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dynamically.6 Under normal conditions, smaller and crescent-
shaped RV wall thickness is only one-fifth of that of the LV, and 
the RV has a higher proportion of the α-myosin heavy chain 
isoform that results in a more rapid but less energy efficient 
contraction.7 Furthermore, coronary blood flow to the RV is 
roughly balanced between systolic and diastolic time periods, 
while a majority of the flow occurs in the diastole in the LV 
wall.8 The RV has greater resistance to ischemia compare to 
the LV and has better adaptation to volume overload states, 
while LV has better adaptation to pressure overload states.9 
Thus, the increase in RV afterload might not be similar to that 
in the LV in response to pharmacological therapies.10

Nitric oxide (NO) synthesized by endothelial cells (eNOS) 
is an important downstream signaling molecule in the cardio-
vascular system.11 The protective effects of NO on vascular 

ulmonary hypertension (PH) is a fatal disease character-
ized by increased pulmonary vascular resistance, re-
sulting in an impaired right ventricular (RV) function 

due to increased RV afterload and contractile abnormality of 
the RV.1–3 The disease is progressive in nature, leading to RV 
hypertrophy (RVH) and ultimately RV failure and death within 
less than 5 years after diagnosis.1,4 Mortality of PH patients is 
closely associated with alterations in RV hemodynamic vari-
ables, such as mean pulmonary artery pressure, mean right atrial 
pressure and cardiac index.4 Despite the recent advances in 
medical therapy for PH, there is no cure for the disorder, and 
cellular and molecular mechanisms of RV remodeling and 
failure in PH still remain to be fully elucidated.5

RV is different from left ventricle (LV) embryologically, 
macroscopically, ultrastructurally, biochemically and hemo-
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Background: Pulmonary hypertension (PH) causes elevated right ventricular (RV) systolic pressure, RV remodeling 
and finally RV failure to death. However, the mechanisms of RV remodeling in PH remain to be fully elucidated.

Methods and Results: RV autopsy samples from 6 PH patients with RV failure against 3 age- and sex-matched 
controls were first examined. Next, RV remodeling in 2 mouse models of chronic hypoxia-induced PH with endothelial 
nitric oxide synthase-deficient (eNOS–/–) and collagenase-resistant knock-in (ColR/R) mice were examined. In humans, 
RV failure was associated with RV hypertrophy, interstitial and perivascular fibrosis, decreased RV capillary density 
and increased macrophage recruitment. Furthermore, immunostaining showed that perivascular matrix metallopro-
teinase-2 was increased in PH patients with RV failure. In animals, both hypoxic eNOS–/– and ColR/R mice developed 
a greater extent of RV hypertrophy, perivascular remodeling and macrophage infiltration compared with wild-type 
mice. Capillary rarefaction was developed in hypoxic eNOS–/– mice, while ColR/R mice were able to increase their 
capillary density in the RV in response to chronic hypoxia. Both mouse models showed increased autophagy even 
under normoxic condition.

Conclusions: These results indicate that RV remodeling occurs early during PH development through fibrosis, 
perivascular remodeling, capillary rarefaction and autophagy, in which the eNOS pathway and collagen metabolism 
might be involved.  (Circ J 2014; 78: 1465 – 1474)
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the inhibition of cyclic GMP-dependent protein kinase Iα.15,16 
However, it is not known whether eNOS dysfunction and the 
Rho-kinase pathway are involved in the pathogenesis of RV 
remodeling in PH.

As cardiac interstitium and its fibrillar collagen matrix also 
play a critical role in determining cardiac performance,17 the 

smooth muscle cells, such as relaxation and inhibition of pro-
liferation and vascular remodeling, have been well document-
ed previously.12,13 Furthermore, the repair process of LV hy-
pertrophy, fibrosis and angiogenesis caused by pressure overload 
are also dependent on NO production by eNOS.14 The Rho/
Rho-kinase pathway negatively regulates eNOS activity through 

