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Abstract. Pulmonary hypertension due to left heart disease 
is associated with poor outcomes. This study investigated the 
beneficial effects of isosorbide dinitrate (ISDN) inhalation on 
pulmonary pressure and ventricular remodeling in a rat model 
of heart failure (HF) following myocardial infarction (MI). 
To assess the effect of ISDN on pulmonary pressure, 20 male 
Sprague‑Dawley (SD) rats were randomized to four groups: 
Normal saline (NS) 1 ml/kg, ISDN 1 mg/kg, NS 3 ml/kg or 
ISDN 3  mg/kg following coronary ligation. Assessments 
included pulmonary and systemic artery pressure alterations, 
lung weight/body weight and plasma nitric oxide (NO) concen-
tration. To assess the effect of ISDN on ventricular remodeling, 
30 SD rats were randomized to three groups: Sham surgery, 
MI‑NS (intratracheal NS 3 ml/kg for 13 days following coro-
nary ligation), and MI‑ISDN (intratracheal ISDN 3 mg/kg 
for 13 days following coronary ligation). On day 15, all rats 
underwent echocardiogram and hemodynamic assessments. 
The area affected by MI was evaluated using microscopy and 
vascular endothelial growth factor (VEGF) expression was 
examined using immunohistochemistry. Plasma epinephrine, 
norepinephrine and brain natriuretic peptide (BNP) levels 
were assessed by ELISA. Intratracheal ISDN reduced pulmo-
nary and systematic artery pressure without pulmonary edema 
when compared with NS. The reduction was associated with 
increased plasma NO levels. ISDN inhalation for 14 days 
reduced MI size and alleviated left and right ventricular 
remodeling following MI. These hemodynamic and morpho-
logical improvements were associated with decreased plasma 

epinephrine, norepinephrine and BNP levels, and an increased 
VEGF positive area at the border of MI region. In conclu-
sion, intratracheal administration of ISDN was effective in 
improving ventricular remodeling and cardiac function in a rat 
model of HF following MI.

Introduction

Myocardial infarction (MI) is the most common cause of 
mortality for patients with cardiovascular diseases (1). Eleva-
tion of left ventricular (LV) filling pressures following MI 
may lead to secondary pulmonary hypertension (PH) and 
ventricular remodeling, and even heart failure (HF) (2). LV 
failure causes PH and increased right ventricular (RV) after-
load, leading to RV remodeling and dysfunction (3). PH due to 
left heart disease (LHD) mainly arises from left heart systolic 
or diastolic dysfunction, or valvular heart disease, and is 
associated with poor clinical outcome (4). Cardiac remodeling 
following MI involves several molecular and cellular mecha-
nisms in the ischemic and non‑ischemic myocardium (5). The 
persistently elevated pulmonary pressures may deteriorate 
endothelial dysfunction, decrease nitric oxide (NO) availability 
and increase endothelin expression (2,6). PH associated with 
LHD may be reversible in the early stages, while long‑standing 
PH may be irreversible due to cardiac remodeling (7).

The guidelines for PH generally discourage the use of drugs 
approved for PH reduction to treat PH due to LHD as evidence 
to support their use is lacking (8). However, the guidelines give 
little advice on the management of excessive vasoconstriction 
or remodeling of the pulmonary vasculature in reactive PH. 
Therefore, it is important to develop and evaluate novel thera-
pies directly affecting the pulmonary vascular component.

NO is a small gaseous molecule produced by endogenous 
NO synthases that is involved in the regulation of vascular 
tone and blood pressure, in angiogenesis and in endothelial 
integrity (9,10). Reduced NO bioavailability is associated with 
a number of cardiovascular diseases (11‑13), including PH. 
Therefore, the use of exogenous NO is important in the treat-
ment of PH following LHD (14,15). NO donors such as organic 
nitrates (for example, nitroglycerin) have been used for over 
a century; however, the development of tolerance is a major 
problem with these drugs (16).
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Inhalation of NO during myocardial ischemia may 
alleviate secondary pulmonary hemodynamic dysfunction, 
reduce infarct size and improve cardiac function (14). In the 
last decade, studies have shown that inhalation of nebulized 
nitrates is able to alleviate PH, whereas the effects of NO on 
ventricular remodeling and cardiac function are poorly under-
stood (17,18). Isosorbide dinitrate (ISDN) is an NO donor that 
prevents LV remodeling and degradation of cardiac function 
following MI (19,20).

