hypothesized that NIPPV could reduce the injury of cardio-
myocytes by affecting the release of cytokines. HSP70, which
is highly expressed in human cardiovascular tissues and ath-
erosclerotic plaques [21], can improve the tolerance of cells
to stress by promoting the degradation of denatured proteins
and alleviate myocardial IRI [22]. In our study, the levels of
HSP70 in the NIPPV group and the control group were signif-
icantly higher than that in the sham group, which was con-
sistent with the upregulation of HSP70 in the stress response
to AMI. Higher levels of HSP70 were detected in the serum of
rats in the NIPPV treatment group with a higher survival rate
compared with the control group, suggesting that NIPPV can
reduce the incidence and mortality of AMI-induced HF by in-
ducing the high expression of HSP70. Moreover, HSP70 was
reported to effectively prevent the damage of oxygen radicals
on the membrane structure and function of cardiomyocytes
by promoting the synthesis of endogenous peroxidase [23].
Therefore, inducing high expression of HSP70 could be a po-
tential therapy for AMI-induced HF. Reperfusion injury occurs
after reperfusion therapy in patients with AMI, which often
aggravates tissue injury and the inflammatory response [24].
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Figure 4. Effects of noninvasive positive-pressure ventilation (NIPPV) on cardiomyocytes. (A) Terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end labeling staining of cardiomyocytes at each time point in 3 rats of each group.
(B) Apoptosis rate of cardiomyocytes in the sham group, control group, and NIPPV group. * P<0.05.

MMPs, which are released from neutrophils that aggregated in
ischemic myocardium, can degrade the extracellular matrix after
activation and play a key role in regulating IRI [25]. During IRI,
the sudden release of oxygen molecules reactivates mitochon-
dria and the electron transport chain, resulting in a significant
increase in reactive oxygen species synthesis and activation of
MMP-2 [26]. MMP-2 was proved to promote the degradation
of cardiac troponin | and promote apoptosis, and inhibition of
MMP-2 was helpful to prevent apoptosis [27]. Previous study
also showed that MMP-2 was involved in the process of ven-
tricular remodeling in HF, and is an independent predictive fac-
tor of death [28]. MMP-9, a key enzyme to cleave the peptide
bond in the helical domain of soluble collagen, is found to be
related to the instability of sclerotic plaque and the formation
of atherosclerosis [29]. Overexpressed MMP-9 degrades the

extracellular matrix of vascular wall cells, resulting in thinning
or rupture of coronary atherosclerotic plaque [30]. Garvin et al
reported that the level of MMP-9 was independently corre-
lated with the risk for first coronary heart attack [31]. In our
study, the levels of MMP-2 and MMP-9 in the NIPPV group and
the control group were significantly higher than those in the
sham group, which was consistent with the fact that MMP-2
and MMP-9 participate in AMI-induced HF as inflammatory
factors. Compared with the control group, the levels of MMP-
2 and MMP-9 in the NIPPV group were lower and decreased
with time, indicating that NIPPV treatment can reduce the re-
lease of inflammatory factors by alleviating tissue hypoxia
and ischemia. We believe that long-term application of non-
invasive ventilation treatment is beneficial for the inhibition
of MMP-2 and MMP-9 activation, so as to delay the process
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of ventricular remodeling and reduce mortality. TNF-o,, mainly
produced by activated macrophages or monocytes, is involved
in the development of HF by regulating metabolism and im-
mune function and plays roles in myocardial stunning [32]. It
has been reported that a high level of TNF-a represents more
severe heart failure and poor left ventricular contractility; thus,
TNF-a can be applied as an indicator for the degree of HF [33].
The TNF-o levels of rats in the NIPPV group were significantly
lower than those in the control group, suggesting that NIPPV
treatment can block multiple target molecules in the process
of HF by inhibiting the release of inflammatory factor TNF-a.

Myocardial remodeling plays a crucial role in the development
of HF. In our study, NIPPV treatment improved the left ven-
tricular systolic function by increasing LVEF. Histologic results
showed myocardial degeneration, severe inflammatory infil-
tration, and necrosis in the control group. Neutrophils dom-
inated in the early stage and lymphocytes dominated in the
late stage, and normal myocardial tissue was replaced by fi-
brotic tissue. In the NIPPV treatment group, myocardial fibro-
sis was in the earlier stage and formed small foci, and inflam-
matory infiltration was less severe than that of the control
group. Studies have shown that neutrophils undergo morpho-
logic changes to form neutrophil extracellular traps (NETs) un-
der the stimulation of lipopolysaccharide, interleukin-8, TNF,
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trophils to prevent microvascular embolism and lower the pos-
sibility of myocardial stunning.

Conclusions

In conclusion, our study demonstrated that NIPPV treatment
could alleviate HF after AMI by inducing the high expression
of HSP70 and inhibiting the release of inflammatory media-
tors such as MMP2, MMP9, and TNF-o.. NIPPV treatment also
effectively reduced neutrophil infiltration and myocardial fibro-
sis size. NIPPV is an effective treatment for AMI-induced HF;
however, better use of NIPPV for patients with AMI to bene-
fit most from reperfusion treatment requires further research.
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