Figure 1.  Histological findings of RV samples from PH patients. (A) Representative histological micrographs of the RV stained 
with hematoxylin-eosin (HE), Masson trichome (MT), CD31, CD45 and CD68 in a control (Left) and in a PH patient with RV failure 
(Right). (B–D) Quantitative analysis of a cardiomyocyte cross-sectional area (B), interstitial and perivascular fibrosis (C), and 
density of CD31-, CD45- and CD68-positive cells (D) in controls (n=3) and PH patients with RV failure (n=6). Results are expressed 
as mean ± SEM. *P<0.05, **P<0.01 vs. control. RV, right ventricular; PH, pulmonary hypertension.
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Histological Analysis
Histological analyses were performed in autopsy samples of 
the RV from patients with PH and in mice at 10 weeks after the 
completion of a 3-week exposure to hypoxia and normoxia. 
Randomly selected 10 cardiomyocytes, 5 areas and 5 vessels for 
each human RV sample had their cardiomyocyte cross-sectional 
area analyzed and were also analyzed for interstitial and peri-
vascular fibrosis after hematoxylin-eosin and Masson trichome 
staining, respectively, according to standard histological pro-
cedures. The cross-sectional area of cardiomyocytes was deter-
mined using microscopic images of samples with both a clear 
nucleus and intact cellular membrane in hematoxylin-eosin 
stained sections.27

The whole mice heart was fixed with 10% buffered formalin 
for 24–48 h and then embedded in paraffin wax, and cut into 
3-μm-thick sections that were perpendicular to the long axis 
of the RV. The sections were then stained with hematoxylin-
eosin and Masson trichrome according to standard histological 
procedures. For each animal, the wall thickness of the RV 
was measured at 20 points and the average was calculated. A 
computer-aided manipulator program (KS-Analyzer v 2.10; 
Keyence Corp, Osaka, Japan) was used for the analysis. Up to 
10 cardiomyocytes were analyzed per heart for cross-sectional 
area. The area of myocardial interstitial fibrosis was determined 
using Masson trichome-stained sections of the RV and was 
expressed as the percent of interstitial fibrosis, as described 
previously.28 On average, 10 areas were analyzed per heart.

To evaluate the perivascular fibrosis, short-axis images of 
coronary arteries were scanned at ×40 magnification. The area 
of perivascular fibrosis was calculated as the ratio of the fibro-
sis area surrounding the vessel to the total vessel area. On aver-
age, 7 vessels were analyzed per heart, and the perivascular 
nucleus was calculated, as previously described.29

Immunohistochemistry
The human RV autopsy samples were immunostained for an-
tibodies, including CD31 (M0823, Dako, 1:40), CD45 (M0701, 
Dako, 1:50), CD68 (M0876, Dako, 1:100), and MMP2 (NCL-
MMP2-507, Novocastra, 1:40). Immune complexes were de-
tected by using biotinylated secondary antibodies, horserad-
ish-peroxidase-conjugated streptavidin, and the peroxidase 
substrate, diaminobenzidine. After staining with hematoxylin, 
mounting solution and cover slips were added to the sections. 
Slides were observed with a light microscope. Ten random 
areas were analyzed for CD31 and CD68. Due to the low 
density of CD45, continuous 200 high power field (HPF) were 
analyzed. Five random vessels were analyzed for perivascular 
MMP2. All the histological and immunohistological images 
were obtained using an Olympus DP70 (Olympus, Tokyo, 
Japan) and quantified with Adobe® Photoshop® CS3 Extended 
software (Adobe Systems).

Statistical Analysis
All results are expressed as mean ± SEM. We assessed the dif-
ferences in measured parameters in 2 groups using the unpaired 
t-tests for statistical analysis. A value of P<0.05 was consid-
ered to be statistically significant.