However, there is a lack of supportive management of exces-
sive vasoconstriction or remodeling of the pulmonary artery in 
PH following MI. Therefore, the present study investigated the 
benefits of intratracheal ISDN instillation in the amelioration 
of pulmonary pressure and ventricular remodeling in a rat 
model of HF following MI.

Materials and methods

Study design. The study design and the protocol are presented 
in Fig. 1. The study comprised two parts. The first part exam-
ined the effect of ISDN instillation on pulmonary pressure, 
and the second part examined the effect of ISDN instillation 
on ventricular remodeling.

Animals. The study was conducted on 50 male juvenile 
Sprague‑Dawley (SD) rats (5‑6  weeks old), with a body 
weight (BW) of 200‑250 g, which were purchased from the 
Shanghai Laboratory Animal Centre (CAS; Shanghai, China). 
A standard pellet diet and water were provided ad libitum. 
The animals were housed in a temperature‑(21‑23˚C) and 
humidity‑controlled (40‑70%) room and maintained on a 
12‑h light/dark cycle. The study protocol was approved by 
the Animal Research Ethics Committee of Huadong Hospital 
Affiliated to Fudan University (Shanghai, China). All animals 
received care in accordance with the Guidance for the Care 
and Use of Laboratory Animals (21).

MI rat model. The MI model has been described previ-
ously (22). In brief, rats were anesthetized with chloral hydrate 
[0.3  g/kg, intraperitoneally (i.p.)] and placed in a supine 
position. The chest wall was shaved. A left thoracotomy was 
performed at the fourth intercostal space. Respiration was 
maintained by mechanical ventilation following orotracheal 
intubation. Following exposure of the heart, the middle left 
ascending coronary artery was ligated, ~4 mm below the 
anterior‑inferior edge of the left atrium. The local myocar-
dium became white immediately following the ligation due 
to MI. The thorax was closed and the rats recovered from 
anesthesia. Electrocardiograms were recorded prior to and 
following surgery. Successful establishment of this model 
was defined by a significant ST segment elevation. The rats 
received 400,000 U/kg penicillin intramuscularly immedi-
ately following the surgery and daily for 3 days.

Mean pulmonary arterial pressure (MPAP) and mean arterial 
pressure (MAP) measurements subsequent to ISDN or normal 
saline (NS) instillation in the trachea. The pharmacological 
effects of intratracheal ISDN instillation were observed. 
Twenty successful rat models were randomized in the 
following four groups (each n=5): NS (1 ml/kg) group, ISDN 

(1 ml/kg) group, NS (3 ml/kg) group and ISDN (3 ml/kg) 
group. Polyvinyl catheters (internal diameter, 0.7 mm) were 
directly inserted into the left carotid artery and right jugular 
vein. When hemodynamic data were stable for 15 min after 
ligation, NS or ISDN was instilled into the trachea of the MI 
model rats (23). For rats in the NS (1 ml/kg) or ISDN (1 ml/kg) 
groups, 1 ml/kg NS or 1 mg/kg ISDN (batch no. 555600; UCB 
Pharma GmbH, Monheim am Rhein, Germany) was instilled 
into the trachea. In the NS (3 ml/kg) group, 1 ml/kg NS was 
instilled thrice at 5‑min intervals to provide a total dose of 
3 ml/kg. In the ISDN (3 ml/kg) group, ISDN was administered 
using the protocol described for the NS (3 ml/kg) group. The 
dosage regimen and methodology were based on a pilot study 
demonstrating that the instillation of three 1 mg/kg doses of 
ISDN at 5‑min intervals achieved the desired effects without 
causing adverse effects such as hypotension or sudden death 
(data not shown). MPAP and MAP were measured using a 
specialized system (MFLab3.01; Shanghai Jia Long Educa-
tional Instrument Factory, Shanghai, China) (24). Changes in 
MPAP (ΔMPAP%) and in MAP (ΔMAP%) were calculated 
using the following formulae and compared among the groups: 
ΔMPAP%x min = (MPAPx min - MPAP0 min)/MPAP0 min x 100; 
ΔMAP%x min = (MAPx min - MAP0 min)/MAP0 min x 100.

Lung weight/BW ratio and plasma NO measurement. Following 
the measurement of MPAP and MAP, the lungs of rats in the 
NS (3 ml/kg) and ISDN (3 ml/kg) groups were dissected and 
weighed. The ratios of wet lung weight to BW, dry lung weight 
to BW, and dry to wet lung weight were calculated.