Results
Enhanced Myocardial Fibrosis and Inflammatory Cell 
Infiltration, and Reduced Angiogenesis in the RV of PH 
Patients
The PH patients who died of RV failure had severe RVH com-
pared with the controls (cardiomyocyte cross-sectional area, 

disruption of collagen content and its balance with matrix 
metalloproteinases (MMPs) are involved in the hemodynamic 
changes, and consequently the integrity of collagen type I might 
have an influence on adverse RV remodeling.18 Furthermore, 
pressure overload-induced LV remodeling is associated with 
impaired mitochondrial morphology and cardiac function, where 
autophagy has been implicated in inducing and maintaining 
inflammation of the heart.19 It has been also reported that 
pathological LV hypertrophy is associated with impaired cor-
onary angiogenesis.20

However, it remains to be examined whether those molecu-
lar and cellular mechanisms of LV remodeling are also involved 
in the pathogenesis of RV remodeling in PH. In the present 
study, we thus addressed this important issue, using human au-
topsy RV samples and 2 mouse models of hypoxia-induced PH 
with eNOS-deficient (eNOS–/–) and collagenase-resistant (ColR/R) 
mice.

Methods
In the human autopsy protocol, we confirmed the princi-
ples outlined in the Declaration of Helsinki, and the Ethical 
Committees of Tohoku University Hospital approved the 
study protocol. In the animal experiments, we confirmed the 
Guide for the Care and Use of Laboratory Animals (Institute of 
Laboratory Animal Resources, 1996), and all the procedures 
were performed according to the protocols approved by the 
Institutional Committee for the Use and Care of Laboratory 
Animals of Tohoku University.

Human Autopsy Samples
We examined 6 RV autopsy samples from PH patients with RV 
failure, who were aged from 27 to 72 years old; samples from 
3 age- and sex-matched controls who died of non-cardiac causes 
were also examined (Table S1).

Animals
Male mice that were 7 weeks old were used. The eNOS–/– mice 
were originally provided by P. Huang (Harvard Medical School, 
Boston, MA, USA),21 which were backcrossed to C57BL/6 mice 
over 10 generations. Thus, C57BL/6 mice were used as a wild-
type (WT) control.21 ColR/R mice and their WT controls were 
purchased from the Jackson Laboratory (Bar Harbor, MN, 
USA).22 The interstitial collagenases of the MMP family initi-
ate degradation of type I collagen by cleavage at a single highly 
conserved site between Gly775 and Ile776 of the α1(1) chain.23 
The mice used in the present study were with a targeted muta-
tion in both alleles of Col1a1 (Col1a1tml Jae or ColR/R) that yields 
amino acid substitutions around the collagenase cleavage site 
in the α1(1) chain, which render collagen that is completely 
resistant to attack by the collagenase MMP family (MMP-1/
collagenase-1, MMP-8/collagenase-2 and MMP-13/collage-
nase-3).24,25

The animals were exposed to normoxia or hypoxia for 3 
weeks. Hypoxic mice were housed in an acrylic chamber with 
a non-recirculating gas mixture of 10% O2 and 90% N2 produced 
by an adsorption-type oxygen concentrator to utilize exhaust 
air, while normoxic mice were provided with room air (21% 
O2).26 They were fed standard chow and water. The chamber 
was opened at least once every week for cleaning and feeding.

Hemodynamic Measurements
Hemodynamic measurements were performed as described in 
the Supplementary File 1.
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Enhanced Perivascular MMP2 Expression in the RV of PH 
Patients
The immunoreactivity of perivascular MMP2 was significant-
ly increased in the PH patients compared with the controls 
(31.9±3.0 vs. 23.3±2.8%, P<0.05; Figures 2A,B).

Enhanced RVH in Hypoxic eNOS–/– Mice
Next, the role of eNOS in the pathogenesis of RV dysfunction 
using eNOS–/– mice with chronic exposure to hypoxia was 
examined. Under normoxic conditions, RV hemodynamic 
measurements and RVH were comparable between WT and 
eNOS–/– mice. However, after a 3-week exposure to hypoxia, 

1,107±139 vs. 547±105 µm2, P<0.01; Figures 1A,B) along 
with enhanced increased interstitial and perivascular fibrosis 
(12.8±3.3 vs. 4.6±0.7% and 62.4±3.3 vs. 37.6±6.2%, respec-
tively, both P<0.05; Figures 1A,C).