Blood samples were taken from rats in the NS (3 ml/kg) 
and ISDN (3 ml/kg) groups immediately following the final 
NS or ISDN instillation. Blood samples were centrifuged 
3,000 x g for 10 min at 4˚C and the supernatant was used to 
assess plasma NO levels using an NO assay kit (cat. no. A012; 
Nanjing Jiancheng Bioengineering Institute, Nanjing, China). 
In order to determine the immediate effects of ISDN, NO was 
measured from blood samples taken immediately following 
ISDN/NS instillation.

ISDN/NS inhalation in rats following MI. In the second part 
of the study, on day 0, 30 SD rats were randomized into three 
groups (each n=10): MI‑NS group, MI‑ISDN group and sham 
group. On day 1, coronary ligation was performed on the rats in 
the MI‑NS and MI‑ISDN groups, as previously described (22). 
When hemodynamic stability was achieved 15 min after liga-
tion, 1 ml/kg NS was instilled intratracheally every 5 min 
thrice to provide a total dose of 3 ml/kg in the MI‑NS group. In 
the MI‑ISDN group, 3 mg/kg ISDN was instilled intratrache-
ally using the same protocol. The thoracic cavity of rats in the 
sham group was opened without coronary ligation.

For the following 13 days (days 2‑14), ISDN or NS inha-
lation was performed in the MI‑NS and MI‑ISDN groups, 
respectively. ISDN (3 mg/kg) or NS (3 ml/kg) were nebulized 
using an ultrasonic nebulizer (NE105; Guangying Electronics 
Co., Ltd., Foshan, China) and inhaled by the rats. Inhalation 
was conducted for 15 min daily. Rats in the sham group did not 
receive any inhalation treatment.

Echocardiogram and hemodynamic measurements. On 
day  15, all rats from each group were anesthetized with 
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urethane (1 mg/kg, i.p.). Echocardiogram measurements were 
obtained. LV internal diameter at end‑diastole (LVIDd) and 
systole (LVIDs), LV volume at end‑diastole (LV Vol d) and 
systole (LV Vol s), LV post wall diameters at end‑diastole 
(LVPWd) and systole (LVPWs), LV anterior wall diameters 
at end‑diastole (LVAWd) and systole (LVAWs), LV ejection 
fraction (LVEF) and fraction shortening (FS) were evaluated.

Catheters were inserted into the left carotid artery and right 
jugular vein to measure RV ventricular end‑diastolic pressure 
(RVEDP), central venous pressure (CVP), LV systolic pres-
sure, LV end‑diastolic pressure (LVEDP) and the maximum 
rising and dropping rates of LV or RV pressure (± dp/dtmax) 
were evaluated and compared among the groups. All values 
were recorded and analyzed using an MFLab 3.01 system.

Levels of neurohormonal factors. On day 15, blood was 
sampled from the abdominal aorta (~10 ml/rat). Plasma levels 
of B‑type natriuretic peptide (BNP), epinephrine, norepi-
nephrine and angiotensin II were assessed using ELISA kits; 
BNP ELISA kit (cat. no. CK‑E30445R), epinephrine ELISA 

kit (cat. no. CK‑E30233R), norepinephrine ELISA kit (cat. 
no.  CK‑E30189R), and an angiotensin II ELISA kit (cat. 
no. CK‑E30668R; all from Biocalvin, Suzhou, China).

Heart weight (HW)/BW%, LV weight/BW% and RV 
weight/BW% evaluation. On day 15, the hearts were harvested 
and weighed. The HW/BW%, LV weight/BW% and RV 
RVW/BW% values were calculated.

Immunohistochemical staining, and estimation of MI and 
VEGF‑positive area percentages. On day 15, hearts were 
sliced transversely into several pieces from the basal to apex 
plane. Sections with thickness of 4 µm were fixed in 4% para-
formaldehyde at 37˚C for 10 min and stained using Masson 
staining methods (Masson stain kit; HL70013; Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) according 
to the manufacturer's protocol and the MI area % was calcu-
lated using the IMS Imaging system (version 2.1.1; Shanghai 
ShenTeng Information Technology Co., Ltd., Shanghai, China). 
The infarct size was determined as the mean percentage of 

Figure 1. Study design. The study comprised two parts. (A) The first examined the effect of ISDN instillation on pulmonary pressure. (B) The second examined 
the effect of ISDN instillation on ventricular remodeling. NS, normal saline; ISDN, isosorbide dinitrate; MPAP, mean pulmonary arterial pressure; MAP, mean 
arterial pressure; LW, lung weight; BW, body weight; NO, nitric oxide; MI, myocardial infarction; VEGF, vascular endothelial growth factor.
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the epicardial and endocardial circumference occupied by 
scar tissue, as observed on the stained sections using a light 
microscope (25).

The myocardium at the border of the MI area was immu-
nohistochemically stained using rabbit anti‑rat vascular 
endothelial growth factor (VEGF) antibody (cat. no. 9698; 
Cell Signaling Technology, Inc., Danvers, MA, USA). Tissues 
were dehydrated in a graded series of ethanol and fixed at 
37˚C in 4% paraformaldehyde for 24 h and embedded in 
paraffin. Paraffin‑embedded tissues were sectioned at 4 µm 
and deparaffinized. They were subjected to epitope retrieval 
by immersion in 0.01 mol/l sodium citrate buffer (Sinopharm 
Chemical Reagent Co., Ltd., Shanghai, China) with pH 6.0, 
heated in a microwave (98˚C for 10 min) and allowed to 
cool for ~20 min. Endogenous peroxidase was inactivated 
with 3% H2O2. Samples were incubated for 120 min with 
1:200 rabbit anti‑rat VEGF antibody at 37˚C, washed and 
subsequently incubated with peroxidase AffiniPure Goat 
Anti‑Rabbit immunoglobulin G (1:200; cat. no. 111‑035‑003; 
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, 
USA) conjugated to biotin for 30 min at 37˚C. The sections 
were rinsed with PBS, counterstained with hematoxylin at 
37˚C for 1  min, rinsed again and mounted. Microscopic 
analysis was performed using a light microscope under 
high‑power magnification (x200). The VEGF‑positive 
area (%) was evaluated as previously described (26) using 
the IMS Imaging system.

Statistical analysis. All values are presented as the 
mean  ±  standard deviation. Values were compared using 
one‑way analysis of variance (ANOVA) for intergroup data. 
The least significant difference test or Tamhane's T2 test was 
performed as a post hoc test following ANOVA. Data were 
analyzed using SPSS 17.0 software (SPSS, Inc., Chicago, Il, 
USA). Two‑sided P‑values <0.05 were considered to indicate a 
statistically significant result.

Results

Acute effects of ISDN intratreacheal administration on 
hemodynamics in MI rats. Following the intratracheal instil-
lation of 1 mg/kg ISDN, MPAP and MAP were decreased at 
1 min and returned gradually to near the baseline within 
5 min, as shown by ΔMPAP% and ΔMAP% being approxi-
mately‑24 and ‑34%, respectively, at 1 min, and gradually 
tending to return to 0% (Fig.  2A and B). Therefore, the 
dosage of 3 mg/kg of ISDN administered in a divided form 
(1 mg/kg every 5 min) achieved the desired effects without 
significant adverse events. ΔMPAP% and ΔMAP% were 
significantly greater in the ISDN (1 ml/kg) group compared 
with the NS (1 ml/kg) group at all time points, with the 
exception of 5 min (P<0.05; Fig. 2A and B). Similar results 
were observed in the ISDN (3 ml/kg) and NS (3 ml/kg) 
groups (Fig. 2C and D), where the 5‑min cycles were clearly 
observed.

Lung weight/BW ratio calculation following NS/ISDN instilla‑
tion. No significant differences between the NS (3 ml/kg) and 
ISDN (3 ml/kg) groups were observed for the following param-
eters: Wet lung weight to BW (0.71±0.06 vs. 0.73±0.08%), dry 

lung weight to BW (0.16±0.04 vs. 0.13±0.06%) and dry to wet 
lung weight (21.82±5.10 vs. 17.52±6.62%; Fig. 2E).

Plasma NO concentration assessment following NS/ISDN 
intratracheal instillation. Fig. 2F shows that ISDN intratra-
cheal instillation increased plasma NO levels. Following ISDN 
instillation, plasma NO levels were rapidly and significantly 
increased (P=0.017), as shown by analysis of the blood sample 
taken immediately after instillation. The aforementioned 
results demonstrated that the changes in MPAP and MAP 
induced by 3 mg/kg ISDN lasted for the 15 min of administra-
tion. However, plasma NO levels in the ISDN (3 mg/kg) group 
were higher than those in NS rats even following 15 min of 
ISDN instillation (Fig. 2F). The onset of action of ISDN after 
inhalation was very rapid (<1 min) but lasted for 5 min.