RV failure was associated with reduced capillary density, 
detected as a CD31-positive cell (number per HPF, 105±9 vs. 
173±23, P<0.05; Figures 1A,D) and a tendency for an increased 
number of CD45-positive cells in the RV (272±54 vs. 213±81 
per 20 continues HPF; Figures 1A,D). Interestingly, the num-
ber of CD68-positive cells in the RV free wall was signifi-
cantly higher in the PH patients compared with the controls 
(11.9±1.5 vs. 5.2±0.6 per HPF, P<0.01; Figures 1A,D).

Figure 2.  Immunostainings of RV samples from PH patients. (A) Representative histological micrographs of the RV stained with 
MMP2. (B) Quantitative analysis of perivascular MMP2 in controls (n=3) and PH patients with RV failure (n=6).  Results are expressed 
as mean ± SEM. *P<0.05, **P<0.01 vs. control. RV, right ventricular; PH, pulmonary hypertension; MMP2, matrix metalloproteinase.

Figure 3.  Hypoxia-induced RVH is enhanced in eNOS–/– mice. (A) RVSP and other hemodynamics were increased in response 
to chronic hypoxia in eNOS–/– mice compared with WT mice (n=10–13). (B) The extent of RVH is shown as the ratio of the RV to 
LV+septum and that of RV to body weight (n=7–10). (C) Hematocrit and hemoglobin (n=11–13). Results are expressed as 
mean ± SEM. *P<0.05, **P<0.01 vs. hypoxic WT mice, †P<0.05, ‡P<0.01 vs. normoxic control. RVH, right ventricular hypertrophy; 
eNOS–/–, endothelial nitric oxide synthase-deficient mice; RVSP, right ventricular systolic pressure; WT, wild-type.
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cantly increased in hypoxic eNOS–/– mice compared with hy-
poxic WT mice (Table S2). In contrast, hemoglobin and he-
matocrit were equally elevated in hypoxic WT and eNOS–/– mice 
as compared with their normoxic counterparts (Figure 3C).

Enhanced RV Perivascular Remodeling in Hypoxic eNOS–/– 
Mice
RV wall thickness was significantly increased in response to 
hypoxia in WT mice, which was further accelerated in eNOS–/– 
mice (455±21 vs. 409±15 µm, P<0.05; Figures 4A,B). Similar-
ly, a cross-sectional area of cardiomyocytes was significantly 
elevated in hypoxic eNOS–/– compared with hypoxic WT mice 
(444±20 vs. 386±20 µm2, P<0.05; Figures 4A,B). Three weeks 
after hypoxia, RV interstitial fibrosis was equally increased in 
both genotypes (1.4±0.2 vs. 1.3±0.04%; Figures 4A,C). Inter-
estingly, the number of perivascular nucleus and the extent of 
perivascular fibrosis in response to hypoxia were significantly 

RV systolic pressure (RVSP) and RV end-diastolic pressure 
(RVEDP) were significantly elevated in eNOS–/– mice as com-
pared with WT mice (40.0±1.6 vs. 32.4±0.8 mmHg, P<0.01; 
1.3±0.2 vs. 0.8±0.1 mmHg, P<0.05, respectively; Figure 3A), 
while systemic blood pressure in eNOS–/– mice was unchanged 
under hypoxia (normoxia vs. hypoxia; systolic blood pressure, 
118±9 vs. 111±11 mmHg; diastolic blood pressure, 84±8 vs. 
89±6 mmHg). Both RV dP/dtmax and RV dP/dtmin were signifi-
cantly increased in hypoxic eNOS–/– mice compared with hy-
poxic WT mice (2,706±218 vs. 2,038±82 mmHg/s, –2,435±87 
vs. –1,675±81 mmHg/s, both P<0.01; Figure 3A).

RV hypertrophy was more accelerated in hypoxic eNOS–/– 
mice as compared with hypoxic WT mice, as examined by the 
ratio of RV to LV+septum (0.36±0.02 vs. 0.30±0.02, P<0.05) 
and by the ratio of RV to bodyweight (1.27±0.06 vs. 0.99±0.05, 
P<0.01; Figure 3B). The ratio of lung weight to bodyweight, 
a potent parameter of pulmonary arteriopathy, was also signifi-

Figure 4.  Hypoxia-induced RV remodeling is enhanced in eNOS–/– mice. (A) Representative histological micrographs of the RV 
stained with hematoxylin-eosin (HE) and Masson trichome (MT). (B–C) Quantitative analyses showed that the extent of hypoxia-
induced RV remodeling was enhanced in eNOS–/– mice compared with WT mice, including RV free wall thickness (n=9–13) and 
cardiomyocyte cross-sectional area (n=7–12) (B), interstitial fibrosis (n=11–12) (C), and perivascular nucleus and fibrosis (n=7–12) 
(D). Results are expressed as mean ± SEM. *P<0.05, **P<0.01 vs. hypoxic WT mice, †P<0.05, ‡P<0.01 vs. normoxic control. RV, 
right ventricular; eNOS–/–, endothelial nitric oxide synthase-deficient mice; WT, wild-type.
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Interestingly, chronic hypoxia caused a greater extent of RVH 
in ColR/R compared with WT mice (0.33±0.01 vs. 0.28±0.01, 
P<0.01; Figure 5B).  This was also the case for the ratio of RV 
to bodyweight (1.18±0.05 vs. 1.01±0.03, P<0.01; Figure 5B). 
In contrast, the ratio of lung weight to bodyweight was com-
parable between the 2 genotypes (Table S3). Hemoglobin and 
hematocrit levels were equally increased in response to hy-
poxia in WT and ColR/R mice (Figure 5C).

RV wall thickness was significantly increased in response 
to hypoxia in ColR/R mice compared with WT mice (450±24 
vs. 397±14 µm, P<0.05; Figures 6A,B). Furthermore, a cross-
sectional area of cardiomyocytes was significantly increased 
in response to hypoxia to a greater extent in ColR/R compared 
with WT mice (343±15 vs. 297±14 μm2, P<0.05; Figures 6A,B).

No Enhancement of RV Vascular Remodeling in Hypoxic 
ColR/R Mice
Hypoxia caused a comparable extent of increased interstitial 
fibrosis in WT and ColR/R mice (0.63±0.04 vs. 0.62±0.05%; 
Figures 6A,C). To examine collagen accumulation due to the 
resistance of degradation in hypoxia in ColR/R mice, which could 
occur around blood vessels, vascular remodeling such as the 
number of nucleus and the area of fibrosis around the vessel of 
RV free wall was examined. Hypoxia also caused a comparable 
extent of vascular remodeling in WT and ColR/R mice, as eval-
uated by the number of nucleus (8.2±0.5 vs. 7.7±0.8 nucle-
us/100 µm2 vessel area) and by perivascular fibrosis (8.58±0.96 
vs. 8.10±0.94%; Figures 6A,D). In contrast, capillary density 
was significantly increased in hypoxic ColR/R mice compared 

accelerated in eNOS–/– compared with WT mice (0.85±0.05 
vs. 0.63±0.04 per 100 µm2 vessel area, P<0.01; 14.2±2.3 vs. 
9.2±0.5%, P<0.05, respectively; Figures 4A,D).

Impaired Angiogenesis in Hypoxic eNOS–/– Mice
Although hypoxia significantly increased capillary density and 
the ratio of capillaries to cardiomyocytes in both genotypes, 
the extent was significantly lower in eNOS–/– compared with 
WT mice (840±20 vs. 925±32 capillaries to 1 mm2, P<0.05; 
0.90±0.04 vs. 1.05±0.05 capillaries to cardiomyocytes, P<0.05; 
Figures S1A,B). Furthermore, the number of F4/80-positive 
macrophages in the RV was greater in eNOS–/– compared with 
WT mice (6.9±1.5 vs. 3.9±0.9 cells per RV free wall, P<0.05; 
Figures S1A,C).