Echocardiogram and hemodynamic measurement in rats 
14  days after MI. LV enlargement was attenuated in the 
MI‑ISDN group on day 15 since LVIDd and LV Vol d were 
markedly reduced compared with those in the MI‑NS group. LV 
systolic function was also improved in the MI‑ISDN group as 
LVIDs and LV Vol s were decreased in comparison with those 
in the MI‑NS group, and LVEF% and FS% were significantly 
increased. LVAWd and LVAWs in rats of the MI‑ISDN group 
were thicker compared with those in the MI‑NS group, which 
may be associated with a reduction in the MI area. Moreover, 
LVPWd and LVPWs were thinner in rats treated with ISDN 
inhalation compared with those receiving NS inhalation, 
suggesting that myocardium hypertrophy occurred in the LV 
posterior wall and was improved by ISDN inhalation (Table I).

Hemodynamic variables (Table II) further suggested that 
LV systolic function was improved by ISDN inhalation, since 
LV+dp/dtmax was significantly higher in the MI‑ISDN group 
compared with the MI‑NS group. LV diastolic function was 
improved in the MI‑ISDN group, as shown by the LVEDP and 
LV‑dp/dtmax measurements. The diastolic function improve-
ment may be associated with attenuation of LV hypertrophy, 
as shown by the echocardiogram data.

Systolic pulmonary pressure, as estimated by RV systolic 
pressure (RVSP), was elevated in the MI‑NS and MI‑ISDN 
groups compared with the sham group. ISDN inhalation 
reduced RSVP and improved RV systolic and diastolic func-
tions, as characterized by improvements of RV±dp/dtmax, 
RVEDP and CVP, in comparison with NS inhalation. MAP 
was lower in the MI‑ISDN group compared with the MI‑NS 
and sham groups, but the difference was not statistically 
significant. The HR in the MI‑NS group was faster than those 
in the MI‑ISDN and sham groups (Table II).

HW/BW%, LV/BW% and RV/BW% evaluations. The calcu-
lated values of HW/BW%, LV/BW% and RV/BW% indicated 
that LV and RV hypertrophy occurred in rats following MI 
(P<0.05 MI‑NS vs. sham) and was improved by ISDN inhala-
tion (P<0.05 MI‑ISDN vs. MI‑NS; Fig. 3A).

MI area % and VEGF‑positive area % estimation. The 
MI area %, as estimated by Masson staining, was observed 
to be decreased by ISDN inhalation in rats following MI, 
although not to as low a level as that in the sham group 
(P<0.05 among the three groups; Fig. 3B‑D). In addition, the 
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VEGF‑positive area % at the border of the MI region was 
significantly increased (P=0.012) by ISDN inhalation, as 
shown in Fig. 3E.

Levels of neurohormonal factors. Plasma levels of epineph-
rine and norepinephrine, as shown in Fig. 4A, were reduced 
by inhaled ISDN in rats following MI. The differences in 
norepinephrine levels among the groups were in accordance 
with the differences of HR among the groups.

Plasma levels of BNP were significantly elevated in the 
MI‑NS group compared with the sham group (786.78±161.10 
vs.  644.02±102.10  pg/ml, P=0.015), and ISDN inhalation 
decreased the BNP levels in the MI rats (670.65±93.30 
vs. 786.78±161.10 pg/ml, P=0.044). These findings suggest 
that ISDN inhalation ameliorated LV remodeling and cardiac 
dysfunction (Fig. 4B).

Inhaled ISDN, however, only had slight effect on 
the plasma concentration of angiotensin II (35.81±3.67 

Figure 2. ΔMPAP, ΔMAP, lung weight and NO in the NS and ISDN groups. Differences in (A) ΔMPAP% and (B) ΔMAP% were detected following the 
intratracheal instillation of 1 mg/kg ISDN vs. 1 ml/kg NS in MI rats. Changes in (C) ΔMPAP% and (D) ΔMAP% were detected following the intratracheal 
instillation of 3 mg/kg ISDN vs. 3 ml/kg NS in MI rats. *P<0.05 vs. the NS group; n=5/group. (E) Wet LW/BW%, dry LW/BW% and dry LW/BW% following 
the intratracheal instillation of 3 ml/kg NS or 3 mg/kg ISDN. (F) Plasma NO levels following NS/ISDN instillation. *P<0.05 vs. the NS group; n=5/group. 
ΔMPAP%, percentage change in mean pulmonary arterial pressure; ΔMAP%, percentage change in mean arterial pressure; NO, nitric oxide; NS, normal 
saline; ISDN, isosorbide dinitrate; MI, myocardial infarction; LW, lung weight; BW, body weight.
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vs. 42.41±12.00 pg/ml in the MI‑ISDN and MI‑NS groups, 
respectively, P=0.331; Fig. 4C).

Discussion

PH due to LHD is associated with poor outcome and there 
is a lack of supportive management for excessive vasocon-
striction or remodeling of the pulmonary artery. Available 
guidelines do not recommend treatment for the direct reduc-
tion of pulmonary pressure due to LHD, since this kind of 
intervention could potentially dilate the pulmonary vessels 
and induce pulmonary edema (4). Nevertheless, benefits from 
sildenafil, a phosphodiesterase‑5 inhibitor have been reported 

in such patients (27). These findings suggest that dilation of 
the pulmonary artery as well as systemic vessels with silde-
nafil may lead to unloading of the left and right ventricles 
and decreased pulmonary congestion  (6). Therefore, the 
present study investigated the benefits of ISDN inhalation on 
pulmonary pressure and ventricular remodeling in a rat model 
of HF following MI. Results demonstrated that intratracheal 
ISDN led to significantly greater ΔMPAP% and ΔMAP% 
than NS, without pulmonary edema. These changes were 
associated with increased plasma NO levels. ISDN inhalation 
for 14 days reduced MI size and alleviated LV and RV remod-
eling following MI. These hemodynamic and morphological 
improvements were associated with decreased plasma levels 

Table II. Hemodynamic variables.

Variables	 MI‑NS	 MI‑ISDN	 Sham

MAP (mmHg)	 146.54±24.06	 134.06±28.96	 149.70±29.45
HR (bpm)	 426±65a	 397±41	 358±64
LVSP (mmHg)	 171.35±24.50	 157.75±35.47	 166.70±20.81
LVEDP (mmHg)	 11.06±5.10a,b	 5.85±3.50	 3.82±0.70
LV+dp/dtmax (mmHg/sec)	 5,284.52±621.76a,b	 7,998.46±2,761.47	 6,837.68±424.74
LV‑dp/dtmax (mmHg/sec)	 3,558.97±842.38a,b	 5,322.14±1,325.26	 4,837.96±868.72
RVSP (mmHg)	 47.72±5.05a,b	 30.76±16.94	 23.58±6.18
RVEDP (mmHg)	 7.63±1.44a,b	 2.09±4.38	 0.26±3.51
RV+dp/dtmax (mmHg/sec)	 2,902.55±485.22a,b	 2,375.61±421.41	 2,432.13±407.53
RV‑dp/dtmax (mmHg/sec)	 2,173.92±343.32a,b	 1,621.45±301.87	 1,789.64±444.28
CVP (cmH2O)	 9.39±1.63a,b	 6.91±2.51	 5.44±1.25

aP<0.05 vs. the sham group; bP<0.05 vs. the MI‑ISDN group. MAP, mean arterial pressure; HR, heart rate; LVSP, left ventricular systolic 
pressure; LVEDP, left ventricular end‑diastolic pressure; LV+dp/dtmax, the maximum increase rate of left ventricular pressure; L‑dp/dtmax, the 
maximum dropping rate of left ventricular pressure; RVSP, right ventricular systolic pressure; RVEDP, right ventricular end‑diastolic pressure; 
RV+dp/dtmax, the maximum increase rate of right ventricular pressure; RV‑dp/dtmax, the maximum dropping rates of right ventricular pressure; 
CVP, central venous pressure.

Table I. Echocardiogram measurements.

Variables	 MI‑NS	 MI‑ISDN	 Sham

LVIDd (mm)	 7.63±1.03a,b	 6.07±1.29b	 5.03±0.65
LVIDs (mm)	 6.26±1.38a,b	 3.75±1.99b	 1.76±1.01
LV Vol d (µl)	 317.03±91.00a,b	 195.24±93.68b	 122.64±37.58
LV Vol s (µl)	 209.74±102.15a,b	 83.54±94.22	 14.67±25.18
LVPWd (mm)	 1.92±0.34a,b	 1.56±0.22b	 1.32±0.18
LVPWs (mm)	 2.50±0.20	 2.34±0.28	 2.32±0.34
LVAWd (mm)	 1.00±0.21a,b	 1.45±0.45	 1.55±0.14
LVAWs (mm)	 1.14±0.36a,b	 2.01±0.83b	 2.94±0.35
LVEF%	 36.76±15.14a,b	 66.35±24.73b	 90.73±12.93
FS%	 18.79±8.55a,b	 41.09±20.21b	 66.32±14.25