Enhanced RVH in Hypoxic ColR/R Mice
To further examine the role of collagen metabolism in the RV 
wall, chronic hypoxia-induced RV remodeling in WT and ColR/R 
mice was examined. Under normoxic conditions, hemodynam-
ic variables were comparable between the 2 genotypes. In re-
sponse to chronic hypoxia, RVSP was equally increased in 
ColR/R and WT mice (37±1 vs. 35±1 mmHg; Figure 5A). This 
was also the case for RVEDP (0.6±0.2 vs. 0.3±0.04 mmHg), 
dP/dtmax (2,742±108 vs. 2,812±159 mmHg/s) and RV dP/dtmin 
(–2,414±100 vs. –2,401±130 mmHg/s; Figure 5A). In con-
trast, systemic blood pressure in ColR/R mice was unchanged 
under hypoxia (normoxia vs. hypoxia; systolic blood pressure, 
114±2 vs. 115±2 mmHg; diastolic blood pressure, 77±3 vs. 
80±2 mmHg).

Figure 5.  Hypoxia-induced RVH is enhanced in ColR/R mice. (A) RVSP and other hemodynamics were increased in response to 
chronic hypoxia (n=8–11). (B) RVH is shown as the ratio of RV to LV+Septum and that of RV to bodyweight (n=12–14). (C) Hematocrit 
and hemoglobin (n=14–17). Results are expressed as mean ± SEM. **P<0.01 vs. hypoxic WT mice, ‡P<0.01 vs. normoxic control. 
RV, right ventricular; RVH, right ventricular hypertrophy; ColR/R, collagenase-resistant knock-in mice; RVSP, right ventricular sys-
tolic pressure; LV, left ventricle.
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Autophagy in eNOS–/– and ColR/R Mice
Increased mitochondrial damage might enhance autophagy, as 
evaluated by the number of autophagosomes/autolysosomes 
found using electron microscopy.30 Interestingly, even under 
normoxic conditions, the number of autophagosomes/au-
tolysosomes was significantly increased in eNOS–/– com-
pared with WT mice (15.0±1.8 vs. 9.0±0.4 per HPF, P<0.05; 
Figures S5A–C), whereas hypoxia increased the number of 
autophagosomes in the RV wall in WT mice but not in eNOS–/– 
mice (Figures S5A–C).

The number of autophagosomes was significantly greater in 
ColR/R mice compared with WT mice under normoxic condi-
tions (7.3±0.5 vs. 4.2±1.1 per HPF, P<0.05), and this was also 
the case for hypoxia (8.7±0.8 vs. 4.7±1.6 per HPF, P<0.05; 
Figure S5D).

with WT mice (475±14 vs. 399±16.7 capillaries to 1 mm2, 
P<0.01; 1.00± 0.05 vs. 0.85±0.03 capillaries to cardiomyocytes, 
P<0.05; Figures S2A,B).

Rho-Kinase Activity in eNOS–/– and ColR/R Mice
The immunoreactivity of p-MBS, a marker of Rho-kinase ac-
tivity, was significantly increased in both hypoxic eNOS–/– and 
ColR/R mice compared to the hypoxic WT mice, whereas there 
was no difference noted among normoxic and hypoxic groups 
of eNOS–/– and ColR/R mice for ROCK1 immunoreactivity 
(3.0±0.3 vs. 1.82±0.1%, P<0.01; 3.4±0.6 vs. 2.1±0.1%, P<0.05; 
Figures S3A,4B). Interestingly, we found that there was an 
increased ROCK2 immunoreactivity in the hypoxic eNOS–/– 
mouse group compared to the hypoxic WT group (4.2±0.2 vs. 
3.4±0.3, P<0.05; Figure S3B). However, we did not observe 
a significant difference for ROCK2 between the normoxic and 
hypoxic groups of ColR/R mice (Figure S4B).

Figure 6.  Hypoxia-induced RV remodeling is enhanced in ColR/R mice. (A) Representative histological micrographs of the RV 
stained with hematoxylin-eosin (HE) or Masson trichome (MT). (B) RV free wall thickness (n=10–12) and cardiomyocyte cross-
sectional area (n=9–13). (C) Interstitial fibrosis (n=9–13). (D) Perivascular nucleus and fibrosis (n=10–12). Results are expressed 
as mean ± SEM. *P<0.05 vs. hypoxic WT mice, †P<0.05, ‡P<0.01 vs. normoxic control. RV, right ventricular; ColR/R, collagenase-
resistant knock-in mice.
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severe capillary rarefaction compared with the controls. Because 
NO plays an important role in angiogenesis,42 it was examined 
whether chronic hypoxia in eNOS–/– mice could cause capil-
lary rarefaction. Indeed, hypoxic eNOS–/– mice had reduced 
capillary rarefaction compared with hypoxic WT mice, which 
was further confirmed by the ratio of capillaries to cardiomyo-
cytes. Interestingly, chronic hypoxia did not compromise cap-
illary density in ColR/R mice, suggesting that NO deficiency is 
more critical for capillary rarefaction compared with collage-
nase resistance, although MMPs are also important in angio-
genesis.43