aP<0.05 vs. the MI‑ISDN group; bP<0.05 vs. the sham group. LVIDd, left ventricular internal diameter at end‑diastole; LVIDs, left ventricular 
internal diameter at end‑systole; LV Vol d, left ventricular volume at end‑diastole; LV Vol s, left ventricular volume at end‑systole; LVPWd, left 
ventricular post wall diameter at end‑diastole; LVPWs, left ventricular post wall diameter at end‑systole; LVAWd, left ventricular anterior wall 
diameter at end‑diastole; LVAWs, left ventricular anterior wall diameter at end‑systole; LVEF, left ventricular ejection fraction; FS, fraction 
shortening.
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Figure 3. Parameters of heart damage among the three groups. (A) HW/BW%, LVW/BW% and RVW/BW% of rats on day 15. *P<0.05 vs. MI‑ISDN; #P<0.05 
vs. sham; n=10/group. (B) MI area % in rats on day 15. *P<0.05 vs. MI‑ISDN; #P<0.05 vs. sham; n=10/group. (C) Myocardium tissues with Masson staining. 
The blue area indicates collagen proliferation following myocardial necrosis. Scale bar, 5 mm. (D) Myocardium tissues with Masson staining. The blue area 
indicates collagen proliferation following myocardial necrosis (magnification, x200). (E) VEGF positive area in each group. The brown area indicates areas 
of VEGF expression on the border of the MI region (magnification, x200). *P<0.05 vs. MI‑NS; n=10/group. HW, heart weight; BW, body weight; LVW, left 
ventricular weight; RVW, right ventricular weight; MI, myocardial infarction; ISDN, isosorbide dinitrate; NS, normal saline; VEGF, vascular endothelial 
growth factor.
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of epinephrine, norepinephrine and BNP, and an increased 
VEGF positive area at the border of the MI region.

Experimental studies conducting morphometric analysis 
~4  weeks after coronary ligation are not rare; however, 
significant hemodynamic and structural changes can be 
detected only 2 weeks after MI (28). Hence, the present study 
assessed hemodynamics ≤15 days after coronary ligation. The 
LVW/BW% was elevated in the MI‑NS group, which indicated 
that LV hypertrophy occurred in rats following MI. In addi-
tion, LV hypertrophy was mainly present in the posterior wall, 
remote from the infarcted area, according to echocardiogram 
measurements. Thus, LV diastolic dysfunction in rats following 
MI, assessed by increased LVEDP and decreased LV‑dp/dtmax, 
may be a consequence of LV hypertrophy, or LV eccentric 
remodeling with LV enlargement. In the present study, an 
ISDN dose restricted to 3 mg/kg inhaled for 15 min every 
day for 14 days was demonstrated to be effective in improving 
ventricular parameters. In addition, echocardiogram and 
hemodynamic measurements indicated that ISDN inhalation 
improved LV and RV remodeling and function. LV/BW% and 
LVPWd were similar between the MI‑ISDN and sham groups. 
Thus, amelioration of LV hypertrophy by ISDN inhalation 
resulted in improvements in LV diastolic function, which was 
reflected by decreased LVEDP and increased LV‑dp/dtmax.

RV dysfunction is known to be a complication of MI with 
or without PH in experimental and clinical studies (3,29). In 
the present study, RV hypertrophy with systolic and diastolic 
dysfunction was detected in rats of the MI‑NS group. Increased 

RVSP may be a response to the increased afterload of RV due 
to elevated LVEDP and potentially increased pulmonary arte-
rial resistance. Therefore, direct pulmonary pressure reduction 
with ISDN inhalation could lead to RV unloading and prove 
beneficial to RV remodeling. In addition, improvement of LV 
function, such as decline of LVEDP, may be another mecha-
nism of RV remodeling reversion observed in the present 
study. The precise mechanism of RV remodeling following LV 
MI remains unclear. However, the results of the present study 
suggest that ISDN inhalation could be a promising therapy for 
RV dysfunction following MI.

Excess pressure or volume load, neurohormonal activation 
and progressive myocardial remodeling with LV wall stress 
may be detrimental to cardiac cycles and result in ventricular 
dilation and cardiac dysfunction following MI  (30). Pure 
volume and pressure unloading, achieved by implantation of 
an LV assist device (LVAD), have been demonstrated to be 
efficient in reversing ventricular remodeling in patients with 
HF (31). This remodeling improvement has been indicated to 
be associated with a normalization of circulating neurohor-
mones, including epinephrine and norepinephrine  (32). In 
view of these findings, LV volume and pressure unloading 
with ISDN inhalation may directly disrupt detrimental cycles 
and alleviate ventricular remodeling. Sympathetic efferent 
neuronal activity is increased in patients with HF (33). Exces-
sive exposure of the myocardium to norepinephrine has been 
shown to result in worsening HF with downregulation of α 
and β receptors, increased oxygen consumption, and loss of 
contractile reserve (34). In addition, it has been reported that 
elevated sympathetic activity causes enlargement of the MI 
area and exacerbates myocardial remodeling  (25). Thus, a 
reduction in the plasma levels of epinephrine and norepineph-
rine by ISDN inhalation in rats following MI is likely to be 
beneficial to LV remodeling. Therefore, LV and RV unloading 
by ISDN inhalation may establish a beneficial cycle associated 
with reduced neurohormonal activation, finally improving LV 
and RV remodeling.

Reduction of the area of MI with ISDN inhalation may 
provide a great contribution to LV morphological altera-
tions and systolic function improvements. The present study 
suggests some possible mechanisms. First, an increase in the 
VEGF‑positive area at the border of the MI region following 
ISDN inhalation may reduce the MI area. VEGF potentially 
induces angiogenesis under ischemic conditions and plays a 
key role in repair of the myocardium following MI (35). More-
over, it has been reported that NO regulates VEGF expression 
and mediates VEGF‑induced endothelial cell proliferation 
and migration (36). Therefore, regulation of VEGF distribu-
tion in the ischemic area by ISDN, a NO donor, may promote 
myocardium viability following MI. However, it remains to be 
elucidated whether the effects on VEGF expression are caused 
only by NO released from ISDN or by the NO‑dependent 
actions of ISDN or its derivatives (37).

Secondly, hemodynamic improvement may itself minimize 
MI size. Sun et al (38) observed that the reversion of unstable 
hemodynamics supported by LVAD decreased LV volume 
and wall stress, relieved LV remodeling, and preserved LV 
function due to minimization of the MI size in a swine model 
of acute MI. Similar findings were noted in the present study 
since LV and RV unloading by ISDN inhalation improved the 

Figure 4. Levels of neurohormonal factors. (A) Plasma levels of EPI and 
NEPI on day 15. *P<0.05 vs. MI+ISDN; #P<0.05 vs. sham; n=10/group. 
(B) Plasma levels of BNP among the groups. *P<0.05 vs. MI‑ISDN; #P<0.05 
vs. sham; n=10/group. (C) Plasma levels of angiotensin II among the groups. 
MI, myocardial infarction; NS, normal saline; ISDN, isosorbide dinitrate; 
EPI, epinephrine; NEPI, norepinephrine; BNP, B‑type natriuretic peptide.
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hemodynamics in the systematic and pulmonary circulations. 
This type of hemodynamic support may directly contribute to 
a reduction in MI size.

Third, increased plasma NO levels following the intratra-
cheal instillation of ISDN indicated that the pharmacological 
effects of ISDN were not limited to the pulmonary circulation. 
In addition, relatively persistent increased NO levels in the 
peripheral blood further indicated that the protective effects 
of ISDN may go beyond hemodynamic improvements. It may 
be assumed that reduction of the MI area is regulated by the 
NO‑soluble guanylyl cyclase‑cyclic guanosine monophosphate 
axis, as previously indicated (14). However, additional studies 
are necessary to address the mechanisms properly.

There are some limitations to this study. Firstly, it was 
not clear whether high doses of ISDN inhalation lasting for a 
longer time could produce greater effects on ventricle remod-
eling and cardiac function. In addition, the mechanism by 
which MI size is reduced by ISDN inhalation requires further 
investigation.

In conclusion, intratracheal instillation of ISDN has been 
demonstrated to improve the hemodynamics of the pulmonary 
and systemic circulation in MI rats without inducing pulmo-
nary edema. These benefits were associated with increased 
plasma NO levels. ISDN instillation/inhalation for 14 days 
decreased MI area and alleviated LV and RV remodeling 
in rats following MI. The hemodynamic and morphological 
improvements were associated with decreased plasma levels 
of epinephrine, norepinephrine and BNP, and an increased 
VEGF positive area at the border of the MI region.
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