Inflammation and RV Failure in PH
The role of macrophage recruitment in the pathogenesis of RV 
failure in PH remains to be elucidated.32 In the present study, 
both human RV samples from PH patients and hypoxic eNOS–/– 
mice showed an increased macrophage infiltration into the RV, 
whereas hypoxia was not sufficient enough to induce macro-
phage infiltration into the RV in ColR/R mice. Thus, further stud-
ies are needed to explore the types of macrophages and their 
specific roles in the development of RVH and RV failure devel-
opment. Furthermore, in the present study, perivascular nucle-
us and fibrosis were calculated as indices of perivascular re-
modeling. We consider that some of them were F4/80-positive 
macrophages; however, other cell types were not characterized. 
This issue also remains to be clarified in future studies.

Rho-Kinase Activation in PH Patients With RV Failure
It was previously demonstrated that Rho-kinase activity is in-
creased in the pulmonary arteries and circulating leukocytes 
of PH patients.44 In the present study, it was found that Rho-
kinase activity was increased in the RV of the PH model.  
These results suggest that the activated Rho-kinase pathway 
also plays an important role in the development of RV failure 
in PH. Indeed, it was recently demonstrated that the develop-
ment of pressure overload-induced RV dysfunction can be sup-
pressed in mice overexpressing dominant-negative Rho-kinase 
in cardiomyocytes.45 An important downstream mediator of 
Rho is ROCK, which can regulate eNOS mRNA stability as 
well as the phosphorylation of eNOS; therefore, reduction of 
eNOS might be related to increased upstream, as shown by the 
p-MBS activity.46,47

Autophagy and RV Remodeling in PH
It has been previously reported that autophagy is enhanced in 
RV remodeling, which is caused by pulmonary arterial constric-
tion in mice.48 The present study demonstrated that autophagy 
is enhanced in both normoxic eNOS–/– and ColR/R mice com-
pared with normoxic WT mice. Mitochondrial DNA plays an 
important role in inducing and maintaining inflammation in 
the heart,19 and during PH development, it was reported that 
systemic activation of inflammation occurs,49–51 which might 
be related to autophagy changes in the RV. Because increased 
autophagy was observed in normoxic eNOS–/– mice, it is pos-
sible that cardiomyocyte damage reached the maximum level 
under normoxia and could not be further increased in response 
to hypoxia, or that mildly increased RVSP was not able to in-
duce autophagy. It might also be the reason for the spontane-
ous development of PAH in eNOS–/– mice. This point remains 
to be examined in future studies.

Study Limitations
Several limitations should be mentioned for the present study. 
First, the hypoxia-induced PH model in the present study does 
not fully recapitulate PH in humans (eg, absence of plexiform 

Discussion
Although the molecular mechanisms of RV remodeling remain 
to be elucidated,4,31 RV dysfunction could be caused by mul-
tiple cellular mechanisms, including oxidative stress, inflam-
mation, fibrosis, apoptosis and metabolic remodeling.32 The 
present study demonstrates that RV remodeling occurs early 
during the course of PH, as shown by human autopsy samples 
and experimental models.

The novel findings of the present study are as follows: (1) 
RV remodeling through increased interstitial and perivascular 
fibrosis and inflammatory cell recruitments; (2) capillary rar-
efaction, vascular remodeling, and perivascular MMP2 might 
play essential roles in the development of RV failure; (3) 
eNOS exerts crucial inhibitory effects on perivascular remod-
eling, increased inflammatory cells, capillary rarefaction and 
autophagosomes; and (4) collagen metabolism might contrib-
ute to the development of RVH and autophagosomes. To the 
best of our knowledge, this is the first report that demonstrates 
the role of eNOS and collagen metabolism in the pathogenesis 
of RV remodeling in PH.

RV Remodeling in PH
The present study results, which used the autopsy RV samples 
from patients with PH, showed the development of severe 
cardiomyocyte hypertrophy and interstitial/perivascular fibro-
sis as compared with the controls. As the presence of endothe-
lial dysfunction has been already reported,33,34 reduced avail-
ability of NO might be partially involved in these changes, as 
eNOS–/– mice showed enhanced RV cardiomyocyte hypertro-
phy and interstitial/perivascular fibrosis in response to chron-
ic hypoxia. ColR/R mice also had increased RVSP and RVH in 
response to chronic hypoxia, although their RV hemodynam-
ics was comparable with those in hypoxic WT mice. ColR/R 
mice also showed enhanced cardiomyocyte hypertrophy but 
not interstitial/perivascular fibrosis compared with hypoxic 
WT mice, suggesting some different roles of NO deficiency 
and collagenase resistance in the pathogenesis of the fibrosis.

RV Remodeling and MMPs in PH
As hypertension progresses with increased fibrosis, MMPs are 
involved in the breakdown of extracellular matrix, specifically 
type I collagen.35 Thus, immunostainings for MMP2 in RV au-
topsy samples were carried out, as they are frequently involved 
in cardiovascular diseases.36 Interestingly, perivascular MMP2 
was significantly elevated in RV failure patients. Furthermore, 
higher immunoreactivity of MMP2 was noted around the 
coronary artery, suggesting its role in the vascular remodeling 
in PH. However, in the present study, we were unable to ex-
amine the issue regarding the specific inhibition for MMPs, 
which should be clarified in future studies.

Capillary Rarefaction in PH
The role of capillary rarefaction has not been systematically 
studied as a cause of RV failure in PH despite the fact that 
reduced capillary density and VEGF expression are known to 
play causative roles in pressure overload-induced LV fail-
ure.20,37–39 It has been previously reported that RV failure pa-
tients without coronary artery disease can develop myocardial 
ischemia due to reduced capillary density.39–41 Because eNOS 
has been implicated in angiogenesis in the LV through the 
phosphatidylinositol-3 kinase-Akt pathway,42 the impairment 
of the pathway might also be involved in RV capillary rarefac-
tion in PH.

In the present study, the RV failure autopsy samples showed 
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lesions of the pulmonary artery in the present model). It might 
represent an initial compensated stage of RV remodeling in 
PH. Second, cardiac output was not examined by echocardiog-
raphy because of technical limitations. Third, rescue experiments 
with eNOS–/– and ColR/R mice were not performed in order to 
further confirm the involvement of NO deficiency and colla-
genase resistance in the pathogenesis of RV remodeling in PH. 
Fourth, in the present study, we were unable to examine the 
possible unbalance between angiogenic and anti-angiogenic 
factors, which should be clarified in the next study. Fifth, the 
present study was performed in a hypoxia-induced PH model 
in mice; however, RV remodeling in PH should also be ad-
dressed in other models, such as a pulmonary artery banding 
model, in future studies. Finally, the extent of PH in the hypoxia-
induced PH model in mice is mild as compared with that of rat 
PH models.52 A suitable PH model in mice should be devel-
oped in the near future.

Clinical Implications
The present study has important clinical implications for the 
eNOS pathway and collagen metabolism in early RV remodel-
ing in mildly increased RVSP. Currently, there is not any thera-
peutic intervention targeting RV dysfunction in PH patients. It 
remains to be examined in future studies what drug interven-
tions can be used for PH and LV dysfunction that could im-
prove those changes in RV remodeling. As RV dysfunction is 
a main cause of death in PH patients, it is essential to develop 
therapeutic strategies for not only pulmonary hemodynamics 
but also for RV function to improve the long-term survival of 
patients.

Conclusions
The present study demonstrates that RV remodeling begins early 
during the development process of PH through fibrosis, peri-
vascular remodeling, capillary rarefaction and autophagy, for 
all of which the eNOS pathway and collagen metabolism might 
be involved.
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